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Abstract

Objectives—Axon tracers provide crucial insight into the development, connectivity, and
function of neural pathways. A tracer can be characterized as a substance that allows for the
visualization of a neuronal pathway. Axon tracers have previously been used exclusively with /n
vivo studies; however, newer methods of axon tracing can be applied to ex vivo studies. Ex vivo
studies involve the examination of cells or tissues retrieved from an organism. These post mortem
methods of axon tracing offer several advantages, such as reaching inaccessible tissues and
avoiding survival surgeries.

Methods—In order to evaluate the quality of the ex vivo tracing methods, we performed a
systematic review of various experimental and comparison studies to discern the optimal method
of axon tracing.

Results—The most prominent methods for ex vivo tracing involve enzymatic techniques or
various dyes. It appears that there are a variety of techniques and conditions that tend to give better
fluorescent character, clarity, and distance traveled in the neuronal pathway. We found direct
comparison studies that looked at variables such as the type of tracer, time required, effect of
temperature, and presence of calcium, however, there are other variables that have not been
compared directly.

Discussion—We conclude there are a variety of promising tracing methods available
depending on the experimental goals of the researcher, however, more direct comparison studies
are needed to affirm the optimal method.
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Introduction

Axon tracing methods are invaluable for studying the anatomy of neuronal pathways in
normal and pathological states, but the most commonly used method, /7 vivo application of
a tracer, requires survival surgery which causes a risk of research animal morbidity or
discomfort.123 Chen (2006) suggests that the risk for animal loss associated with an
additional surgery, and thereby valuable data, is 10-20 percent.# Other drawbacks include
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the fact that the target pathway is often difficult to reach or inaccessible.? Fortunately, within
the last few decades, substantial advancements have been established regarding techniques
to study neuronal pathways ex vivo by removing organs, or parts of organs, and
subsequently applying a tracer. Ex vivo studies have many characteristics that make them
advantageous in studying neuroanatomy. For instance, ex vivo application is beneficial
because it eliminates the need to perform a survival surgical procedure for tracer application.
Additionally, it is possible to trace tissues that would otherwise be inaccessible in vivo.

The most commonly used methods for axon tracing ex vivo use various carbocyanines dyes.
These dyes are capable of being use in ex vivo studies due to their lipophilic nature. Upon
application to fixed tissues, the dyes possess the ability to diffuse through the fixed plasma
membranes of neurons.# Axon tracers exhibit the potential to trace neuronal pathways
anterograde (away from the cell body), retrograde (towards the cell body), or
bidirectionally.? lllustrations demonstrating the directionality of axon tracers are shown in
figure 1 and 2. Once in the plasma membrane, carbocyanines have been shown to move
bidirectionally and even to adjacent cells through the aqueous medium.2-345 Carbocyanine
dyes are fluorescent, making visualizing morphology and connectivity along a desired
axonal pathway feasible.? Figure 3 illustrates the various colors emitted at the corresponding
wavelength by different carbocyanines. Due to the different colors emitted, multiple
carbocyanines can be used for two-color or three-color tracing. The most frequently used
carbocyanines are 1,1’-dioctadecyl-3,3,3'3’-tetramethylindocarbocyanine perchlorate (Dil),
4-4-dihexadecylaminostyryl (DiA), and 3,3 9-dioctadecyloxacarbocyanine perchlorate
(Di0).24 Other viable methods for axon tracing include other lipophilic dyes, dextrans, and
multiple pigments, including, Horseradish Peroxidase (HRP), Lucifer Yellow, Mini Ruby,
and NeuroVue Dyes.13.6.7.8.9 We sought to compare the available methods and refinements
for axon tracing in order to determine which histological method is the most effective for ex
Vivo axon tracing.

Methods

Results

We searched Pubmed in December 2015 using the search terms: (fixed OR postmortem OR
ex vivo) AND ((neur* OR axon*) AND trac*). We included full-text articles in English
published prior to December 2015 that contained unique experimental data for ex vivo
placement of an axon tracer. We also reviewed the references of our selected articles for
additional studies that matched our selection criteria.

Our search resulted in 275 articles, of which 14 matched our inclusion criteria. We found
twelve other matching studies by reviewing references in our selected articles, making a
total of 26 articles. These studies are summarized in Table 1. Table 2 contains the major
conclusions we drew based on the studies that incorporated comparative data. Although all
the studies indicated the usage of a tracer, there was variability among likely key variables of
the method. Aspects of the methods that may be of importance for precise and clear tracing
include the species evaluated, location of tracer insertion, fixation method, incubation
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solution, temperature, duration, tissue sectioning method, histology method, visualization
method, and method for quantification.

