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Abstract 

 

Most of our current understanding of brain function and dysfunction has its firm base in what is so 

elegantly called the ‗anatomical substrate‘, i.e. the anatomical, histological, and histochemical 

domains within the large knowledge envelope called ‗neuroscience‘ that further includes 

physiological, pharmacological, neurochemical, behavioral, genetical and clinical domains. This 

review focuses mainly on the anatomical domain in neuroscience. To a large degree 

neuroanatomical tract-tracing methods have paved the way in this domain. Over the past few 

decades, a great number of neuroanatomical tracers have been added to the technical arsenal to 

fulfill almost any experimental demand. Despite this sophisticated arsenal, the decision which 

tracer is best suited for a given tracing experiment still represents a difficult choice. Although this 

review is obviously not intended to provide the last word in the tract-tracing field, we provide a 

survey of the available tracing methods including some of their roots. We further summarize our 

experience with neuroanatomical tracers, in an attempt to provide the novice user with some 

advice to help this person to select the most appropriate criteria to choose a tracer that best 

applies to a given experimental design. 
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1. Introduction 

 

Even the brain of the most diminutive vertebrate appears to us from a strictly anatomical point of 

view as an incomprehensibly large collection of neurons with sets of equally incomprehensibly 

complicated interactions. Special about this remarkable central organ is that large groups of 

neurons act together to collect and analyze sensory and visceral information arriving from the 

periphery via cranial and spinal nerves. These neurons process the information, integrate and take 

care of storing the outcome for later use. Simultaneously they formulate an appropriate response, 

for instance a motor act, autonomous response or, as is so essentially human, a thought, logical 

reasoning or a creative idea. 

Attempts to unravel the anatomy of the brain, spinal cord and peripheral nerves have resulted so 

far in huge amounts of descriptive and experimental data and a wealth of creative integrative 

ideas. Von Waldeyer (1891) was the first to propagate the idea that the nervous system is made 

up of discrete individual cells, and together with Foster and Sherrington‘s (1897) notion of the 

synapse as the physiological site of information transfer the intellectual framework had been 

established that supports neuroanatomical tracing as we know it today. Giant steps in unraveling 

neuronal connectivity were made by Santiago Ramón y Cajal who pioneered the art of neuronal 

network visualization with the then newly discovered Golgi silver impregnation technique. 

Techniques like these create light absorbing inorganic deposits, ‗dyes‘ that accumulate inside 

neurons or diffuse through cell processes in post mortem tissue, such in contrast to labels that are 

taken up and transported in living neurons. In this review we keep this distinction between purely 

physical diffusion of dyes in essentially fixed material and the spread of label in living cells via 

active physiological transport processes. Ramón y Cajal was the first who described neuron types 

in the brain systematically, based on the morphological features of their cell bodies, dendrites and 

axons (although he considered dendritic spines as artifacts). His great scientific legacy was 

published in the two-volume ‗Système nerveux de l ‗Homme et des Vertébrés in 1909-1911. In 

Ramón y Cajal‘s age, experimental lesioning of large myelinated tracts was already an established 

yet coarse method of tract-tracing (Waller, 1850). Building upon Waller‘s legacy a whole 

subdiscipline blossomed in experimental neuroanatomical tract tracing, supported in its heyday by 

a most powerful tool, the selective silver staining method originally developed by Nauta (1952) and 

refined by Fink and Heimer (1967). Only in the second half of the 20th century techniques became 

available, starting with the groundbreaking discovery by Kristensson and Olsson (1971a,b) that 

intrinsic cellular transport mechanisms in the live subject can be used to deliver original labels that 

identify the origin, course and termination of axons of groups or individual neurons. Combined with 
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immunohistochemical, genetic and neurophysiological techniques, our knowledge about the wiring 

of neuron populations thus exploded. A picture of ‗brain‘ is emerging in which the neurons maintain 

a multitude of synaptic and nonsynaptic relationships in order to fulfill incredibly complex and 

dynamic tasks. We consider the brain with awe: an incomprehensibly large collection of neurons 

with sets of incomprehensibly complicated anatomical and chemicophysiological interactions. This 

review tries to provide an oversight of the main categories of techniques in neuroanatomical 

tracing and the state of the art after the first ten years of the 21st century.  

 

2. Tracing based on transport in living neurons 

In the living subject, macromolecules are continuously manufactured by the cellular molecular 

machinery, transported inside cells or sent packed or unpacked across cell membranes into the 

extracellular space. Macromolecules can be taken up from the extracellular space, transported to 

the cell body and metabolized there, or stored for later use. As this happens everywhere in the 

body the nervous system is no exception to this rule. Thus, neurons may take up small or big 

macromolecules anywhere along their outer membrane, for instance at or close to their peripheral 

axon terminals or their motor end plates. Molecules may enter the cell‘s interior via receptor-

mediated uptake, or in a ‗mass process‘ by vesicular endocytosis. Following internalization these 

molecules are transported to the perikaryon for further metabolic processing, storage or disposal. 

The transport from the periphery back to the cell body is called retrograde transport. Tracing 

methods that employ this class of transport are called retrograde tracing methods. Conversely, 

macromolecules can be taken up by the perikaryon and dendrites and transported centrifugally, 

along their axon towards the periphery. This kind of transport is called anterograde transport, and 

it forms the basis of so-called anterograde tracing techniques. We will keep this distinction 

throughout this review, although most tracers are to a certain degree transported bidirectionally 

with one direction of transport prevailing.  

 

2.1. Anterograde tracing with biotinylated dextran amine (BDA) 

Glover and coworkers (1986) introduced dextran amine conjugated with selected fluorescent dyes, 

fluorescein and rhodamine, as new neuroanatomical tract tracing macromolecules. Previously, 

dextrans conjugated to fluorescein isothiocyanate (dextran-FITC), had been applied to study 

vascular permeability in the peripheral nervous system (Olsson et al., 1975; Hultström et al., 

1983). Glover et al. (1986) portrayed the fluorescing dextrans basically as retrograde tracers in the 

CNS. Their novel application generated a wave of interest in the use of dextran-based fluorescent 

tracers, several of which appeared to be transported predominantly in the anterograde direction 
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(Nance and Burns, 1990; Schmued et al., 1990; Fritszch and Wilm, 1990; Chang, 1991). The first 

to report on the superior quality of biotinylated dextran amine (BDA) as an anterograde 

neuroanatomical tracer were Veenman et al. (1992). Dextran molecules, dextran amines and their 

conjugates are taken up via an unknown mechanism by dendrites and neuronal cell bodies and 

mainly transported in the anterograde direction (Reiner et al., 2000; Reiner and Honig, 2006). We 

will deal here further with BDA 10 kD which is the most outspoken anterograde tracer of the family 

and maybe for this reason overwhelmingly applied. BDA 3 kD represents another member of the 

family of dextran amines and is better suited for retrograde tracing purposes (for review on dextran 

amines, please see Reiner et al., 2000). 

Biotinylated dextran amine conjugated to lysine (MW 10 kD, Invitrogen-Molecular Probes,  

Eugene, OR) is dissolved in 10 mM phosphate buffer, pH 7.25 (5%-10%, rodents; 10% primates) 

and injected under stereotaxic guidance into the brain. Both iontophoretic and mechanical 

injections have been reported (Reiner et al., 2000). Typical iontophoretic application into rat brain 

is through a 5 μA positive pulsed direct current (7 s on/off) on a micropipette filled with BDA 

solution, inner tip diameter 20-40 μm (Wouterlood and Jorritsma-Byham, 1993; Gonzalo et al., 

2001). Survival time is in proportion to the length of the projection under study. Transport is 

estimated to span 15-20 mm of tract in one week (Reiner et al., 1993). In rats a survival time of 

one week is usually in the safe range. BDA remains stable in the rodent brain up to 4 weeks post 

injection while in primates it may remain detectable up to 7 weeks after application. BDA tolerates 

a wide variety of fixatives. Sections of aldehyde-fixed brain, cut on a freezing microtome, vibrating 

microtome or cryostat are incubated with streptavidin-HRP followed by incubation in 3-3‘-

diaminobenzidine/H2O2 according to one of the many recipes available (e.g. Vectastain kit, Vector, 

Burlingame, CA; see section 8) or, for fluorescence microscopy, incubated for one hour with 

streptavidin conjugated to one of a repertoire of fluorescent tags, e.g. streptavidin-Alexa Fluor™ 

488, streptavidin-Alexa Fluor™ 543 (Invitrogen-Molecular Probes), streptavidin-Cy3™ (Amersham 

Life Science, Inc), etcetera. 

As BDA ‗fills‘ the neuronal cytoplasm within the limiting membranes the staining product forms a 

homogeneous label inside neurons against a perfectly clear background, and in this way 

resembles classical Golgi silver impregnation. All the details of the labeled neurons in the injection 

sites, e.g. dendritic spines, are available for inspection. Most important is that the tracer appears 

equally homogeneously distributed along the entire trajectories of the fibers, from the labeled 

parent neurons all the way downstream to the location where the fibers form their terminal 

arborizations and synapse with the processes or cell bodies of the target neurons. This 

characteristic allows extremely precise mapping of fiber tracts, the analysis of the 
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compartmentation of large fascicles and association bundles and the study of terminal projection 

patterns. Quantitative estimation of the numbers and densities of labeled axon terminals can be 

attempted (Wouterlood et al., 2007, 2008). In the electron microscope the label generated by BDA-

processing can be seen inside the nuclei of neurons and throughout the cytoplasmic 

compartments including that of the main dendrites and their branches down to the most distal 

branchlets (at least when dealing with BDA-filled neurons in the vicinity of the injection sites) and 

in fibers with their varicosities and axon terminals. Detail in the electron microscope is preserved 

so well that the pre- and postsynaptic membrane densities of labeled axon terminals can be 

appreciated (Wouterlood and Jorritsma-Byham, 1993). Retrograde transport of BDA may occur, 

resulting sometimes in a granular deposit of the tracer in a limited number of neuronal perikarya, 

while infrequently complete or ‗dense‘ labeling is present of cell bodies and dendrites in areas 

known to project to the site of injection (Reiner et al., 1993). When the latter occurs the 

investigator should be aware of the possibility of ‗false‘ anterograde labeling of collateral fibers 

belonging to these initially retrogradely labeled neurons (Chen and Aston-Jones, 1997). Although 

the labeling of collateral fibers is often regarded as a limitation of BDA, it is also worth noting that 

one can take advantage of this property to analyze reciprocal connections between closely related 

brain regions. An example of such application is clearly depicted in the study of Shink et al. (1996) 

who took advantage of these unique properties of BDA to elucidate tight relationships between 

functionally related groups of neurons in the subthalamic nucleus and the globus pallidus of 

monkeys. The retrograde transport component of BDA derivatives was also exploited by Bácskai 

et al. (2010) through application of fluorescent conjugates of dextran amine (tertrametylrhodamine 

dextran amine (RDA) and fluorescein dextran amine (FDA), contralateral to each other to the cut 

end of the hypoglossal nerve in the frog, Rana esculenta. The aim of this particular experiment 

was to study cellular aspects of the relationships of hypoglossal motoneurons across the midline of 

the brain stem.  

As the label is located in the neuron‘s interior, the detection reporter molecule (streptavidin-HRP) 

must, in the conventional procedure of free-floating incubation, penetrate into the sections and 

cross cellular membranes to bind to its target. This penetration process takes some time to 

happen. However, the detection of transported BDA does not require antibodies. Because a 

molecule of streptavidin conjugated to a fluorochrome has a modest molecular weight compared 

with an antibody it does not suffer from poor penetration to the degree encountered with, for 

example, lectin tracing immunohistochemistry. The addition of a detergent to enhance the 

penetration of reagents into tissue sections (e.g. 0.3-0.5% Triton X-100) is not always necessary 

and can be replaced for electron microscopy purposes by a freeze-thaw procedure, or can even 
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be omitted completely. The property that the detection of biotin does not require antibodies while 

this compound is very tolerant to fixatives and in no sense interacts with immunohistochemical 

treatment, renders this tracer highly efficient for combination with other tracing methods, 

immunohistochemical staining procedures and with intracellular injection of neurons in slices of 

fixed material (see 7.4). BDA is also well suited for double-label electron microscopic purposes. 

This wide versatility, together with the ease of application and the reliability of the tracer, has made 

BDA a widely applied and successful neuroanatomical tracer. At present, BDA undoubtedly 

represents the first choice anterograde tracer. Besides the broadly used BDA 10 kD, it is also 

worth noting that a lower molecular weight form of BDA (BDA 3 kD) is also available and has its 

own advantages, particularly when considering the retrograde transport of the tracer. Indeed, BDA 

3 kD can be regarded as an excellent retrograde tracer that results in Golgi-like retrograde labeling 

of striatofugal neurons in rats and monkeys. Illustrative examples can be found elsewhere (Reiner 

et al., 2000; Lei et al., 2004; Sidibé and Smith, 1996). 

BDA is compatible with a wide range of fixatives which implies that the choice for a particular 

fixative in multilabel experiments depends on the most demanding marker. In rodents, we prefer a 

fixative that allows additional immunohistochemistry: buffered 4% formaldehyde, 0.1% 

glutaraldehyde and 0.25% of a saturated picric acid solution. After fixation, the brain can be cut 

with any of the available sectioning methods. Brain sections whose thickness ranges between 40 

and 400 μm can be processed. Thinner sections may be required when a second or third marker 

is (immunohistochemically) visualized in addition to transported BDA.  

 

2.2. Anterograde tracing with Phaseolus vulgaris–Leucoagglutinin (PHA-L)  

The common kidney bean, Phaseolus vulgaris, contains a lectin whose subunits exhibit either 

leucocyte agglutinating (L-subunit) or erythrocyte agglutinating (E-subunit) activity. Combination of 

four L subunits produces a stable lectin that, after focal deposition into the CNS, appears to be 

taken up nearly exclusively by neuronal cell bodies. Transport occurs in the anterograde direction 

towards the axon terminals (Gerfen and Sawchenko, 1984). Uptake is thought to be receptor-

mediated. Detection is via an antibody raised in rabbit or goat against the lectin, and this detection 

results in the visualization of the most exquisite details of the entire neuron, most importantly the 

fibers and axon collaterals including the terminal branches of the axon down to and including the 

terminal boutons. The researchers who developed the tracing method immediately understood that 

detection based on an immunohistochemical procedure would open the door widely for 

combinations with parallel procedures, e.g., multiple immunostaining (Gerfen and Sawchenko 

1985) and with other tracing methods, for instance retrograde transport of a fluorescent tracer or 
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even anterograde tracing with a non-competitive tracer substance. Such combinations of PHA-L 

tracing with various types of immunohistochemistry and retrograde tracing have indeed become 

reality. BDA (which was introduced as a tracer some years after PHA-L) comes here into focus. 

The good compatibility of PHA-L and BDA, because they rely on completely independent detection 

systems, makes it possible to study in one and the same experimental animal questions dealing 

with convergence or divergence of projections to certain brain areas (Lanciego and Wouterlood, 

1994; Lanciego et al., 1997). In double-tracing experiments in which BDA and PHA-L are 

combined, the detection of the first label (usually BDA) can be achieved via a blue-black Ni-

enhanced diaminobenzidine reaction product while the detection of the second tracer can be 

finalized with a classical brown diaminobenzidine reaction, thus creating sections in which each 

tracer has its own specific identifying color (Herrera et al., 1994; Lanciego and Wouterlood, 1994).  

The availability of robust multichannel confocal microscopes has made it even possible to create 

three-label preparations, e.g. the two tracers, BDA and PHA-L plus one additional marker 

pinpointing a neurotransmitter or other neuroactive substance. Some of these combined methods 

are being discussed elsewhere in this review (section 4). The combined injection of an 

anterograde tracer (either PHA-L or BDA) and a retrograde tracer opens ways to study in detail the 

anatomical connectivity of chains of neurons (Wouterlood et al., 1992; for review, see Lanciego 

and Wouterlood 2006).  

 

2.3 Other anterograde transport-tracers: neurobiotin, biocytin, tritiated amino acids, cobalt-

lysine 

 

2.3.1. Neurobiotin and biocytin 

The N-(2-aminoethyl)biotinamide derivative of biotin, ‗Neurobiotin‘ (trade mark of Vector, 

Burlingame, CA), was introduced by Kita and Armstrong (1991) as an alternative for HRP, Procion 

yellow, and Lucifer yellow to mark neurons subject to intracellular neurophysiological recording. 

After the neurophysiology session the morphological features of the recorded cells can thus be 

documented. In this particular application, Neurobiotin has enjoyed throughout the years a steady 

popularity. It is being applied both in mammals (rat, rabbit; as exemplified recently by Ruigrok et 

al., 2011), amphibians (Zhang et al., 2006), and invertebrates (Fan et al., 2005) (see section 5). 

Although Neurobiotin can be used as a neuroanatomical tracer (see below), most publications 

about its use deal with combined electrophysiological recording/identification of single cells.  

Biocytin, i.e., biotin conjugated to lysine, was also introduced as a physiological recording-

compatible dye to label intracellularly recorded ‗live‘ neurons (Horikawa and Armstrong, 1988), but 
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within one year after its introduction, King et al. (1989) reported a useful additional characteristic, 

notably that after extracellular injection the compound appears to be taken up and transported. 

Transport occurs mostly in the anterograde direction, especially when the injection spots are small. 

King and coworkers reported some injection track labeling and also retrograde transport following 

large, mechanical injections (up to 1.3 μl with a Hamilton syringe). An extensive comparison 

between the characteristics of Neurobiotin and Biocytin was published by Lapper and Bolam 

(1991). These authors confirmed King et al.‘s (1989) observation that both neurobiotin and biocytin 

show a tendency of being transported retrogradely. Even more important in Lapper and Bolam's 

1991 article is their description of the good properties of neurobiotin and biocytin in preparations 

for electron microscopy. Survival times after biocytin or neurobiotin injections need to be relatively 

short because both compounds are metabolized quickly. Both substances therefore are being 

used exclusively for short-distance tracing and for the visualization via intracellular injection of 

single neurons or, as has been demonstrated elegantly by Pinault (1996), via juxtacellular 

injection. The latter procedure results in the labeling of single or very small groups of neurons and 

can be combined with electrophysiological recording (Taverna et al., 2004; see also section 5). Li 

et al. (1990) reported successful application of biocytin as an intracellular-injection marker in 

neurons in slices of fixed brain. Delivering the colorless biocytin into cells in fixed brain slices 

offers quite a challenge (Li et al. (1990) used micropipettes loaded with biocytin mixed with Lucifer 

yellow). This challenge can be addressed by using a fluorescent derivative of biocytin, named 

biotin-dextran miniruby (Liu et al., 1993). Because biocytin and neurobiotin are taken up and 

transported rapidly, survival time can be kept short (1-4 days). They can easily be applied in 

electron microscopy procedures methods (Cowan et al., 1994; Szabadics et al., 2010). In order to 

generate a second electron dense label, biocytin tracing has been combined with the anterograde 

degeneration method that also requires short post surgery survival times (2-3 days in rat) 

(Wouterlood et al., 2004). A special application of Neurobiotin has been neuroanatomical tracing in 

slices of post mortem human brain (Dai et al., 1998a,b). 

 

2.3.2. Tritiated amino acids 

In the first chapter of the book ‗Cytochemical Methods in Neuroanatomy‘ (1982) a pioneer, Anita 

Hendrickson, vividly describes her decision to exploit in vivo axonal transport processes for the 

tracing of fiber connectivity of striate cortex via autoradiography (Hendrickson, 1982). In the 1960‘s 

and 1970‘s, before the ascent of the immunofluorescence methods, various autoradiographical 

methods enjoyed their heyday. Neurons, like cells everywhere in the body, take up amino acids, 

incorporate these in polypeptide macromolecules and subsequently transport some of these 
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products through their axons to the axon terminals. The introduction of a tracing method based on 

this principle led to superiority, in terms of both concept and sensitivity, compared to the existing, 

Nauta-Gygax enhanced silver tracing method (Nauta, 1952). The latter method is based on a 

pathological condition, i.e., a changed affinity for silver staining of myelinated nerve fibers 

traumatically separated from their parent cell bodies. The separation is experimentally inflicted via 

surgical, thermoelectric or chemical means. Uptake and incorporation of amino acids like 3H 

leucine and 3H proline into proteins had been introduced in the 1950‘s and early 1960‘s for the 

study of uptake and transport mechanisms in the peripheral and central nervous system (e.g. Droz 

and Leblond, 1962, 1963). However it was Hendrickson, together with Maxwell Cowan and 

collaborators (Cowan et al., 1972), who took the method systematically to neuroanatomical 

tracing. In the 1980‘s the much faster, direct and equally reliable tracing methods like BDA- and 

PHA-L tracing rapidly overtook autoradiographic tracing methods. Also the cumbersome and time 

consuming nature of the autoradiographic method has contributed to a drastic reduction of the 

number of practitioners. Finally, it should be taken into consideration that the product of 

autoradiographic tracing, i.e., silver grains in an emulsion overlying preparations, is an indirect 

label located outside the labeled neurons while an immunohistochemical applied label is much 

more appropriately located, namely inside the labeled neurons. In addition, restrictions and 

measures associated with the short-term and long-term management of radioactive isotopes and 

radioactive waste have continuously dampened the enthusiasm. Nevertheless, the impact on 

neuroscience of this method has been so immense that it deserves mentioning in the present 

review. Orthograde axoplasmic transport autoradiographic tracing (OOAT, to re-use an 

abbreviation introduced by Hendrickson in her 1982 chapter) utilizes the above mentioned uptake 

by cell bodies of amino acids. The ribosomes in the cell bodies‘ rough endoplasmic reticulum 

assemble proteins. As axons and axon terminals do not possess ribosomes, protein synthesis is 

centralized in the cell body and the subsequent transport of the manufactured proteins strictly 

anterograde. It is important to note that the axoplasmic transport is a naturally occurring, 

physiological process. Two technical ‗tricks‘ govern OOAT, first the application of amino acids that 

contain radioisotopes, second the application of radioisotopes with short (32P, 35S) or long (3H, 14C) 

decay times. Because the sensitivity and resolution of the detection in a photographic emulsion of 

the radiation emitted by decaying radioisotopes depends on the type of particle released and its 

energy, the low-energy beta particle-emitter 3H became the isotope of choice. However, detection 

is indirect because beta particles inevitably travel several microns from their origin through the 

tissue section and the emulsion layer before hitting a silver bromide molecule. As a consequence, 

the resolution of the detection depends on the point spread function of beta particles emitted by 
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the decaying isotope, analogous to the point spread function of photons emitted from 

fluorochromes in modern confocal microscopes. Thus the pinpointing of the tracer bears down to  

calculating from positions of silver grains in the photographic emulsion overlying a section the 

statistically confident location of the ‗invisible‘ radioactive protein molecules inside the tissue 

section from which the radiation has originated (Bachmann and Salpeter, 1969). The procedures 

involved in the OOAT method are explained at length by Cowan and Cuénod (1975). A thorough 

discussion of the advantages and caveats of the OOAT method was published by Swanson 

(1981). 

 

2.3.3. Cobalt and nickel compounds 

Tracing with heavy metal atoms can be considered as an extension of intracellular filling. In 1972, 

Pitman et al. (1972) reported about intracellular filling of neurons in whole-mount insect ganglion 

preparations with cobalt chloride. Fuller and Prior (1975) extended cobalt-tracing to in vitro 

vertebrate whole-brain preparations. The property of spreading into neuronal processes of cobalt 

ions in living animals was further explored by Lázár (1978) who traced retinotectal connectivity 

with a cobalt-lysine complex in a chronically anesthetized frog preparation. Bazer and Ebbesson 

(1984) further simplified the cobalt-lysine tracing technique. Although cobalt-lysine tracing has 

been superseded by the techniques that utilize transport of macromolecules or lectins, it is still 

being used, in vertebrates exclusively in cold-blooded species (e.g., Rooney et al., 1992; Tóth et 

al., 1994; Matesz, 1994) and, more frequently, in invertebrate brains (Hackney and Altman, 1982; 

Chase and Tolloczko, 1993; Baba, 2000). Baba (2000) reported on tracing with NiCl next to cobalt 

ions.  