From analyzing Table 2, it is apparent that the most frequently used tracer is Dil. Twenty out
of the 23 studies referenced in Table 2 use some form of Dil as the preferred axon tracer.
This can be attributed to the fact that there are a limited number of studies that use a new
tracer. For example, since NeuroVue dyes are more recent relative to the carbocyanine dyes,
there are fewer studies to assess the performance of this tracer. However, it is consistently
seen that among the carbocyanine dyes, Dil is the preferred tracer. In regards to the form of
the tracer, Dil is available in a crystallized form as well as an oil-based form. The Murphy
and Fox (2007) study suggests that Dil in the crystallized form obtains slightly faster rates of
diffusion as well as increased staining quality.3 This is reflected in the fact that 20 out of 21
studies in Table 1 that used Dil used it in its crystallized form. NeuroVue dyes appear to
work by similar mechanisms to the carbocyanine dyes. Similarly, these NeuroVue dyes are
lipophilic — they are capable of traveling through the aldehyde fixed membranes of cells by
lateral diffusion. Additionally, both Dil and NeuroVue dyes are compatible with
counterstaining and immunohistochemical techniques, therefore making these carbocyanines
advantageous. However, it is crucial to be wary of the detergents used during
immunohistochemical methods.8 Some stronger detergents such as Triton X may be too
harsh to use with Dil and will promote dye leakage out of the cells; therefore, Tween 20 may
be compatible with axon tracing methods.2

An apparent advantage to the carbocyanine tracers is that they appear to work consistently in
a variety of tissue types. Chen et a/ (2006) suggests that the carbocyanine dyes do not
discriminate between human and guinea pig tissue or between peripheral and central nervous
system tissue.* Therefore, this method seems to work well with a variety of species. On the
contrary, data suggests that although dextran methods are excellent for labeling adult neural
connections, they may have limited usefulness in embryos and afferent cells.8:10

There is a diversity of tracer application methods among different studies. The Dil crystals
are most frequently dissolved in organic solvents and then dried onto a micropipette tip.
Once the pipette tip is dry, the crystals can be dabbed at the site of interest. However, other
plausible methods exist for tracer insertion, such as using pins, injections, and dye-
impregnated filters.

Four percent paraformaldehyde (PFA) tends to be the standard fixation solution in 19 out of
the 26 studies. Additionally, four percent PFA also was a prominent choice for the
incubation solution. Chen et a/ (2007) compares two different PFA concentrations (one
percent and four percent).* The study results suggest that there is no significant difference
between the two; therefore, it appears that the investigator can choose the concentration of
the PFA based on preference. Occasionally, studies such as Hoffman (1998) integrated 0.1
percent ethylenediaminetetraacetic acid (EDTA) into the incubation solution to aid in
decalcification of the tissue.11

Substantial variability exists in the incubation temperatures; these temperatures ranged from
6° C to 40° C. Colder temperatures limit diffusion, while higher temperatures promote
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diffusion. However, as a consequence of higher temperatures, the amount of non-specific
staining may increase as a result of dye leakage out of the membranes.

The use of a vibratome appears to be the preferred method of sectioning, found in 19 of 27
studies. However, the studies did not always explicitly state the sectioning method. One
study announced that there was a potential for the cryostat to promote dye leakage by
destabilizing the dye.?

Discussion

Successful histological methods for axon tracing in ex vivo tissue have the potential to aid in
a better understanding of neuron behavior, connectivity, and treatments for various
pathological states.23412 After review of the selected articles, it is apparent that there are
both advantages and disadvantages associated with each method. Thus, the best method
varies depending on the research goals of the user. Each researcher may have different
interpretations as to what constitutes the best method or axon traced tissues. For example,
these differences in interpretation may be in regards to ease of use, cost, distance, time, and
sharpness. Although direct comparison studies are the most helpful for providing valuable
information regarding factors that affect the effectiveness of a tracer, the majority of our
included studies only used a single method. Consequently, our ability to draw conclusions
about superiority over other methods was limited. Table 2 summarizes the major findings
and conclusions drawn from the seven comparison studies we obtained from our search.
Trends among studies were apparent and will be outlined in the subsequent paragraphs.
From all of the selected articles, it is evident that ex vivo tracing methods originally used
Lucifer Yellow and HRP in the 1980s.1.6:13.14 Since then, tracers started to deviate from
HRP and Lucifer Yellow to using the long distance, lipophilic dyes such as the
carbocyanines. Carbocyanines are the most frequent method used. NeuroVue dyes are
suggested to be promising according to the two direct comparison studies.”10 We will
outline this progression of tracers and provide potential explanations for the observed trends.

Lucifer Yellow is common in studies from the 1980s and 1990s. Although still used, its
prevalence has dwindled due to the development of other ex vivo tracer counterparts. While
this tracer has the potential for labeling a single neuron structure, it lacks the capability to
trace long distances. This method requires injecting the individual neuron iontophoretically
in four percent PFA fixed tissues. Therefore, injecting many neurons can be time consuming
(>50 min) and require precision.6 Consequently, this technique does not require lengthy
incubation periods compared to other tracers such as the carbocyanines. This method also
works with storing the tissue in the cold, whereas other lipophilic tracers require room
temperature or above for diffusion. Many of the studies had the sections cut with a
vibratome after being treated with gelatin for support during the sectioning process. Another
feature that emerged while analyzing studies is that Lucifer Yellow’s characteristic
fluorescent color diminishes due to exposure of illumination after a couple of weeks.4
Applying the DAB method allows for the fluorescent neuron to convert to a dark color,
which aids in a longer stabilization of the labeling. DAB processed tissue can be viewed
under an electron microscope. While DAB aids in overcoming the issue with the stability of
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the fluorescent neuron, it also has the potential to hinder visualization of precise neuronal
processes.®