 

2.4. Retrograde changes in neuronal perikarya after a lesion downstream 

Retrograde post traumatic morphological changes in specific neuronal systems were already 

noticed more than a century ago. The Russian-born Swiss psychiatrist, Constantin von Monakow 

is regarded as one of the great pioneers in descriptive and experimental neuroanatomical tracing 

in the late 19th century (Wiesendanger, 2006). One of the illustrations of von Monakow‘s (1897) 

book, ‗Gehirnpathologie‘ shows a case of unilateral hypertrophy of the inferior olivary nucleus in a 

clinical case. Von Monakow was the first to describe primary, secondary and tertiary retrograde 

hypertrophic neurodegenerative events (Becker, 1952). Chromatolysis of neuronal perikarya and 

its causes were reviewed by Cragg (1970). Observations like those by von Monakow can be 

conceived as metabolic adaptations of neurons that start in the periphery and have effect in a 

retrograde sense on the parent cell bodies (Cragg, 1970; Boesten and Voogd, 1985). A nice 
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modern synthesis of the old notion of morphological retrograde changes is an experiment by 

Ferreira-Gomes et al. (2010) who in a rat model of osteoarthritis analyzed dorsal root ganglion 

cells identified as receiving fibers from arthritic joints via retrograde fluorescence tracing.  

Thus the infliction of a lesion or the deposition of a tracer substance in the periphery can have an 

effect on the parent cell body that in some systems, e.g., the olivocerebellar system, results in 

hypertrophy. The principle of an effect in the CNS following a challenge in the periphery forms the 

basis of retrograde tracing. 

 

2.5. Retrograde tracing with enzyme markers: the HRP-family 

The first report exploiting retrograde axonal transport of an enzymatic protein marker in a 

neuroanatomical tracing experiment came from the lab of Krister Kristensson in Göteborg, 

Sweden. Here, Kristensson and Olsson (1971a,b) deposited the enzyme, horseradish peroxidase 

(HRP) in the gastrocnemius muscle of rats, waited a few days and next detected HRP-activity in 

motoneurons in the spinal cord with Karnovsky‘s diaminobenzidine (DAB) substrate staining 

method (Graham and Karnovsky, 1965). In the very same year, Kristensson et al. (1971) repeated 

the tracing experiment, but they now deposited HRP into the tongue of a rat and found labeled 

motoneurons in the hypoglossal nucleus (Kristensson et at, 1971). Finally, LaVail and LaVail 

(1972) demonstrated uptake and retrograde transport of HRP in the CNS itself. Internalization of 

HRP occurs in all the neuron‘s processes as well as the cell body via fluid endocytosis. Thus, 

pressure-injected HRP is prone to being taken up by damaged fibers of passage at the injection 

site, a feature observed only infrequently with anterograde tracers such as BDA and PHA-L, at 

least when the latter were injected by iontophoresis. In the interior of the neuron the HRP remains 

membrane-packaged in so-called endosomes that are finally transported to the perikaryon for 

subsequent metabolic degradation in lysosomes. Endosomes typically show an oval or tubular 

shape.  

A classical approach employing retrograde transport to study connectivity of the CNS is  

via the injection of 0.1-0.5µl of a 20-50% solution of HRP in saline through a Hamilton 

microsyringe. Alternative vehicles for HRP application include foam or gel drenched in HRP 

solution, HRP crystals, pellets, and plain HRP-gel. As foams, gels and pellets are hard to inject, 

these ‗hard‘ vehicles are often implanted, or they are brought in close contact with the proximal 

stump of a cut cranial or peripheral nerve (Barbas-Henry and Wouterlood, 1986). The most 

common types of HRP used are Sigma Type VI (Sigma-Aldrich, St. Louis, MO) and Boehringer 

(Boehringer-Ingelheim). Large mechanical injections must be carried out carefully to avoid 

mechanical damage to the brain tissue at the syringe tip which may cause local necrosis. For this 
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reason, administration must be slow, over a 10-20 minute period. After the injection is completed 

the syringe is left in situ for a short period time to avoid back-filling of the syringe track with HRP.  

As reduction of the enzymatic activity of transported HRP is a function of time, and as transport is  

related to distance and typically differs between fiber systems, the optimal survival period following 

injection of HRP varies from two to five days, after which the histochemical staining begins to 

produce less dense deposit. Boosting the enzymatic reaction under such conditions by adding 

peroxide substrate may help, but is usually of limited value since background has a tendency to 

build up extra fast when too much substrate is available. 

The typical fixative for HRP tracing includes a mixture of 0.5-1.5% glutaraldehyde with 4% buffered 

formaldehyde (Mesulam, 1982). Tissue sections obtained by cutting the brain on a freezing 

microtome are first treated for 1-2 minutes with a phosphate-buffered 1-2% peroxide solution to 

suppress endogenous peroxidase activity (ubiquitously present in erythrocytes; endogenous 

peroxidase will compete with, and outperform HRP-activity if perfusion fixation has been 

suboptimal and erythrocytes are still clogging capillaries - also vascular endothelium and choroid 

plexus cells are notorious sources of peroxidase activity). The bleached sections are carefully 

rinsed in 50 mM Tris-HCl, pH 7.6, pre-incubated for 30 minutes in 5 mg 3-3‘ diaminobenzidine in 

10 ml Tris-HCl whereafter the reaction is started by adding 3.3 µl of 30% H2O2 per 10 ml of 

preincubation solution. The peroxidase catalyzes electron transfer from the diaminobenzidine 

donor molecule to oxygen ions in the peroxide oxidizer. As a result, a brown diaminobenzidine 

precipitate is formed, with molecular oxygen as a byproduct. When the peroxidase reaction is too 

strong, the formed oxygen may become gaseous and form gas bubbles that damage the 

histological detail. In lieu of diaminobenzidine other electron donors can be used, e.g. 

tetramethylbenzidine (TMB), o-dianisidine, benzidine dihydrochloride (BDHC; Lakos and 

Basbaum, 1986), p-phenylendiamine (PPD-PC), 1-naphthol/azur B (Mauro et al., 1985), alkaline 

phosphatase (purple reaction product, Wouterlood et al., 1987), the magenta chromogen, Vector-

VIP (Zhou and Grofova, 1995), and HistoGreen (Thomas and Lemmer, 2005). Contrast of the 

formed precipitate versus background can be enhanced by the addition of nickel-ammonium 

sulphate to the incubation medium (Ni-enhancement; Hancock, 1986). Sensitivity can be 

increased considerably by using wheat germ agglutinin-conjugated HRP as tracer instead of native 

HRP (Gonatas et al., 1979; see section 2.9).  

Application of multiple retrograde tracers can be attractive when the aim is to study axon 

collateralization. Hayes and Rustioni developed in 1979 a method based on the combined use of 

enzymatically active HRP and inactive HRP containing 3H radioisotopes. Transported enzymatic 



a half century of experimental neuroanatomical tracing 

 15 

active HRP was detected via standard HRP-histochemistry while the enzymatically inactive yet 

radioactive HRP was detected via autoradiography.  

 

2.6. Retrograde tracing with fluorescent inorganic compounds 

One year before publishing his landmark paper about retrograde transport of HRP, Kristensson 

reported on experiments in which a conjugate of albumin and the fluorescent dye, Evans Blue, had 

been injected into the gastrocnemius muscle of rats. After apparent retrograde transport a 

fluorescence signal was detected in spinal motoneurons (Kristensson, 1970). Thus, retrograde 

fluorescent tracing had been conceived and made operational for the first time. Next, Kuypers and 

collaborators (Bentivoglio et al., 1979; Kuypers et al., 1979; Skirboll et al., 1984) were the first to 

demonstrate that unconjugated anorganic fluorescent dyes injected focally into the CNS ‗behaved‘ 

similarly to HRP, that is, these dyes are taken up by nerve terminals and transported retrogradely 

to the cell bodies of the involved projection neurons where they accumulate in the cytoplasm, 

nucleus or in specific organelles. Within a few years, Kuypers and collaborators identified a great 

number of fluorescent retrograde tracers including Bisbenzimide, Dapi-primuline, Propidium Iodide 

(Kuypers et al., 1979), True Blue, Granular Blue (Bentivoglio et al., 1979; Skirboll et al., 1984), 

Nuclear yellow, Fast Blue (FB; Kuypers et al., 1980; Bentivoglio et al., 1980) and Diamidino Yellow 

(DY; Keizer et al., 1983). These dyes bind to adenine-thymine rich nucleic acids. One main 

advantage of retrograde fluorescence tracing is that the labeled perikarya are directly visible in a 

fluorescence microscope, without any histochemical treatment. Another advantage is that these 

tracers can be considered reliable in the tracing of extremely long fiber tracts, e.g. corticospinal 

and bulbospinal projections (e.g. Rice et al., 2010), a feature shared with anterograde 

autoradiographic tracers (e.g. Holstege and Kuypers, 1987). Several retrograde tracers, e.g. 

Fluoro-Gold (FG), survive immunofluorescence procedures. Because of their spectral 

characteristics, fluorescent retrograde markers serve as near-ideal tracers to study axon 

collateralization in double-labeling experiments and, in combination with immunofluorescence, to 

study the neurochemical identity of traced fiber projections (pioneered by van der Kooy and 

Steinbusch, 1980; see also Skirboll et al., 1984); reviewed by Huisman et al.,1984; Wessendorf, 

1990). Since FB and DY label different features of the cell, i.e. the cytoplasm in blue for FB and 

the nucleus in yellow for DY at UV excitation, double labeled neurons can be easily distinguished 

and differentiated from single-labeled neurons. Furthermore, it is also possible to use these tracers 

in combination with a third fluorescent marker in multiple labeling paradigms (e.g., Godschalk et 

al., 1984). Richmond et al. (1994) systematically compared results with seven different retrograde 
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tracers in a cat peripheral motor nerve model: FB, FG, fluorescein-dextran, rhodamine-dextran, 

fluorescent latex microspheres, HRP and DiI. 

To this day, FB and DY are the most commonly used tracers for single or double retrograde 

fluorescent labeling. Because the initial manufacturer of FB (Dr. Ihling, Germany) terminated 

production of this compound, FB is becoming scarce and is being replaced by FG (see below). 

Application of all these tracers is mostly via mechanical injection devices though a few studies 

report microiontophoretical delivery (e.g., Schmued and Heimer 1990). Most fluorescent tracers, 

including FB (4-7%), can be dissolved in water. DY is difficult to dissolve and is typically 

suspended at 2-3% in 200 mM phosphate buffer, pH 7.2 (Keizer et al., 1983), and sonicated just 

before use. DY produces smaller injection sites than FB, which may be an advantage depending 

on the system that is being investigated. Transport times for long distance fiber connections in 

primates range between one and five weeks, depending on the distance involved in the projection 

(e.g., 5 weeks for strong labeling of corticospinal and corticobulbar neurons in macaque monkeys 

after injection of DY into the cervical spinal cord and FB into the lower medulla, Keizer and 

Kuypers, 1989). The tissue is commonly fixed by perfusion-fixation with phosphate-buffered 4% 

paraformaldehyde (or 10% formalin). Higher concentrations of formalin (30%) can also be used to 

enhance FB fiber labeling (Ugolini and Kuypers, 1986). A trace of glutaraldehyde (0.05%) is 

allowed to improve fixation although care must be exerted since this chemical strongly contributes 

to green background signal under UV fluorescence illumination. After fixation the tissue is 

cryoprotected in graded concentrations of phosphate buffered sucrose (10% to 30%), equilibrated 

and cut at 40-60 µm thickness on a freezing microtome. Sections are immediately mounted on 

glass slides within 6 hours of cutting to avoid in vitro diffusion of the tracer from labeled neurons 

(Keizer et al., 1983), air-dried and stored in the dark at 4°C. Coverslipping requires a special non-

fluorescing, fade retarding mounting medium. 

Another fluorescent tracer, Fluoro-Gold (FG; hydroxystilbamidine), introduced by Schmued and 

Fallon in 1986 as a ―retrograde tracer with unique properties‖, is also widely employed (Cartoon 1). 

FG can be used either alone or in combination with other fluorescent tracers, and it can be applied 

in combination with immunofluorescence detection of additional markers. The dye accumulates in 

small punctate structures in the cytoplasmic compartment of neuronal cell bodies. At higher 

concentration FG may fill neurons completely with intense white/yellow fluorescence under 

mercury lamp UV illumination. This fluorescence is extremely resistant to bleaching. In a living 

animal FG may resist metabolic breakdown up to a year post injection. Its intense and bleach-

resistant labeling has contributed to raising FG to the level of ‗gold standard‘ for fluorescent 

labeling in rodents, particularly for multiple labeling in combination with other tracers. Due to its 
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wide emission spectrum that causes cross bleed problems, FG is however less ideal in 

combination with other fluorescent tracers in retrograde double labeling procedures intended to 

demonstrate collateralization, because it tends to mask the presence of the second fluorescent 

tracer in the same cell (see Schmued and Fallon, 1986). FG is less favored in confocal laser 

scanning studies, since it possesses a wide excitation spectrum while, because of its excitation 

peak at 323 nm (Schmued and Fallon, 1986), it requires an expensive ultraviolet laser that is 

offered for most instruments as an option beyond the standard configuration. The availability of an 

antibody against FG (Chang et al., 1990) has two advantages. First, via immunohistochemistry the 

FG is ‗replaced‘ by a fluorochrome of choice with the proper spectral characteristics with respect to 

the researcher‘s confocal laser scanning microscope (although the FG itself will remain visible in 

standard fluorescence mode). Second, peroxidase immunohistochemistry makes it possible to 

take material studied previously in the fluorescence microscope to the electron microscope (see 

Deller et al., 2000). FG is marketed by Fluorochrome, Inc. (Denver, CO) and its application is via 

mechanical injection or iontophoresis. The powder can be dissolved in a range of buffers (e.g., 5 

mM acetate buffer, pH 5.0, 100 mM phosphate buffer, pH 7.4) of which 100 mM cacodylate buffer, 

pH 7.3 is common for either a mechanical application via a Hamilton syringe or by means of 

microiontophoresis (Schmued and Heimer, 1990). Survival periods range from one week up to one 

year, and tissue fixation and sectioning can be conducted according to standard neuroscience 

laboratory procedures. With long survival periods (more than one week), the retrogradely labeled 

neurons stand out with high contrast to the background. Some examples are provided in Figure 1. 

 

2.7. Retrograde tracing with bacterial toxins: the CTB family 

In a search for a more sensitive tracer than native HRP, Trojanowski et al. (1981, 1982) proposed 

the use of a conjugate of the non-toxic B fragment of cholera toxin (choleragenoid) (CTB-HRP) as 

a tracer. While HRP apparently is taken up indiscriminately by fibers of passage, undamaged 

axons of passage have only a limited capacity to internalize a probe like CTB-HRP. Because of 

the immunohistochemical detection rather than histochemical assay such a conjugate is detected 

with higher sensitivity than native HRP. The retrograde transport of CTB-HRP labels a greater 

number of neurons and reveals the dendritic arbors of labeled neurons better than native HRP. 

The superior sensitivity of CTB-HRP is especially due to the fact that its uptake is receptor-

mediated, i.e., it reflects binding of CTB to specific receptors on neuronal membranes, which is not 

affected by conjugation of the toxin fragment with HRP (reviewed by Trojanowski, 1983). Such 

binding results in uptake of the CTB-HRP conjugate by adsorptive endocytosis, a process that is 

more efficient than the uptake of native HRP by fluid phase endocytosis. Another fact that 
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contributes to its greater sensitivity is that CTB-HRP is less rapidly eliminated from retrogradely 

labeled neurons than native HRP (e.g., Wan et al., 1982), probably because the CTB-HRP is 

transported along a different intracellular pathway than that utilized by native HRP (Trojanowski, 

1983). Both WGA-HRP and CTB-HRP are transported bidirectionally, and this may be an 

advantage or a disadvantage depending on the system under investigation. Anterograde axonal 

transport occurs at fast rate, e.g., in rat about 108 mm/day for WGA-HRP (Trojanowski, 1983) . A 

further development along the line of CTB-HRP tracing was to eliminate the HRP conjugate 

altogether and experiment with CTB in its unconjugated form and detect transported label 

immunohistochemically (Luppi et al., 1990). A big advantage of unconjugated CTB with respect to 

HRP is that peroxidase, next to being a tracer, is also present intrinsically in neurons in 

peroxisomes and lysosomes. This requires measures in HRP histochemical procedures to 

suppress endogenous peroxidase-associated background staining. Using the ‗exotic‘ CTB and 

immunohistochemical detection potentially eliminates background. Today, most CTB applications 

include either immunoperoxidase or immunofluorescence detection, via an intermediary step of 

incubation with an antibody against CTB, although direct tracing with fluorescent CTB-rhodamine 

and CTB-fluoresceine conjugates has been reported, e.g. in the visual system of mice (Lyckman et 

al., 2005). Conjugates of CTB with a wide variety of Alexa™ fluorochromes have recently become 

available from Invitrogen-Molecular Probes (see Conte et al., 2009a,b). These compounds are 

directly visible in a fluorescence microscope. Because of their photostability they are particularly 

well suited for inspection in the confocal laser scanning microscope. 

As with any methodology there are both advantages and limitations to the application of these 

markers in neuroanatomical studies. The nature of the experiments determines which tracers and 

methods are most suitable in a given situation. Some of the potential drawbacks of their use are 

the same as those associated with other tracers. For instance, the visualization of the injection site 

produced by WGA-HRP and CTB-HRP appears similar to that produced by native HRP. The 

extent of the apparent injection site depends upon the sensitivity of the substrate used for 

histochemical visualization of HRP activity (i.e., the injection site appears smaller when detected 

with DAB as substrate than with the more sensitive TMB). Determining the effective area of uptake 

within the injection sites is a problem common with all these markers (see Mesulam, 1982). 

Differences have been observed in the efficiency of uptake in given pathways, which are related to 

differences in availability of receptors for WGA or CTB on neuronal membranes. This is particularly 

the case in the peripheral nervous system, where important differences have been observed in the 

uptake and anterograde transganglionic transport of WGA-HRP and CTB-HRP in primary sensory 

neurons. For instance, a preferential uptake occurs by small primary sensory neurons in case of 
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WGA-HRP and by large primary sensory neurons in case of CTB-HRP (Robertson and Arvidsson 

1985; Robertson and Grant 1985). 

 

2.8. Retrograde tracing with micro- and nanoparticles 

The idea of using small particles composed of an indifferent, label-coated material instead of 

inorganic dyes or organic macromolecules was first implemented by Katz and coworkers in 1984. 

One big advantage of particles versus fluorescence is that results seen with the light microscope 

may in principle be carried over to the electron microscope without much complex additional 

histochemical wizardry. Fluorescent, rhodamine carrying latex beads, with diameters between 20 

and 200 nm, applied via a mechanical delivery system, appeared to be taken up and transported 

retrogradely (Katz et al., 1984). Apart from the above conceptual advantage it can be argued that 

particles are not cytotoxic, they diffuse only minimally at the site of injection, persist for long and 

that their particulate nature makes them not only in concept but also in practice suitable for 

combined light-electron microscopic examination (as demonstrated by Egensperger and 

Holländer, 1988). Fluorescent latex microbeads can be taken up and transported by damaged 

fibers of passage (Katz et al., 1984). Katz and coworkers observed that small particles are not 

internalized indiscriminately but that they have to fulfill certain physical and chemical conditions. 

Physical size and chemical ‗attractiveness‘ for membranes apparently does matter. Thus, gold 

nanoparticles 10-12nm) coated with wheat-germ conjugated apoHRP (WGAapoHRP; Basbaum 

and Menetrey, 1987) are taken up by axon terminals and retrogradely transported to the cell body 

where they can be made visible for light microscopic viewing through a silver enhancement step. 

In the electron microscope they can be viewed directly. Compatibility of nanogold coated with 

WGA-apoHRP exists with other neuroanatomical tracing methods (Basbaum and Menetrey, 1987) 

and also with non-tracing histochemical procedures, e.g., in situ-hybridization (Jongen-Rêlo and 

Amaral, 2000). Because of their distinct geometry and electron absorptive characteristics the gold 

particles are particularly suitable markers in electron microscopy applications. A quite new 

development is the combination of retrograde tracing with fluorescent latex microbeads followed 

with diOlistic labeling with DiI of target neurons whose cell bodies have accumulated the 

transported microbeads (Neely et al., 2009). The future of nanoparticles seems assured since they 

have been used successfully as non-cytotoxic vehicles to deliver viral vectors into neurons (Bharali 

et al., 2005; 30 nm size silica particles). While delivery via injection succeeded it remained doubtful 

whether the nanoparticles had actually been transported over significant distances inside neuronal 

processes of the transfected neurons. Further development of this branch of nanoparticle delivery 

technology  is necessary to obtain nanopartices that bridge distances inside axons via coupling to 
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internal transport systems and then deliver their payload. The payload itself could be anything 

interesting to neuroscientists, cell biologists and clinicians alike, e.g. drugs or photosensitive dyes 

for photodynamic cancer treatment (Roy et al., 2003). 

 

2.9. Bidirectional tracing 

Tracers from the neuroscientist‘s arsenal may be transported either strictly anterogradely (OAAT, 

section 2.3.2) or retrogradely (nanoparticles, section 2.8), but usually their transport characteristics 

are mixed, with the balance in favor of either anterograde or retrograde transport. A tracer that is 

transported equally well in both directions might be interesting for some niches in neuroscience. 

As spin-off in the search in the 1980‘s for reliable and sensitive one-way retrograde tracers and 

more sensitive chromogens it was discovered that several lectins and toxins are in fact transported 

bidirectionally. For instance, the lectin, wheat germ agglutinin (WGA) was introduced as a highly 

sensitive retrograde tracer by Schwab et al. (1978). In these initial studies, WGA was radiolabeled, 

but it was soon found that WGA could be conjugated with HRP (Gonatas et al., 1979; Schwab and 

Agid, 1979), which made it possible to detect the transported tracer using the same enzymatic 

reactions and substrates as those existing for native HRP (see section 2.5) but with a considerably 

increased sensitivity (up to 40 times as sensitive as the detection of transported native, 

unconjugated HRP; Gonatas et al, 1979). The increased sensitivity of the detection revealed the 

anterograde component in the transport of WGA-HRP. Next it as shown with hight-sensitivity 

detection that even native HRP can be transported anterogradely under certain circumstances 

(Mesulam and Mufson, 1980). The WGA-HRP story continued in 1987 with the addition to the 

repertoire of nanogold particles coated with wheat-germ conjugated apoHRP (Basbaum and 

Menetrey, 1987, see section 2.8). However, this ‗captured‘ WGA-HRP is only transported in the 

retrograde direction. The uptake of the gold particles may be triggered by their WGA-apoHRP coat 

while, once internalized, their size causes them to being coupled to a retrograde transport system 

capable of hauling big particles back to the cell body for disposal. The high sensitivity of the 

procedure has been instrumental in the popularity of WGA-HRP. Today, native HRP as a tracer 

has moved to the background. WGA-HRP is, strangely enough, still regarded by a majority of 

workers as basically a retrograde tracer. 

Bidirectional tracing can be achieved indirectly, that is via the application of an anterograde tracer 

simultaneously with the application of a second, retrograde tracer. Examples are anterograde 

autoradiographic tracing combined in one experiment with retrograde tracing trough injection of FG 

(Reep et al., 1988), and anterograde PHA-L tracing in combination with retrograde FB tracing 
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(Wouterlood et al., 1992). The conditions that govern successful combinations of multiple tracing 

paradigms are listed in the next section.  

 

2.10. Multitracing experiments with various anterograde and retrograde tracers 

Immediately following the introduction of peroxidase- and fluorescence-based tracing methods, 

pioneers in the neuroscience community started to experiment with combinations of tracing and 

neurotransmitter immunohistochemistry (Ljungdahl et al., 1975; Björklund and Skagerberg, 1979; 

van der Kooy and Steinbusch, 1980). After these exciting early days, combination of tracing and 

immunohistochemistry in a single experiment have become mainstream activity. In a complex 

experiment, Morecraft et al. (2002) succeeded in injecting up to five anterograde tracers in motor 

cortex of the rhesus monkeys: PHA-L, BDA, Lucifer yellow-dextran, fluorescein-dextran, and 

Fluoro Ruby (tetramethylrhodamine-dextran). The complexity of this experiment mostly concerned 

the processing of sections to reveal all tracers. A solution was obtained by double-staining BDA 

and one of the complementary tracers in adjacent sections instead of having all tracers visualized 

simultaneously in each section. This staining strategy, through pairs of sections, worked out quite 

well because BDA tracer detection acted as a landmark topographical reference in all other 

sections. 