Similar to Lucifer Yellow, HRP was established in the mid-1980s. This technique requires
the tracer to be injected with a micropipette under the visual guidance of a stereo
microscope. The duration of injection was recorded to be five to 15 minutes (Haber 1988
and Kageyama 1987). This technique also requires precision for insertion. Incubation
solutions in different studies showed variability. Haber et a/reported longer distances
achieved using a low calcium phosphate buffer; however, it is difficult to discern what
exactly is responsible for these differences in distance.13 Variation was also noted in regards
to incubation duration, making it difficult to form a conclusion discerning the best tracing
method. In both studies, HRP methods use a DAB procedure in order to view the neurons
with an electron microscope. Kageyama et a/ indicates that disadvantages of this tracing
method include “the process of injection or the mere presence of the marker itself may cause
tissue damage or may alter the structure, activity or behavior of cells.”! Different studies
reported a range of distances. For instance, Kageyama reported that the tracer diffused only
1.5 mm from the injection site, while Haber 1988 reported 10 mm.113 The differences may
be due to Haber ef a/using Wheat Germ Agglutinin -HRP while Kageyama used generic
HRP.1:13 Without a direct comparison study to assess these differences in methods, the
variables responsible for these differences cannot be precisely determined.

Dil is suggested to be the most frequently used method for axon tracing among the
carbocyanines. Due to other comparison studies, Chen et a/ (2006), Lukas et a/, (1998) and
Fritzsch (2005) reiterated that Dil advances through the tissue more quickly than the other
carbocyanines.247 The rate of diffusion for Dil seemed to be similar among studies
conducted independently. Lukas ef a/ (1998) identified a diffusion coefficient to be
1.14x1072 mm/hr and similarly, Swift et a/ (2004) found the control to have a rate of
diffusion of 1.20+-0.08 x10~2 mm/h.215 Dil travels not only farther and faster, but it also
continues to travel even after several weeks, whereas DiO ceases to diffuse after a couple of
weeks. Fritzsch et a/ (2005) stated that “DiO is impractical as a long range tracer” and has
“limited usefulness”.” Additionally, Dil is more favorable because it exhibits more
fluorescent character than other dyes. An aspect that is found to increase the efficiency of
the Dil tracer is applying Dil in crystallized form.3 Murphy et a/ (2007) stated that Dil in oil
form takes a week longer than crystallized Dil to diffuse.3

Despite these differences, there are certain trends towards agreement between authors of the
included articles. First, it is common for 0.1 percent EDTA to be added to assist in binding
to the excess calcium in the tissue, reducing the occurrence of transneuronal labeling.3-11
Second, temperature assists in increasing the rate of diffusion of the dye; however, it can
also facilitate the tracer to diffuse out of the neuron.2*11 We found that it is the most
common to allow the tissue to incubate in four percent PFA in 0.1M phosphate buffer (PB).
A vibratome is suggested to be the best option for sectioning tissue embedded in
gelatin.1:24.6.7.11.1215 Cryoprotected tissues sectioned on a microtome may promote dye
leakage.?
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Discrepancies arise with the method of insertion and incubation period for many of the
studies. Most frequently, the tool used to insert the dye was a glass micropipette. However,
many other techniques were successful, including pins and dye-covered filters. There are too
many changing variables between studies to discern which method for inserting the dye
achieves the most desirable results. Even studies using the same tool may insert the dye in a
different way. For example, Richards et a/ (1997) inserted the tracer via micropipette
through the length of the tissue and dispensed the tracer every few millimeters.12 Other
methods that also used a micropipette involved placing Dil in the tissue superficially. Both
techniques seem to be feasible. In regards to incubation period, the studies all came to a
consensus that at some point, the tracer would cease to diffuse. However, the time (measured
in weeks) among the studies differed substantially. Some studies such as Lukas et a/ (1998)
indicated that the diffusion of the dye plateaued at 12 to 15 weeks.2 However, other studies
like Chen et a/ (2006) specify that the dye continued to diffuse from nine to 24 weeks at a
decreased rate. Other studies maintained the tracer diffusion for a couple of days to a few
weeks. In some cases, it was even reported that 24 hours was sufficient for dye incubation.1®
Temperature, varying concentrations, and varying types of tissues may also account for
differences in data. Future research should assess ways to speed up the rate of diffusion
without causing dye leakage.

NeuroVue dyes are lipophilic dyes similar to carbocyanines. Compared to these
carbocyanines, however, Fritzsch et a/(2005) suggests in a direct comparison study that
Neuro Vue Red is “superior to Dil with respect to visibility over longer diffusion
distances”.” The NeuroVue Red and Maroon double labeling is purportedly better due to the
fact that they both have similar tracing distances/speeds, whereas double labeling with Dil
and DiA “gets complicated because of different diffusion times for each”.” NeuroVue dyes
have a reduced duration necessary for diffusion. These studies involve similar tissue
preparation methods to carbocyanines. For fixation and incubation solution, researchers
most commonly used four percent PFA and 0.1 M PB. These dyes also need to be exposed
to RT-37 °C to facilitate dye diffusion. We suggest more comparison studies by multiple
independent labs to determine if NeuroVue dyes are superior to Dil.