In addition to combining two anterograde tracers a third, retrograde tracer can be added for the 

purpose of mapping or to determine whether the projection neurons in a zone of interest are 

specifically being targeted by incoming projections. Experiments in which two anterograde tracers 

(BDA, PHA-L) were applied, combined with retrograde FG labeling of neurons projecting out of the 

region, and where all three markers were subsequently visualized simultaneously in one-and-the-

same section, were first reported by Lanciego et al. (1998a). The same research group developed 

a similar triple-tracing paradigm combining anterograde tracing with BDA together with dual 

retrograde tracing using FG and CTB as labels (Lanciego et al., 1998b; see also Figures 2, 3 and 

4). Combination of two anterograde tracers (BDA, PHA-L) with intracellular injection of presumed 

target neurons (Kajiwara et al., 2008; further explained in section 7.4) can be considered as an 

extension or an ‗extra layer‘ to study multiple innervation of individual neurons. Because three 

tracers are involved, each with its own particular staining procedural envelope, the staining 

procedures in multitracing experiments can be complex and laborious. 

 

2.11. ‘Golden rules’ in multiple tracing 
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A set of ‗golden rules‘ should be taken into consideration when selecting the best combination of 

tracers. This set lists as follows. It does not depend on the number of tracers to be combined in a 

multiple experimental paradigm. 

(i) Whenever possible, all involved tracers should be transported unidirectionally (either 

anterogradely or retrogradely). 

(ii) Only tracers with similar nature can be combined together (avoid combining fluorescent 

with non-fluorescent tracers). 

(iii) Multiple surgical sessions are currently under increased criticism and therefore only 

tracers requiring a similar survival time should be used (all of them to be injected in a 

single surgical session). Avoid multiple surgeries. 

(iv) Make sure that available antibodies for tracer detection do not cross-react with each 

other. 

(v) It is desirable that the detection of all involved tracers can be accomplished both by 

multiple immunoperoxidase and immunofluorescence methods. 

(vi) It is also worth noting that obtaining the ultrastructural correlate is a desirable option. 

Experiments should preferably be compatible with electron microscopy procedures and 

subsequent ultrahigh resolution observation.  

Although none of the existing multiple tracing procedures fully satisfies all these demanding 

criteria, some combinations of tracers produce significant and reproducible results. The involved 

tracers can therefore be designated as ‗tracers of choice‘ when bearing in mind multiple tracing 

paradigms (Lanciego and Wouterlood, 2006; see also Box #1). 

  

3. Tracing based on infection of living neurons and vectorial spread: viruses 

Neurotropic viruses can be exploited as tracing agents. These organisms enter neurons, find their 

way to the nucleus and replicate. Viruses are self-amplifying tracers, so to speak. Their ability to 

cross synapses to infect second-order neurons makes them particularly interesting for the study of 

connectivity in neuronal cascades (e.g., neurons innervating motoneurons). From the laboratory of 

Krister Kristensson, the tracing pioneer of the 1970‘s, one of the first studies originated exploring 

systematically the tracing properties of a virus (Herpes simplex) as a retrograde tracer 

(Kristensson et al., 1974). The innate characteristic of a virus to replicate inside infected neurons is 

extremely helpful to maintain a high signal to-noise-ratio across the labeled neuron chain. Viruses 

also have nasty characteristics that inhibit their popularity as tracers. Viral infections may for 

instance spread explosively, and viruses may be harmful if not properly handled.  
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3.1. Herpes simplex, pseudorabies and rabies virus CVS strain  

The particular drawback of the ‗explosive spread‘ was eliminated by the introduction of less 

aggressively spreading strains of virus (Ugolini, 1995; 2008). Good timing remains essential, 

though. Most important is that the laboratory and the animal housing unit need to be certified 

biosafety facilities because viruses are notorious biological hazards (Strick and Card, 1992). Since 

working with viruses implies the possibility of infection, their experimental use requires specific 

training for the technicians and researchers potentially exposed to infected material and those who 

take care of the experimental animals. In the case of rabies virus, prior vaccination of personnel is 

mandatory. 

Viruses used as transneuronal tracers are the human alpha-herpes virus, Herpes simplex type 1 

(HSV 1), the porcine alpha-herpes virus, Herpes suis (PrV, also called pseudorabies) (Kuypers 

and Ugolini 1990; Strack and Lowy, 1990; Strick and Card, 1992), and the fixed Challenge Virus 

Standard (CVS) strain of Rabies virus (Ugolini 1995; Kelly and Strick, 2000). Application of the 

CVS strain of rabies virus (Ugolini, 1995) makes it possible to trace neuronal connections across a 

practically unlimited number of synapses. For a detailed review of viruses as tracers, see Aston-

Jones and Card, 2000; Geerling et al., 2006; Morecraft et al., 2009; Ugolini, 2010. Several new 

developments promise to open an entire new chapter for viral tracing: double viral retrograde 

tracing (Jansen et al., 1995); double recombinant viral transsynaptic tracing (Ohara et al., 2009) 

and the introduction of Brainbow cassette recombined herpesvirus (Card et al., 2011).  

 

3.2. Golgi-like retrograde labeling using rabies virus 

A novel application for viruses is to improve the retrograde filling of neurons with label. Although 

the currently available non-viral retrograde tracers robustly label perikarya of neurons and in some 

cases extend labeling into the primary dendritic trunks, a common drawback with these tracers is 

their failure to produce in the retrogradely labeled neurons a sufficient and crisp visualization of 

longer dendrites and especially their failure to label delicate dendritic spines and appendages, and 

the poor buildup or outright absence of label in distal, mostly thin dendrites. Even with the most 

sensitive retrograde tracers like FG (Schmued and Fallon, 1986), labeling is often restricted to the 

cellular perikaryon and to the thickest, main dendrites. Several approaches are possible to 

circumvent this problem. One convenient, yet labor-consuming choice is to literally introduce extra 

label via the penetration of individual cell bodies of a retrogradely labeled cells with a sharp 

micropipette and complete the ‗filling‘ with a dye like Lucifer yellow such that the morphological 

details of the entire neurons become appreciable (introduced by Buhl and Lübke, 1989; see 

section 7.4). Another feasible approach for retrograde Golgi-like labeling of striatofugal neurons is 
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represented by BDA 3 kD, as explained before in section 2.1. Recently, in collaboration with the 

group of Lydia Kerkerian-Le Goff from the Université de la Méditerranée (Marseille, France), we 

have introduced another approach to circumvent the back-filling limitation of the current retrograde 

tracers (Salin et al., 2008; López et al., 2010). This approach is based on retrograde tracing with 

rabies virus followed by the antibody-based detection of the retrogradely infected neuron. The 

result of this approach is a sensitive labeling of projection neurons that bears resemblance to 

Golgi-silver impregnation. With this procedure even the finest post-synaptic elements in the 

retrogradely labeled cells become visible (Figures 5 and 6). Best results obtained so far is with 

antibodies directed against the viral phosphoprotein (31G10) (isolated during the fusion 

experiment described by Raux et al., 1997) rather than using antibodies against virus-specific 

nucleoproteins. Furthermore, when compared to other neurotropic viruses (for a review, see Kelly 

and Strick, 2000; Aston-Jones and Card, 2000; Geerling et al., 2006), rabies virus is an RNA virus 

that exhibits a higher efficiency for retrograde transport than herpes virus together with a lower 

cytopathogenicity (Ugolini, 1995). Moreover, the lack of viral uptake through fibers of passage by 

rabies virus is clearly advantageous (Ugolini, 1995; Kelly and Strick, 2000; Nassi and Callaway, 

2006). 

 

3.3. Tract-specific intrinsic fluorescence in transgenic mice 

The surgical procedure to introduce an exogenous and robust tracer into a specific brain area is 

complex, time consuming and prone to errors based on individual variability of the experimental 

animals and the experience of the researcher performing the surgery. What if a label can be 

introduced by inducing the genome of specific cells to produce an identifying label that tags all the 

processes belonging to these cells, including the axon and its appendages? This idea has become 

reality in strains of genetically engineered mice. One recent example is the Thy1-eYFP-H strain of 

mice (Porreroa et al., 2010). The metabolism of neocortical pyramidal neurons, hippocampal 

neurons and neurons in the amygdala produces in these mice the red-shifted spectral variant of 

green fluorescent protein (GFP) named eYFP, and distributes that protein throughout their efferent 

processes, including the axons. Thus, in Thy1-eYFP-H mice a number of tracts can be studied 

directly in fluorescence microscope preparations, without additional histological staining or 

immunohistochemical treatment. GFP can be used as a tool to visualize the morphology of 

isolated neurons in a Golgi silver-impregnation like way (Chakravarthy et al., 2008; Harvey et al., 

2009). 

 

3.4. Retrograde trans-synaptic tracing to visualize interneurons 
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When it comes to elucidating the architecture of brain microcircuits the unmet desire has existed 

for a long time to ascertain the number and identity of interneurons that modulate projection 

neurons innervating a selected target. Since interneurons are local-circuit neurons, their 

identification has remained elusive by means of tract-tracing approaches. The only available 

option so far for identifying interneurons was via intracellular filling with an opaque dye after 

neurophysiological recording (reviewed by Klausberger and Somogyi, 2008) or via the intracellular 

injection of interneurons in slices of fixed material, poking in the dark and incidentally penetrating 

an interneuron by sheer luck (e.g., Kajiwara et al., 2008). A third way has opened to trace 

interneurons by taking advantage of the trans-synaptic spread of rabies virus. Such a trans-

synaptic spread requires the presence of a synaptic contact to be established for the virus to 

spread through and to infect the second-order neuron (a given interneuron). In other words, only 

interneurons innervating a virus-infected projection neuron (first-order neuron) can be further 

infected by the trans-synaptic spread of rabies virus. Furthermore, since the virus is detected by 

immunofluorescence methods, the neurochemical identity of the infected interneuron also can be 

readily ascertained by using specific antibodies against standard interneuron markers and 

multicolor fluorescence. Several examples are provided in Figure 7. Further information is 

available elsewhere (Salin et al., 2008; 2009; López et al., 2010). A parallel novel development is 

the introducing into neurons of the brainbow cassette trough which second-order infected neurons 

can be ‗illuminated‘ (Lichtman et al., 2008; Kobiler et al., 2010; Card et al., 2011). 

 

4. Tract-tracing goes ‘functional’: Combinations of retrograde tracing and in situ 

hybridization 

Single-, double- or even triple-tracing experiments produce valuable data on the organization of 

brain regions and neuronal circuits. This type of information can be categorized as ‗structural 

information‘ since the data collected reveal basically a static picture that says little about the 

dynamism of the circuit‘s activity and the role of the neurons in temporal and spatial activity 

patterns. A long-desired dream is to develop tracing tools that provide the researcher with the 

functional correlate of the brain pathway under study. A few years ago we conceived that the 

analysis of changes in gene expression patterns of circuits of interest represents a feasible 

strategy to fill this pending gap, ultimately resulting in ‗functional‘ neuroanatomical tract-tracing 

(Pérez-Manso et al., 2006). These studies were based on combinations of retrograde tract-tracing 

(using FG or CTB as retrograde tracers) with non-radioactive in situ hybridization protocols 

(colorimetric and fluorescent). In other words, the underlying reasoning is somewhat simplistic: 

efferent neurons projecting to a given brain target of interest are retrogradely traced, then the 
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expression of a given transcript of interest is detected within the labeled neurons by means of in 

situ hybridization. With this approach it is possible to disclose functional changes comparing the 

levels of expression for a given transcript within identified projection neurons in animal models of 

neurodegenerative diseases (see Figure 8). For instance, increased expression of the mRNA 

coding the vesicular glutamate transporter 2 (vGlut2) was shown in thalamostriatal-projecting 

neurons (identified after retrograde labeling with FG) following unilateral dopaminergic depletion in 

rats (Aymerich et al., 2006), and the same holds true for projection neurons in the subthalamic 

nucleus innervating the ventral thalamus of Parkinsonian monkeys (Rico et al., 2010). 