The strengths of this review are that it is comprehensive in regards to a variety of variables
that may impact the quality of axon tracing. A limitation of this review is the lack of recent
published articles concerning axon tracing ex vivo. The lack of recently published research
on new tracers may be due to the emergence of new imaging techniques such as dMRI
tractography; however, this technique relies on the availability of specialized equipment and
experimental software. With that said, we chose to focus our review on the more widely
available histological methods of axon tracing. Additionally, due to limitations of systematic
review methodology, perhaps the search terms missed potentially applicable studies as well
as recently published studies. However, because of the use of ancestral searching, we are
confident that we have identified the majority of the important studies.

Conclusion

We conclude multiple methods are feasible for ex vivo axon tracing and the best histological
method is dependent on the goals of the researcher. To each tracer and application method,
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there are advantages and disadvantages in regards to cost, time, distance, specificity of
tracing, single-cell labeling, ability to perform multiple labeling, and ease of use. Thus, what
may be good for one purpose may not be good for another. According to the articles that
were selected, Dil was reported to perform well in many aspects such as tracing length, ease
of use, resolution, and price, as it is fairly inexpensive to use. A major disadvantage of Dil is
that diffusion is slow, the order of weeks to months, which delays analysis. With the
emergence of NeuroVue Dyes, some comparison studies have suggested superiority over the
carbocyanine dyes; however, the majority of researchers still use Dil, which suggests more
evaluations should be done to confirm superiority. Moreover, we suggest multiple
independent labs conduct more comparison studies in order to definitively identify if this
method yields better axon traced tissues.

Acknowledgments

Supported by NIH grant 1KO8NS079622

Literature Cited

1. Kageyama GH, Meyer RL. Dense HRP filling in prefixed brain tissue for light and electron
microscopy. J Histochem Cytochem. 1987; 35(10):1127-36. [PubMed: 3624853]

2. Lukas JR, Aigner M, Denk M, Heinzl H, Burian M, Mayr R. Carbocyanine postmortem neuronal
tracing. Influence of different parameters on tracing distance and combination with
immunocytochemistry. J Histochem Cytochem. 1998; 46(8):901-10. [PubMed: 9671441]

3. Murphy MC, Fox EA. Anterograde tracing method using Dil to label vagal innervations of the
embryonic and early postnatal mouse gastrointestinal tract. J Neurosci Methods. 2007; 163:213-25.
[PubMed: 17418900]

4. Chen BK, Miller SM, Mantilla CB, Gross L, Yaszemski MJ, Windebank AJ. Optimizing conditions
and avoiding pitfalls for prolonged axonal tracing with carbocyanine dyes in fixed rat spinal cords. J
Neurosci Methods. 2006; 154(1):256-63. [PubMed: 16466800]

5. Collinge C, Schweitzer L. Details of the central projections of the cochlear nerve in in the hamster
revealed by the fluorescent tracer Dil. Hear Res. 1991; 53(2):159-72. [PubMed: 1652583]

6. Ohm T, Dieckmann S. The use of Lucifer Yellow and Mini Ruby for intracellular staining in fixed
brain tissue. Methodological considerations evaluated in rat and humanautopsy brains. J Neurosci
Methods. 1994; 55(1):105-10. [PubMed: 7534362]

7. Fritzsch B, Muirhead KA, Feng F, Gray BD, Ohlsson-Wilhelm BM. Diffusion and imaging
properties of three new lipophilic tracers, NeuroVue Maroon, NeuroVue Red and NeuroVue Green
and their use for double and triple labeling of neuronal profile. Brain Res Bull. 2005; 66(3):249-58.
[PubMed: 16023922]

8. Jensen-Smith H, Gray B, Muirhead K, Ohlsson-Wilhelm B, Fritzsch B. Long-distance three-color
neuronal tracing in fixed tissue using NeuroVue dyes. Immunol Invest. 2007; 36(5):763-78.
[PubMed: 18161528]

9. Soukup GA, Fritzsch B, Pierce ML, Weston MD, Jahan I, McManus MT, et al. Residual microRNA
expression dictates the extent of inner ear development in conditional Dicer knockout mice. Dev
Biol. 2009; 328(2):328-41. [PubMed: 19389351]

10. Kikkawa YS, Pawlowski KS. Cochlear neuronal tracing for frequency mapping with Dil,
NeuroVue, and Golgi methods. Acta Otolaryngol Suppl. 2007; 559(S559):19-23. [PubMed:
18340556]

11. Hofmann MH, Bleckmann H. Effect of temperature and calcium on transneuronal diffusion of Dil
in fixed brain preparations. J Neurosci Methods. 1999; 88(1):27-31. [PubMed: 10379576]

12. Richards LJ, Koester SE, Tuttle R, O’Leary DD. Directed growth of early cortical axons is
influenced by a chemoattractant released from an intermediate target. J Neurosci. 1997; 17(7):
2445-58. [PubMed: 9065505]

Neurol Res. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Heilingoetter and Jensen

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 8

. Haber S. Tracing intrinsic fiber-connections in postmortem human-brain with WGA-Hrp. J
Neurosci Methods. 1988; 23(1):15-22. [PubMed: 2450265]

Buhl EH, Lobke J. Intracellular lucifer yellow injection in fixed brain slices combined with
retrograde tracing, light and electron microscopy. Neuroscience. 1989; 28(1):3-16. [PubMed:
2668782]

Swift MJ, Crago PE, Grill WM. Applied electric fields accelerate the diffusion rate and increase
the diffusion distance of Dil in fixed tissue. J Neurosci Methods. 2005; 141(1):155-63. [PubMed:
15585299]

Calabrese E, Badea A, Cofer G, Qi Y, Johnson GA. A diffusion MRI tractography connectome of
the mouse brain and comparison with neuronal tracer data. Cere cortex. 2015; 25(11):4628-4637.

Reveley C, Seth AK, Pierpaoli C, Silvia AC, Yu D, Saunders RC, et al. Superficial white matter
fiber system impede detection of long-range cortical connections in diffusion MR tractography.
Proc Natl Acad Sci. 2015; 112(21):E2820-8. [PubMed: 25964365]

Mastick GS, Easter SS Jr. Initial organization of neurons and tracts in the embryonic mouse fore-
and midbrain. Dev Biol. 1996; 173(1):79-94. [PubMed: 8575640]

Auclair F, Bélanger MC, Marchand R. Ontogenetic study of early brain stem projections to the
spinal cord in the rat. Brain Res Bull. 1993; 30(3):281-9. [PubMed: 8457877]

Baier H, Klostermann S, Trowe T, Karlstrom R, Nusslein-Volhard C, Bonhoeffer F. Genetic
dissection of the retinotectal projection. Development. 1996; 123:415-25. [PubMed: 9007259]
Ceranik K, Deng J, Heimrich B, Libke J, Zhao S, Forster E, et al. Hippocampal Cajal-Retzius cells
project to the entorhinal cortex: retrograde tracing and intracellular labeling studies. Eur J
Neurosci. 1999; 11(12):4278-90. [PubMed: 10594654]

Eide AL, Glover JC. Developmental dynamics of functionally specific primary sensory afferent
projections in the chicken embryo. Anat Embryol. 1997; 195(3):237-50. [PubMed: 9084822]
Friedland DR, Eden AR, Laitman JT. Use of the novel carbocyanine tracer fast-Dil for
investigating upper respiratory tract cranial nerves in prenatal rats. Lab Animal Sci. 1996; 46(2):
220-5.

Linke R, Pabst T, Frotscher M. Development of the hippocamposeptal projection in the rat. JComp
Neural. 1995; 351(4):602-16.

Magoul R, Ciofi P, Tramu G. Visualization of an efferent projection route of the hypothalamic
ratarcuate nucleus through the stria terminalis after labeling with carbocyanine dye Dil or
proopiomelanocortin-immunohistochemistry. Neurosci Lett. 1994; 172(1-2):134-8. [PubMed:
8084518]

Makarenko IG, Ugrumov MV, Calas A. Axonal projections from the hypothalamus to the pituitary
intermediate lobe in rats during ontogenesis: Dil tracing study. Brain Res. 2005; 155(2):117-26.

Mufson EJ, Brady DR, Kordower JH. Tracing neuronal connections in postmortem human
hippocampal complex with the carbocyanine dye Dil. Neurobiol Aging. 1990; 11(6):649-53.
[PubMed: 1704107]

Zec N, Kinney HC. Anatomic relationships of the human nucleus paragigantocellularis lateralis: A
Dil labeling study. Auton Neurosci. 2001; 89:110-24. [PubMed: 11474639]

Neurol Res. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Heilingoetter and Jensen

Anterograde

Figure 1.

Neurol Res. Author manuscript; available in PMC 2017 July 01.

Page 9



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duoasnuepy Joyiny

Heilingoetter and Jensen

Retrograde

Figure 2.

Neurol Res. Author manuscript; available in PMC 2017 July 01.

Page 10



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Heilingoetter and Jensen page 11
- NV
5 DO (. Dil NVRed DF Maroon
E
3|
©
o
e
o
o
3
=
=
=
| | = [ [
400 500 600 700 800
Wavelength (nm)
Figure 3.

Neurol Res. Author manuscript; available in PMC 2017 July 01.