Furthermore, up to two different transcripts could be identified within a single retrogradely-labeled 

neuron, as shown for the mRNAs coding vesicular glutamate transporters 1 and 2 (vGlut1 and 

vGlut2) within thalamostriatal-projecting neurons, these neurons being identified by means of the 

retrograde transport of CTB (Barroso-Chinea et al., 2008a). Similarly, a number of changes in 

gene expression patterns have been reported in pallidothalamic-projecting neurons in rodents 

(Barroso-Chinea et al., 2008b). These procedures, although technically very demanding, represent 

one step over the horizon in the field of tract-tracing (reviewed in Conte-Perales et al., 2010). 

Finally, it is also worth noting that besides multifluorescence tracing plus in situ hybridization, a 

number of protocols have been made available combining colorimetric tracing with radioactive in 

situ hybridization. The data obtained with these protocols seem very reliable and reproducible 

(Ferré et al., 1994; Orieux et al., 2000; Vázquez-Borsetti et al., 2009). 

 

5. Juxtacellular tracing and labeling of axons following intracellular recording or patch-

clamping 

One confusing aspects of classical tract-tracing is that most procedures, except for the single-

neuron methods, result in ‗mass labeling‘ of populations of neurons. These methods were 

originally designed to study gross fiber connectivity between brain compartments and not for the 

study of delicate neuronal networks of connectivity, e.g., within cortical layers. Notwithstanding the 

massive nature of classical labeling with retrograde tracing methods it is possible to single out 

individual projection neurons. Large injections with anterograde neuroanatomical tracers, on the 

other hand, result in the indiscriminate labeling of cells belonging to all categories of neuron 

present in the injection spot: intrinsic (e.g. neurons whose axon remains within a particular cortical 

layer, local circuit neurons (whose axons span the depth of various cortical layers) and neurons 

projecting out to different target nuclei. Because there are so many parameters involved, cases 

with identical stereotaxic injection coordinates may produce qualitatively and quantitatively quite 

different results in terms of labeled neurons and fibers. As a consequence, most ‗gross‘ tracing 
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studies interpret a number of individual tracing experiments into a generalized connectivity pattern 

at the neuron population level. Study of microcircuitry (neurons whose axons remain within a 

nucleus or cortical area) requires a more refined approach with preparations that contain the 

smallest number of labeled neurons possible. Various strategies are possible here. First, 

intracellular recording of single neurons followed by labeling these neurons with biocytin (Gauthier 

et al., 1999), BDA (Prensa and Parent, 2001) makes it possible to trace complete dendritic 

patterns and follow the complete distribution of axons, axon collaterals and axon terminals of 

individual neurons. Second, juxtacellular deposition of neurobiotin (Pinault, 1996) or BDA (Parent 

and Parent, 2007) together with mild local stimulation (Pinault, 1996) results in the labeling of very 

small populations of neurons or even of single neurons (Wu et al., 2000; Duque and Zaborszky, 

2006). A very sophisticated example of microcircuit tracing through small, juxtacellular injections is 

provided by Parent and Parent, 2007. Finally, the characteristics of Neurobiotin and biocytin 

(reviewed in section 2.3.1) favor their application for short-distance tracing purposes and single-

neuron visualization (e.g. Wouterlood et al., 2004).  

 

6. Note on recent developments: MRI diffusion-weighted ‘tract tracing’ in human brain 

The rapid development in the last decade of diffusion tensor magnetic resonance imaging (DTI) 

techniques has led to a completely new type of rapid-throughput study of connectivity called 

‗connectomics‘ (review in Hagmann et al., 2010). A ‗connectome‘ is the network made up of 

edges, nodes and connectivity that together form the unique entity called the human brain 

(Wedeen et al., 2005). Analysis of DTI datasets, through a set of computer algorithms collectively 

called ‗tractography‘, reveals the trajectories of white matter fiber bundles (Conturo et al., 1999). 

This is quite some achievement since tract-tracing in humans has traditionally been dominated by 

manual dissection (Gluhbecovic and Williams, 1980), silver staining in material obtained from 

patients with brain lesions, or with one of the experimental methods discussed in the next section. 

Thus, with DTI the large fascicles and tracts in the human brain can be identified and followed to 

verify which brain areas are connected. No indication is provided with respect to at what end of the 

fiber tracts the cells of origin are located and where the terminal projection fields. Compared with 

histological images, those produced with DTI are low-resolution and they provide information 

about myelinated fiber tracts only. With the rapid advent of MRI technology and in parallel fast 

progression in the development of computer software, we expect an equally rapid increase of 

resolution leading to much more detail in the knowledge of fiber connectivity in the human brain. 

  

7. Tracing based on diffusion in fixed or post mortem material 
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As recently as 1993, Francis Crick and Edward Jones complained about the lack of tract-tracing 

methods specifically applicable to the study of the structure of the human brain (Crick and Jones, 

1993). They expressed their concern before the development of diffusion tensor MRI improved the 

situation considerably (see previous section). To the limited possibilities to do work on human 

brain material belongs, surprisingly, experimental tracing based on transport. For this purpose 

BDA and Neurobiotin can be applied provided that the brain tissue is unfixed and obtained after a 

relatively short post-mortem delay (3-8 hrs). Slices from the autopsy human brain are first 

incubated with artificial cerebrospinal fluid following which spot injections can be made with one of 

the above tracers (Dai et al., 1998a,b). As neurobiotin and BDA rely on active metabolism, these 

tracers fail to do their work in fixed human brain tissue. In such material, positioning of crystals of 

the strongly lipophilic carbocyanine dye, DiI, will result in uptake and the exclusive diffusion in 

myelin sheaths (Mufson et al., 1990, reviewed by Honig, 1993) and thus, after a relatively long 

diffusion ‗spread‘ time, in labeling of fibers and even cells. The transport of DiI is bidirectional (see 

also section 7.3). Finally, several investigators have successfully injected Lucifer yellow 

intracellularly into neurons in slices of fixed human brain (e.g., Einstein, 1988; Belichenko and 

Dahlström, 1994) but these experiments served primarily for cell identification and not for tracing 

per sé. 

 

7.1. Golgi silver impregnation 

The names of Santiago Ramón y Cajal and Camillo Golgi are indissolubly connected to each other. 

Golgi became famous because he discovered the reazione nera, the formation of a black deposit 

inside neurons when a piece of brain tissue is immersed in solutions of potassium dichromate and 

silver nitrate (Golgi, 1873). Ramón y Cajal brought the staining method to its zenith by describing in 

superb detail neuronal morphology and connectivity in an amazing collection of brain regions (Ramón 

y Cajal, 1909-1911). Society‘s reward to both men was a shared Nobel Prize in 1906. Ramón y 

Cajal‘s neuron doctrine so to say is based on observations made in pieces of brains of a score of 

animals and human subjects stained through Golgi‘s reazione nera. The essence of Golgi silver 

impregnation is that, given the proper sequence of immersion in the inorganic solutions and a little bit 

of luck a stable, black amorphous deposit forms in individual neurons (Figure 9). This precipitate was 

identified by Fregerslev et al. (1971) as silver chromate. As the deposit is present throughout an 

impregnated cell while it does not extend beyond the limiting membrane, the contours of an 

impregnated neuron represent its true shape. With some chemical modification it is possible to 

transfer the material to the electron microscope (Blackstad, 1975; Fairén et al., 1977) (reviewed by 

Wouterlood, 1992; Fairén, 2005). Thus for the first time a reliable correlate was established between 
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the light microscopic description of an identified neuron and the subsequent electron microscopic 

study of its cellular details (‗correlative light-electron microscopy‘, a term coined by Ingham et al. in 

1985). This development was extremely important. Only the electron microscope offers resolution in 

the nanometer range that is necessary to distinguish the anatomical correlate of synaptic connectivity, 

i.e. the presynaptic bouton with its population of synaptic vesicles and the pre- and postsynaptic 

membrane densities that contain the molecular scaffolds and machineries supporting vesicle docking, 

exocytosis of neurotransmitter, transmitter reception and reuptake.  

Golgi silver impregnation can be applied as a tracing tool. In well impregnated neurons the main axon 

and its ramifications contain the precipitate that identifies these structures as processes belonging to 

that neuron, even when the axon has progressed far away from the parent cell body. However, in the 

electron microscope it can be observed that as soon as a myelin sheath develops around an axon the 

silver chromate precipitate progressively decreases over a short trajectory (Fairén et al., 1977; 

Wouterlood and Mugnaini, 1984). Golgi silver impregnation therefore only reveals unmyelinated 

axons. This explains the focusing of Ramón y Cajal on brains of newborn mice and kitten because at 

such a young age the myelination of the major tracts is about to begin. Axon collaterals can be traced 

down to their distal axon terminals as long as they haven‘t developed a myelin sheath and, of course, 

as long as they are present in the tissue blocks subjected to the impregnation procedure. 

Many Golgi silver impregnation recipes are available. We have used for correlative light-electron 

microscopy with success on blocks of perfusion-fixed brain the following solutions: mordant consisting 

of 4% formaldehyde, 3% potassium dichromate and 2% chloral hydrate, 3-4 days followed by 2-3 

days in 0.75% silver nitrate (dark conditions) (Wouterlood and Mugnaini, 1984). It is also possible to 

conduct the impregnation with (thick) sections of brain (Freund and Somogyi, 1983; Gabbott and 

Somogyi, 1984; Izzo et al., 1987; Dall‘Oglio et al., 2010). Gold toning (Fairén et al., 1977) stabilizes 

the precipitate and makes it easier to prepare ultrasections. 

Modeling of 3D reconstructions of Golgi-Cox impregnated material via confocal microscopic imaging 

has recently been introduced as the so-called ‗reflection method‘ (Spiga et al., 2005). This procedure 

has some advantages over conventional optical microscopy, particularly the rejection of out-of-focus 

light. Via post-acquisition computer image processing (deconvolution and rendering methods), the 

background ‗noise‘ is greatly reduced and an unprecedented level of rendering is obtained. Most 

importantly, a procedure enabling the combination of Golgi-impregnated material with 

immunofluorescence processing to reveal a number of neuronal markers has been developed very 

recently (Spiga et al., 2011). Examples of Golgi-Cox impregnated material as seen under the confocal 

microscope are illustrated in Figure 9. 
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7.2. Golgi silver impregnation combined with anterograde and retrograde tracing 

The observation that axons cut off from their parent cell bodies undergo metabolic changes prior to 

breaking up and removal by reactive glia has been exploited by many in the past to track nerve fiber 

systems. Lesions can be made in an area known to give rise to a particular projection or in a fiber 

projection. The axons cut off from their parent cell bodies become engaged sooner or later in an 

intrinsic sequence including microtubule disassembly, blebbing and increased affection for heavy 

metal ions collectively known as ‘Wallerian‘ degeneration, named after its pioneer, Waller (1850) 

(review by Saxena and Carroni, 2007). Within a time frame of hours to days the orphaned portion of 

the axon is removed by reactive glia (Wiśniewski et al., 1972). The metabolic changes can be 

visualized either via a histochemical procedure based on increased argyrophilia (e.g. Nauta, 1952; 

see section 2.3.2), or directly in the electron microscope via increased osmiophilia that renders the 

‗labeled‘ fibers electron dense compared with the surrounding, unlesioned fibers. The combination of 

the anterograde degeneration method with Golgi silver impregnation and electron microscopy was 

pioneered by Blackstad in 1965 and histotechnically improved by Somogyi et al. (1979) and Frotscher 

et al. (1981). Somogyi et al. (1985) introduced postembedding neurotransmitter immunocytochemistry 

in combination with correlative light-electron microscopy of Golgi silver impregnated neurons. A very 

nice example of this combined technique, dealing with coexistence of GABA and glutamate in 

identified CA3 pyramidal neuron mossy fibers in the hippocampus of primates was published by 

Sandler and Smith (1991). 

Brain tissue blocks subjected to Golgi silver impregnation can be taken from the brains of animals 

involved in horseradish peroxidase (HRP) retrograde tracing experiments. The reaction product of the 

HRP detection histochemistry survives the silver impregnation procedure and thus provides evidence 

as to which region the Golgi-silver impregnated neurons project to. This combined method was 

pioneered by Somogyi and Smith in 1979, and it enables the anatomist to study the connectivity of 

single, morphologically identified neurons. 