Page 12

811s uonaafui ‘as00n|6 94T 10
10 19)U3d Jayng areydsoyd anadid
Jeajoun wolj WwwoT SWOTRIGIA pUR SWO10IDIN sy vz wnio[ed Mo DoV PUB D,/€ sse|6 e yum pajasfuj erjbueb jeseg Jeajoun uewWNH asepixoJad ysipelasioH 886T "1ageH
UsaI9 aNA0INSN
SI31|1} papeo] 8Ap sey AN "Wals utelg ‘pay anAO0INaN
‘win19gaJa) ‘eIsLY Jo1IaIsod ‘9|ndoes ‘UOOJRIA SNAOINSN 5002
aousasaloniyidy Jesjoun SWoreIqIA s14 96-v2 %P o 2YA 'SNINa1 |02 JoLBju| XaM0D AloNpny V4d %t IN ‘alg@‘od ‘via‘na ‘e 38 Yyoszig
ad NT'0
9ouadsalonyidl ww g Jeajpun SYeOM 8Z— | Ul UIjewlo) %52 0,52-12 anaN ando Jeajpun SYIIYD na 066T YSzii4
ad N
aouddsaloN|yId wwoT-9 aworeIqIN YoM T T°0 PUe 4d %P DoL€ 10011 Alojeardsay Jaddn 9d IN T°0 V4d %P ey 113 1584 966T pue|palid
2d02s0J01IA 3UBISBION| Jesjoun aworeIqIN skep 0071 V4d %t 0.L€ uorbue 100y [esi0d V4d %Y oAiqu3 uIYD na /66T ‘[e 19 8pI13
wr goT 10 G2 “anadidosoiw T66T
9ouadsalonyyidy Jeajoun 19U SUOI8S NI AJasIansuel | sAep zv—8T Jeajoun 2,07 Unm sjeisAio pade|d eajyood V4d%t Ja1sWweH na ‘e 38 abulfj0D
Syeam
¥ Ul ww
TT0+L9°T 01
dn pajanen
o'a puvy
M
¥ Jano ww
€7'¥68'8 01
dn pajanen
DL€ 9Ap Jo abexes|
"SUORIPUOD JUaAa1d 01 XeMm Y)IM Paleod pue Uondss
uo P09 [eulds 3y JO apIs JaYIIS U SISIp
Buipuadap asauyy paoe|d pue 31 ui suid QT Yum osip
adoosoloiw paLeA aunyesadws ] JalaWelp ww ¢ pue a1y} wwg buisn siey Asymeq anbeids
[eoojuo) Buluueds Jase] souelsig | suonoss aworelqgIA feutpnibuoT SYoaM yz—2 VHd %Y pue %T wooy pue J,/€ uorJasul 1oy poyaw umo padojansg Vv4d %t a[ewa ynpy olapue 1@ 9002 "[e 18 UsyD
adoasolol
Buiuuess Jase [eaouoD SWOTRIGIA UM sieJ [ereu 666T
/adoasoloiw aousdsalonjiidy Jeajoun wrl 00T—08 SU0123S [BU0I0D SYeam 9—¢ V4d %y | eimesadwa wooy X31109 [euIyI0ud Uo paded sjeisA1n V4d %t -150d pue [ejeu-aid na e 18 MUt
9d09s0101 A U0I3|T Jeajoun aWoreIgIA Jesjoun Jesjoun Do X31109 [eNSIA V4d %t sleD MOJ[3A J8}19n7] 686T lung
uoibal [esiop-[eseu
ojul payosful O1@ pue uoifal [enus
-[esodwiay oyul payaalul (1@ "uondafoid
|ejo8)0ullal azifensiA 0} snyesedde
2d09s0101 |\l 82UddsaI0N|H Jesjoun Jeajpun BUGIIEYYe) eaoun | aunjeladws) wooy ue Buisn payaalul O1Q pue 1Q Vv4d %t deAle| ysiyelqaz olapue 11 966T '[e 19 Jareg
"pal10ads 10U UOIHASUL JO POYISIN
‘WS utelq Apnis 03 p1od |eulds soAlquia €66T
8d09s0.21|A 92uddsalon|idg Jesjoun 1e150A1D syow y—g V4d %t DolE 10 [9A8] €D 1e paded s[eIsAiD 0T-G V4d %t el oulqpe Aep v T/ST s[eIsAlD via pue 1d ‘[e 18 Jrejony
padeu | poyBIN uoneang uonnjos aunjesadwia) |00 /499B4 ]
uoneziensin yibua Buluonoes uonegnau| uonegnau| uoneqgnau| J0 uonedI0] annexiq lewiuy J89ed] Jeakjioyiny

available in PMC 2017 July 01.

Neurol Res. Author manuscript

Heilingoetter and Jensen

“wiay) Burredwod Ui ISISSe 0} JaPJO Ul SAIPNIS 81 W) PasSasse |[e a1am pasn adodasoloiw
pue ‘aoue)sIp ‘poyiatu BUILONIaS ‘UoITRIND LOITRgNIUI ‘UOIIN|OS UoEgNaUl ‘ainjeladwa) ‘UoIed0| ‘BAITeXI) ‘pasn anssi) ‘pasn 1soel] Se Yyons S19adsy *14oJeas INo LWoJ) Paurelqo SaIpnis syl saziiewwns ajqel siyL

saIpn1S Buloed] UOXY OAIA X
T'Talqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript




Page 13

Heilingoetter and Jensen

6002
1e20ju0D - - - - - Jea Jauu| V4d %t 30IN sakQ anA0INaN ‘e 18 dnynos
ulfewoy paisyng %01 166T
89Ud2salon|4 Jeajoun aworeIgIA SH9aM £< Jeajun 1 X3110009N ym paxiy 150d pue \4d %z siey 4INQ Ul panjossIp [1d ‘e 18 spaeydry
1002
Jud2saIoN|4 wwg'e-z Ieajoun SHPIM [~ V4d %t Ieajoun suoleAlauul [efep V4d %t 301N wioy [eIsA1a pue |10 11 ‘e 18 Aydiniy
9ouadsalonyidl wwsg aWoeIgIA sypuow 9 V4d %v 2,02 x9]dwiod jedwesoddiH V4d %t uewWNH na 066T UOSJNIA
ad
80d09s0.01IAl Bunoassia Jesjoun Jesjoun inoy yg—v NT0 V4d %t 0.L€ ureqpiiAl pue ureigaiod 9d INT'0 V4d %Y 9SO o'dpue i 9661 onseiN
Jayng areydsoyd
usdsalon|H Jesjoun swiojelgIN SUYIUON 72—9 V4d %t 2.0¢ 00| ayeIpawlisiul Areynid winipos INT'0 Ul v4d %Y ey na G002 oxuatexeN
90usdsalon|yidg Jeajun 3WO]0JOIW PUE SWIOJRIGIA syuow g V4d %t D0l€ SNaJoNU dyendy V4d %t ey na 66T [nobey
JUd2saI0N|4 Jeajun awoleIgIA SH99M ZT—F V4d %t Ieajoun uonoafoid [exdasodwesoddiH V4d % 1Ry na G66T MUIT
na
10} anssn
paxiy uewny
urwws'ge
pue sbid
eauinb ul Jeak sbid eauinb
9ouadsalon|yid3y ww z'62~ awoeIgIA T 01 SY9aM € V4d %t 0,07 10 D, /€ anadidosoiw sse|f yum [eisAid padeld V4d %t pue slanepes uewnH via ‘oa‘na 866T SeyN
S9aM ¢ 9Ap
aujueAd0qte)d
"SY9aM €
92Ud2saloN|4 x0D-16]09) "sAep 894209 x0D-16]09 pue ‘pay
10361 Jo |eaojuod Jesjoun swioleIqIA 0T—L P33y AN Jesjoun Jesjoun ¥e pax007 "pay AN 40} S13)13 UOJAN Jesjoun B1d eauinbjasnow ey AN ‘i@ ‘ola ‘na L00Z emexp|in
Suo1198s ysypjoh anadidouolw sselb e apAyaplesen|b 96T 1861
9d02s0401W U0.33|T ww G'T QWOTRIGIA SyeeM Z—T aylJoy ad N T°0 o4 UM papasu| ‘WaisAS SNOAJSN [eus) pue 44 paziiswAjodap %5z ysiypjoby/sied dYH ‘|e 19 eweAshey
UOOJBIAl BNAOINBN
‘pay anA0INaN
sinoy ‘aper anA0INaN
[eaojuod Jesjoun awioreIqIN 96 PUe '8v ‘v 4d9N %t 0.09-L€ 1311 UOJAN pJoD [eurds “(4dEIN) 4d paJayng-lennaN soAigquwa 821N ‘plesaw3 ANACINAN Ylws-ussusr
v1id3
%T1°0 yim gd ut
apAyApreseinib
%1
10 ‘arewo1yoip
wnissejod
%€ pue
208D 9%T yum
apAyapletein|b
syuow %¥ 666T uueWXo9|g
80U8dsaION| Jesjoun SWoeIqIA ZOoIeamM T —T10'v4d %¥ | .07 ‘SE '0€ ‘02 9 anJaN ondo V4d %t usupoo pue uuewjoH
uoAwoldans
uio1usd
9%0T pue WnIas
3UIAO( €19 %0T
pagel SIHET] uorreing uonnjos aunyesadwal |00 /48984
uolyezijensin y1bus] Buruonoss uolregnau| uolregnau| uolregnau| J0 UoiIeI0] anirexi lewiuy pESITN Jeak/1oyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2017 July 01.

Neurol Res. Author manuscript



Page 14

Heilingoetter and Jensen

85019Nns
%Y PUE 8pIZ\ WNIPOS %S0

Jus0salon|4 Jeajoun tespoun | syuow g'GT-5'8 BAIIEX1) SE BWES 2,02 si|eJaje| suen)jaoojuebibesed snajonN “UNM g9d IN T°0 Ul ' d %P uewnH na 100Z 987
L'€S-S1Y 81
wwiez-siy
14 Joueyia
WW'GT-S1Y Ul PaA[oSSIp S[eIsAId
Jeajoun A QLIOTRIGIA sinoy gy 0y dn Jeajoun 1 anss1y aAJau [esaydiad uljewoy %0t SIaneped UewnH d1d 'via ‘olda ‘na $00Z [2 18 HIMS
paoes ) poyIs N uoneang uonnjos aanyesadwia) 100 /180RA |
uonezifensip yrbus Buiuonoss uorregnou| uorregnou| uomegnau| 10 UOIIRI0T] anIexi4 lewiuy BEITN Jeak/ioyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Neurol Res. Author manuscript; available in PMC 2017 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Heilingoetter and Jensen