 

7.3. Lipophilic carbocyanine dye tracing 

One of the methods that bring about labeling of individual neurons is the application of a strongly 

lipophilic, dialkylcarbocyanine or dialkyl aminostyryl dye (DiI, DiA; Honig and Hume, 1986). These 

dyes diffuse exclusively along the lipid portions of neuronal membranes and label the involved 

cells completely including their entire dendritic arborization, and especially including the delicate 

dendritic appendages. By highlighting the neuron‘s membraneous envelope, carbocyanine dye 

labeling resembles Golgi-silver impregnation. The fluorescence provided by carbocyanine dyes is 

very strong and robust and withstands intense illumination, e.g. in a confocal laser scanning 
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microscope. Several ‗colors‘ (fluorescence emissions) are commercially available: DiI (red – 

excitation with 488 nm laser light), DiO (green - excitation with 568 nm light), DiD (short infrared - 

excitation with 647 nm light) and DiR (long infrared - excitation with 750 nm light) (data from the 

manufacturer, Invitrogen-Molecular Probes). Co-application of DiI, DiO and DiD permits three-

channel, multicolor visualization in an appropriately equipped fluorescence microscope. After 

photoconversion of the carbocyanine dye into an electron dense substance the study of the 

preparation can be continued in the electron microscope (von Bartheld et al., 1990; Gan et al., 

1999). As these dyes are insoluble in water their application can be problematic. Typical means of 

delivery are placing a solid dye crystal or a small amount of dye paste via a needle into the 

planned brain area. Another way of delivery is dissolution of carbocyanine dye in an inorganic 

solvent like dimethylformamide (DMF) (Honig and Hume, 1986) followed by pressure injection (von 

Bartheld et al., 1990). More exotic means of application include a ‗biolistic‘ approach i.e., shooting 

carbocyanine-coated particles into neurons with a gene gun (Gan et al., 2000; Grutzendler et al., 

2003; Neely et al., 2009). Carbocyanine dyes are mostly applied to fixed tissue wherein tracing 

with transport techniques is not possible or inadequate, e.g. human post mortem brain tissue and 

embryonic brain tissue. They are also applied to track cells in live cell cultures and cell migration 

models (Gan et al., 1999, 2000).  

Tracing with lipophilic carbocyanine dyes, especially with DiI, is reportedly poorly compatible with 

immunohistochemical procedures that for antibody penetration purposes require lipid-solubilizing 

detergents like Triton X-100 (Elberger and Honig, 1990; Holmqvist et al., 1992). The introduction of 

less aggressive detergents like digitonin may improve this situation (Matsubayashi et al., 2008). In 

fixed, post mortem material the lipophilic dyes diffuse along lipid membranes with a speed of at 

most 6 mm/day (Haugland, 1996). Internalization has been reported in living cells, resulting in a 

granular cytoplasmic distribution of the dye (Holmqvist et al. 1992), presumably effectuated by lipid 

membrane turnover. Application of carbocyanine dyes for tract-tracing purposes in post mortem 

human material has been discussed by Molnár et al. (2006). 

 

7.4. Intracellular filling of single neurons in slices of fixed brain 

Fibers entering and innervating a particular area may do so in all kinds of ways, from the 

seemingly chaotic in hypothalamic networks to the near-perfect laminar order of parallel fibers in 

cerebellar cortex. Independent of the distribution pattern that fibers express in their terminal fields, 

the field itself always involves a circumscript and discrete tissue volume. Only those neurons 

whose dendrites extend into that discrete tissue volume are physically available to receive 

synaptic contacts from the innervating fibers. The cell bodies of the recipient neurons may often be 
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located external to the tissue volume. Most exemplary in this respect are brain areas wherein the 

neurons possess long apical dendrites, e.g., in cerebral and cerebellar cortex and in hippocampus 

where fibers of afferent projections may terminate in a stratified way, far away from the cell bodies 

of the neurons that receive synaptic contacts. In field CA1 of the hippocampus for example a 500 

μm ‗gap‘ exists between stratum lacunosum-moleculare where entorhinal cortical afferents end 

and stratum pyramidale that host the cell bodies of the CA1 pyramidal neurons (Kajiwara et al., 

2008). One way to visualize entire, individual neurons, apart from procedures described in 

previous sections, is via intracellular injection of a dye in living neurons in situ or in vitro slice 

preparations, or in slices of lightly fixed brain tissue (the latter pioneered in 1986 by Rho and 

Sidman and refined in 1989 by Buhl and Lübke). Intracellular injection in living neurons is in the 

neurophysiology realm, outside the scope of this review. We limit this discussion therefore to 

intracellular injections in slices of lightly fixed brain. We present here an example of the 

demonstration of striato-mesostriatal neuron connectivity. The substantia nigra pars compacta 

(SNc) is home to the cell bodies of dopaminergic neurons that innervate the neostriatum while the 

fibers from striatal neurons that innervate the substantia nigra end in the pars reticulata (SNr) (see 

Gerfen, 2004). Similar to the hippocampus example above there is a ‗gap‘ between terminal field 

of the striatal innervation and the area where the cell bodies are located that give rise to the 

mesencephalic neostriatal projections. Nigrostriatal cells may be involved in various striato-nigro-

striatal loops (Gerfen, 2004). The anatomical proof of the existence of such a loop requires: A, 

labeling of the striatonigral fibers, B, labeling of the mesostriatal projection neurons, and C, proof 

of the convergence of A and B. Thus we conducted experiments in rats in which an anterograde 

tracer (BDA) was injected in the neostriatum (in this case, nucleus accumbens) simultaneously 

with the deposition of a retrograde tracer (FG) in the neostriatum in a different, dorsal location. 

After 7 days survival the midbrain of the lightly fixed brain was cut into 500 μm thick slices. These 

slices were inspected in a fluorescence microscope in order to identify retrogradely labeled 

neurons in the ventral mesencephalon. As we know from anatomical descriptions that the terminal 

fields of striatonigral fibers do not coincide with the positions of the cell bodies of mesostriatal 

neurons, our solution to bridge the gap was by intracellular injection of retrogradely labeled SNc 

cell bodies with a substance that a) completely fills the dendritic trees of the injected neurons, b) 

can be differentiated both from the label present in the anterogradely labeled fibers of striatal origin 

and the retrograde tracer, c) is compatible with multichannel confocal laser scanning because the 

latter technique is by virtue of signal separation, resolution, Z-scanning and associated 3D 

reconstruction very useful to determine the apposition of small structures each labeled with a 

different fluorescent marker (Wouterlood et al., 2007) . Several substances fulfilling the above 
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criteria are available for intracellular injection: Lucifer yellow (LY; Stewart, 1982) and Alexa Fluor™ 

555 hydrazide (AF555; Invitrogen-Molecular Probes, Eugene, OR) (Kajiwara et al, 2008). Biocytin 

and Neurobiotin have been used as well for this purpose (Kita and Armstrong, 1991) (or mixtures 

of Lucifer Yellow and Neurobiotin to improve visibility during the approach and penetration of 

single cells). The method of intracellular injection of LY neurons in slices of fixed brain was 

pioneered by Buhl and Lübke (1989), and we started developing the combination with anterograde 

tracing in the pre-confocal era (Wouterlood et al., 1992), assisted by the availability of an antibody 

against LY (Taghert et al., 1982). LY has wide fluorescence absorption (peak at 425 nm) and 

emission (peak at 528 nm) spectra. Maranto (1082) was the first to publish a photoconversion 

procedure to convert LY into an electron dense deposit serving subsequent ultrastructural analysis 

of the LY filled cell in the electron microscope (photoconversion see also Box # 2). 

The midbrain slices were rinsed in phosphate buffer and transferred to a small Petri dish mounted 

in the intracellular injection unit consisting of a fluorescence microscope equipped with a fixed 

stage and with long-working distance objectives, a micromanipulator and an iontophoretic injection 

device capable of delivering nA currents (a detailed description of the equipment is provided by 

Buhl and Lübke, 1989). FG-containing neurons were located and impaled with the micropipette 

after which we injected a small amount of LY into the cell by applying a nanocurrent to the pipette. 

The subsequent filling of a neuron takes about 10 minutes and can be monitored visually. Filling 

was judged to approach the ideal when the finest details became visible like thin distal branches of 

dendrites far away from their parent cell bodies. In total it was possible to fill 12 to 14 SNc neurons 

per slice. After filling we transferred the sections to cold phosphate-buffered 4% formaldehyde and 

post fixed overnight. Next, the slices were transferred to graded cryoprotective solutions with as 

final composition 20% glycerin and 2% dimethyl sulfoxide (DMSO) in PB (Rosene et al., 1986), 

frozen on dry ice and resectioned at 40 µm thickness. Subsequently they were rinsed and 

immunostained with a cocktail of primary antibodies: rabbit anti-LY and goat anti-tyrosine 

hydroxylase (to determine whether the intracellularly labeled cells are dopaminergic). The next 

step consisted of incubation with donkey anti-rabbit - AlexaFluor™ 488 in a cocktail with 

streptavidin-Alexa Fluor™ 546 to detect the LY simultaneously with the anterogradely transported 

BDA. Donkey anti-goat Alexa™ 633 was included in the cocktail to identify tyrosine hydroxylase 

immunopositive cells and dendrites which we take for evidence of being dopaminergic. This third 

marker added even more value by helping us to accurately delineate the SNc at low magnification. 

The triple-immunofluorescence sections were investigated at high magnification (63x immersion 

objective) in a three-channel confocal laser scanning microscope equipped wit the appropriate 

lasers and filtering (details in Kajiwara et al., 2008). A striking example of a contact between a 
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BDA labeled striatonigral fiber and a LY filled dendrite of a tyrosine hydroxylase positive, FG-

labeled nigrostriatal neuron, is shown in Figure 10.  

The general definition of a contact is the physical apposition of processes of two different neurons 

(SNr: varicosity of a BDA labeled fiber with a TH-positive, LY labeled dendrite of a retrogradely 

labeled SNc neuron). We especially looked for varicosities because fibers and dendrites often are 

in plain juxtaposition associated with the dense packing of fibers, axons and dendrites in a 

constrained neuropil compartment. We have good reasons to consider boutons of PHA-L labeled 

fibers as the light microscopic representations of axon terminals since correlative light and electron 

microscopy has shown good correlation between such swellings and axon terminals (Wouterlood 

and Groenewegen, 1985). Boutons are operationally defined by us as any swelling of a fiber in an 

en passant or terminal position with a diameter at least three times that of the fiber giving rise to 

the swelling.  

We employ the intracellular injection technique in three situations. The first is when we suspect 

that the terminal field of a fiber projection to an area of interest is located at a dendrite‘s length 

away (the ‗previously discussed ‗gap‘) from the perikarya of the neurons that project out of that 

area of interest. The second situation occurs when we are interested in the distribution of contacts 

of afferent fibers on the dendritic tree of neurons of a particular morphological type, and the third 

situation is when we are interested in the convergence of fibers that originate from two sources 

onto the dendrites of individual neurons in a particular area (e.g., Kajiwara et al., 2008). 

Next to advantages the intracellular injection method has its limitations. The technique is very 

demanding and requires highly skilled personnel. Furthermore, only a limited number of neurons 

can be filled intracellularly in each slice and there is always the operator‘s bias to impale the 

retrogradely labeled neurons most closely located to the surface of the slice, producing filling of 

only part of the dendritic tree as well as filling of truncated dendrites. As mentioned above in 

section 3.2., retrograde Golgi-like labeling using rabies virus can be regarded as a feasible 

alternative method. Since the visualization of structures displaying viral tracing is made by using a 

monoclonal antibody against a viral phosphoprotein, this procedure is then fully compatible with 

existing tools for anterograde tract-tracing such as BDA and PHA-L. The combination of rabies 

virus with BDA and PHA-L in a multiple tracing paradigm enables the unequivocal identification of 

the potential convergence of two afferent systems onto a given population of projection neurons 

(and hence connected interneurons). The subsequent use of high-resolution confocal laser 

scanning microscopy followed by post-acquisition computer image processing (deconvolution and 

rendering) resulted in the accurate visualization of the pre- and post-synaptic elements with an 

unprecedented level of resolution (Salin et al., 2008; López et al., 2010). However, it should be 
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considered that such a tracer combination has two main inherent caveats: firstly, tracing with 

rabies virus requires a survival time shorter than the one often used for BDA and PHA-L and 

therefore a two-step surgical procedure is always required. Secondly, a number of safety concerns 

should be strictly regarded when manipulating these kinds of viral strains. Illustrative examples of 

this combination of tracers are supplied in Figure 6. 