Author’s Conclusions for Comparison Studies

Page 15

Table 2

vs no EDTA, and PBS
mounting medium vs

glycerol and n-propyl

gallate

Author/Year Comparison Summarized Author’s Conclusions
Haber 1998 Performed a tracing study . Not all cells/axons in a given area possessed labeling
with Wheat Germ i .
Agglutinin Horseradish . Axon and cell body labeling was enhanced under the 4°C conditions
Peroxidase. Two incubation o o . _—
soutors i trperstes | * - Gier bl e TCan o coniions, he e o phoshat
were used. The tissue was
incubated in a culture . The lower temperature enhanced the number of fibers seen and the
medium containing 10% distance traced.
glucose, 10% fetal bovine
serum, and 10% penicillin
streptomycin or a calcium-
low phosphate buffer at
either 4°C or 37°C
Kikkawa et al. This study compared three . For the carbocyanine dyes, Dil, DiO and DiD were used. Dil was
2007 techniques to visualize the suggested to have the best staining among the carbocyanines
cochlear nerve fibers, i . i .
namely Dil, the modified . The problem with the modified Golgi-Cox method was that it does not
Golgi-Cox method and stain afferent fibers
NeuroVue dyes. . For all the different visualization methods tested, NeuroVue gave the best
spatial resolution and fastest staining.
Chen et al. Comparison study between . Dil diffused substantially longer distances than DiO.
2005 Dil/DiO for the tracer, i i i
19%/4% PEA for the . Both dyes migrated farther distances at 37°C. Therefore, higher
preferred concentration, and temperatures facilitate diffusion
ELVZ};’L r(e: for the optimal . There was no difference between the tissue tracings incubated in 4% vs
P ’ 1% PFA. However, 4% PFA was still required for the fixation and post
fixation procedure.
Lukas et al This study sought to . Among Dil, DiA and DiO, Dil appeared to be the best tracer.
1998 optimize the axon tracing . .
procedure in human and . The tissue was incubated at 37°C and 40°C for 3wks-1 year. After 15
guinea pig tissue. weeks, no advancement was seen in the distance traced. Thus, the optimal
tracing time was suggested to be 12-15 weeks. It was also suggested there
was no difference between incubation at 37°C and 40°C.

. Since both central nervous system and peripheral nervous system tissue
was traced in both guinea pig tissue and human tissue, no difference in
tracing quality was seen in the two tissue types. However, a slight
difference in distance was observed between the human and guinea pig
tissue.

. Because carbocyanines are compatible with immunohistochemistry
techniques, it was suggested Tween 20 was an optimal detergent than
Trition X. It was also suggested Trition X may facilitate fading.

. In regards to sectioning, it was suggested cryostat sections may be less
stable than vibratome sections.

. There was no observable difference between 2% PFA and 4% PFA for the
incubation solution.

Murphy and This study compared Dil . When comparing the Dil, they suggested crystals give a better quality and
Fox 2007 crystals to oil 0.1%, EDTA rate of diffusion

The researchers suggest long incubation periods promote Dil leakage out
of the nerve fiber.

It is believed that calcium in the tissue promotes diffusion out of the
neuron and promotes unspecific labeling. Therefore, in order to combat
this, 0.1% EDTA is suggested to reduce this unspecific labeling.

Lastly, PBS is suggested to be a superior mounting solution to glycerol
with n-propyl gallate. Glycerol and n-propyl gallate reduced clarity and
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Author/Year Comparison Summarized Author’s Conclusions
promoted leakage of the dye which ultimately results in a loss of specific
labeling.

Hofmann et al The researchers aimed to . The presence of calcium facilitates dye leakage out of the membranes;

1999

improve the staining and

limit transneuronal labeling.

They investigated the effect
of increased temperatures
and calcium.

therefore, the addition of 0.1% EDTA to the 4% PFA eradicated
transneuronal labeling.

. In regards to temperature, 6°C, room temperature, 30°C, 35°C and 40°C,
the researchers found that as the temperatures get higher, the staining
becomes progressively more diffuse. It is suggested that increased
temperatures accelerate dye diffusion out of the neuron.

Fritzsch et al
2005

Compared NeuroVue Red,
Green, and Maroon with
Dil, DiO, DiA and DiD.

. DiO and DiA have slow diffusion in fixed tissue and are not as applicable
as a long range tracer.

. NV dyes were consistently seen to trace longer distances and have the
ability to be imaged at lower concentrations than existing dyes. They also
diffuse faster than the carbocyanines.

. The red emitting and near infrared emitting dyes (NV Red, Dil, DiD, NV
Maroon) were consistently seen to travel longer distances than the green
emitting dyes.

. NV Maroon appeared to be the easiest to detect over long distances
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