 

8. Tips and tricks 

 

BOX #1: Tracer selection is a critical choice 

 

Neuroanatomical tracers can be broadly categorized into anterograde, retrograde and trans-

synaptic tracers, depending on the direction in which tracer uptake and transport occurs. In other 

words, we have at our disposal different tracers for different purposes, and tracer selection always 

is a difficult choice, mainly depending on the researcher‘s needs. Below we briefly summarize a 

number of advantages and disadvantages of the most commonly used neuroanatomical tracers, 

these ones representing -to our own criteria- the best choices to satisfy almost any experimental 

design, even when used alone or in combination among themselves. Please also consider the 

‗golden rules‘ (section 2.11). 

 

1. Biotinylated dextran amine (BDA, 10kD, Ref: D-1956 from Molecular Probes-Invitrogen) 

Type of tracer: Mostly anterograde, with a moderate retrograde transport. 

Advantages: 

- Immunohistochemistry-independent visualization, making it easy to combine BDA-tracing 

with other tracing methods and with [additional] immunohistochemistry to detect neuroactive 

substances. 

- BDA can be delivered by both pressure and iontophoresis.  

- Compatible with a wide variety of delivery vehicles: distilled water to different phosphate 

buffers. In our hands, best results were obtained with BDA in 0.01 M phosphate buffer, pH 

7.25. Range of concentrations: 5-10% 

- Survival time is not critical, ranging from 4 days to 2 months (survival times longer than 2 

months were never tested by us). 

- Very well suited for ultrastructural studies. 

- Efficacy proven in a large number of animal species. 

- Golgi-like retrograde labeling being made possible when using BDA 3 kD. 
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Disadvantages: 

- Taken up by fibers of passage, particularly when large volumes are pressure-injected. 

- When considering multiple staining paradigms, biotinylated secondary antibodies might 

crossreact with the BDA during the detection step for the additional markers. 

 

2. Phaseolus vulgaris-leucoagglutinin (PHA-L, Ref: L-1110 from Vector Laboratories) 

Type of tracer: Exclusively anterograde. 

Advantages: 

- Two primary antibodies against PHA-L are available, one raised in rabbit (first choice; Ref: 

AS-2300 from Vector Labs), the other raised in goat (second choice; Ref: AS-2224 from Vector 

Labs). 

- PHA-L requires iontophoretical delivery. 

- To be injected as a 2.5% solution in 0.05 M PB, pH 7.4. 

- Survival time is not critical, from 7 days to 3 months. 

- No uptake by fibers of passage. 

- Efficacy proven in a large number of animal species. 

Disadvantages: 

- Somewhat capricious nature. 

- Most successful are small, iontophoretic injections. Coverage of larger areas requires 

multiple penetrations/small injections.  

 

3. Fluoro-Gold (FG, from Fluorochrome, Inc.) 

Type of tracer: Exclusively retrograde 

Advantages: 

- Direct fluorescent emission in the UV range, highly resistant to fading when compared to 

other fluorescent tracers. 

- A primary antibody against FG raised in rabbit is available from Chemicon (Ref: AB153). 

- FG allows pressure and iontophoretical delivery. 

- Compatible with a wide variety of delivery vehicles: distilled water, phosphate buffers and 

cacodylate buffer (the latter one probably is the best choice). In our hands, best results were 

obtained with FG as a 3% solution in 0.1 M cacodylate buffer, pH 7.3. 

- Survival time is not critical, from 2 days to 1 year. 

- Efficacy proven in a large number of animal species. It is worth noting that somewhat poor 

results were obtained in monkeys, probably due to the vehicle used for delivering FG. As 



a half century of experimental neuroanatomical tracing 

 37 

mentioned above, cacodylate buffer in our hands represents a good choice to circumvent 

these problems. 

Disadvantages: 

- Taken up by fibers of passage, particularly when large volumes are pressure-injected. It is 

generally accepted that that the iontophoretical delivery of FG minimizes the uptake by fibers 

of passage (Divac and Mogensen, 1990; Pieribone and Aston-Jones, 1988; Schmued and 

Fallon, 1986; Schmued and Heimer, 1990). 

 

4. Cholera toxin,  subunit (CTB, Ref: 104 from List Biological Laboratories) 

Type of tracer: Mostly retrograde, with some anterograde transport. 

Advantages: 

- Well suited when large tracer deposits are required. 

- Two primary antibodies against CTB are available, one raised in rabbit (first choice; Ref: 

18-272-195906 from GenWay), the other raised in goat (Ref: 703 from List Biologicals). 

- CTB allows pressure and iontophoretical delivery (better results obtained with pressure 

injections). 

- CTB is injected as a 2% solution in 0.1 M phosphate buffer, pH 6.0. 

- Survival time is not critical, from 4 days to 4 weeks (it is worth noting that anterograde 

tracing with CTB is enhanced when short survival times are used). 

- Efficacy proven in a large number of animal species. In our hands, CTB represents the first 

choice retrograde tracer for monkey experiments. 

- A large number of Alexa™ Fluor conjugates of CTB have been made available recently 

from Molecular-Probes-Invitrogen. In our hands, all these Alexa™ Fluor -CTB conjugates work 

similarly to unconjugated CTB. More specific information on these conjugates can be found 

elsewhere (Conte et al., 2009a,b). 

Disadvantages: 

- Taken up by fibers of passage. 

 

Box #2: Best ways to visualize labels in multiple tract-tracing paradigms 

 

1. Multiple immunoperoxidase methods (light and electron microscopy) 

 

Detecting up to three neuroanatomical tracers by immunoperoxidase methods is a choice that has 

been made possible following the introduction of a number of different peroxidase substrates. 
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Selected chromogens should obviously differ in color or aspect in such a way that unequivocal 

discrimination is possible. Moreover, whenever possible the selected peroxidase substrates should 

have their own ultrastructural identity or texture. A brief survey of the most commonly used 

peroxidase substrates is provided in Cartoon 2. 

Option #1: Triple neuroanatomical tracing combining WGA-HRP + PHA-L + biocytin (Smith and 

Bolam, 1991, 1992). Injected tracers were visualized by using tetramethylbenazine (TMB), nickel-

enhanced diaminobenzidine (DAB-Ni) and diaminobenzidine (DAB), respectively. 

Option #2: Triple neuroanatomical tracing combining PHA-L + rhodamine-dextran amine + BDA 

(Dolleman-Van der Weel et al., 1994). Injected tracers were visualized using DAB-Ni, DAB and 1-

napthol/azur B, respectively. 

Option #3: Combinations of BDA + PHA-L + FG or BDA + CTB + FG. Tracers were sequentially 

visualized by using DAB-Ni, DAB and V-VIP (see Lanciego et al., 1997; 1998a,b; 2000; Köbbert et 

al., 2000; Gonzalo et al., 2001). A number of illustrative examples dealing with multiple 

immunoperoxidase methods are provided in Figures 2, 4, 11, and 12. 

At the ultrastructural level the immunoperoxidase detection of an anterogradely transported tracer 

can be combined with immunoperoxidase-silver enhancement detection of a neuroactive 

substance present in the structures postsynaptic to tracer-labeled axon terminals. Illustrative in this 

respect is an electron microscopic study by Omelchenko and Sesack (2009) describing the 

detection of transported PHA-L via an immunoperoxidase protocol, in combination with pre-

embedding immunocytochemistry to detect tyrosine hydroxylase or GABA with a silver enhanced 

gold-immunoperoxidase procedure. Pre-embedding peroxidase detection of transported PHA-L in 

combination with postembedding GABA immunocytochemistry to determine the neurotransmitter 

inside tracer-containing presynaptic axon terminals was pioneered by Freund and Antal (1988).  

To the very best of our knowledge, the only attempt successfully combining three different markers 

was made by Anderson et al. (1994). Each marker was visualized with a different peroxidase 

substrate, therefore resulting in three different electron dense textures, comprising DAB (flocculent 

precipitate), silver-intensified immunogold (distinct texture of the precipitate) and benzidine 

hydrochloride (crystalline texture). In this regard, it is worth noting that the V-VIP peroxidase 

substrate also has its own characteristic electron dense texture (granular appearance), easily 

distinguishable from other commonly used peroxidase substrates in pre-embedding procedures, 

such as DAB. Illustrative examples comparing the ultrastructural precipitates of DAB and V-VIP 

when combined together in double pre-embedding methods are provided in Figure 11.  

 

2. Multiple immunofluorescence methods 
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The availability of an expanding number of fluorochrome-conjugated secondary antibodies 

together with the standardization of confocal microscopy has boosted the implementation of a 

great number of multiple fluorescence labeling strategies (see also Cartoon 3). Since there is no 

longer a need for achieving a permanent detection through the use of different peroxidase 

substrates, multi-fluorescence scenarios have made multitracing studies easier than ever (see 

examples provided in Figures 3, 4, 6 and 7). Overall, the same considerations that apply to tracer 

selection for combined paradigms should also be regarded when considering multiple 

fluorescence visualization, as stated above in section 2.10 (―multitracing experiments with various 

anterograde and retrograde tracers‖). Drawbacks include fading of the fluorescence signal over 

time or following repetitive exposure and the danger of unnoticed fluorescence signal crosstalk in 

an inappropriately configured or operated confocal instrument. Several examples comparing 

multiple immunoperoxidase vs. multiple immunofluorescence are provided in Figure 4. Fluorescent 

labels can via strong UV illumination in the presence of DAB be ‗photoconverted‘ into an electron 

dense label (Maranto, 1982; Buhl and Lübke, 1989; Bentivoglio and Su, 1990; Lübke, 1993; Kacza 

et al., 1997).  

 

BOX #3: Co-injecting tracers to visualize reciprocally-connected brain areas 

 

A number of techniques are available for the analysis of reciprocally-interconnected brain 

areas. Procedures are based on preparing a variety of cocktails of neuroanatomical tracers that 

basically mix together one anterograde tracer with a given retrograde tracer. By taking advantage 

of these combinations, it is possible to simultaneously elucidate both afferent and efferent 

connections from a single injection site. In other words, a single cocktail injection allows visualizing 

the efferent axons arising from as well as the afferent neurons projecting to the injected brain area. 

For these purposes, the most reliable alternatives include the combination of BDA + CTB (Coolen 

et al., 1999) as well as combinations of either PHA-L+CTB or BDA+FG (Thompson and Swanson, 

2010). Besides the use of cocktails of tracers, it is also worth noting that BDA labeling of axon 

collaterals could be used for the analysis of reciprocal connections between functionally-related 

neuronal groups (Shink et al., 1996). 

 

BOX #4: Be aware of fluorescent conjugates of CTB 
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The retrograde tracer cholera toxin B subunit (CTB) has been broadly used as an excellent 

retrograde tracer. Most often, CTB is used as an unconjugated preparation, to be detected via an 

immunoperoxidase procedure (Luppi et al., 1990). More recently, a large variety of Alexa™ Fluor-

conjugates of CTB have been made available by Molecular Probes-Invitrogen, including CTB 

Alexa™ Fluor 488, 555, 594 and 647 (Refs: C-34775, C-34776, C-34777 and C-34778, 

respectively). The combined use of these conjugates allows sensitive multiple retrograde tracing 

paradigms to be easily implemented (Conte et al., 2009a,b). Furthermore, when considering 

permanent visualization of Alexa™ Fluor conjugates of CTB, it is worth mentioning that a reliable 

rabbit anti- Alexa™ Fluor 488 antibody is also available from Molecular Probes-Invitrogen (Ref: A-

11094), and therefore Alexa™ Fluor 488-conjugated CTB (CTB488) can be converted into a 

permanent precipitate by immunoperoxidase methods. The manufacturer claims that the CTB488 

is not detected with standard anti-CTB antibodies. This feature would enable the implementation of 

a dual retrograde immunoperoxidase labeling paradigm including the combination of unconjugated 

CTB (to be detected with anti-CTB antibodies) with CTB488 (to be detected with the anti- Alexa™ 

Fluor 488 antibody). However, we empirically found that this claim is not realistic (Figure 13).  

In summary, although Alexa™ Fluor conjugates of CTB are very good choices for multiple 

retrograde tracing (here we have successfully tested CTB488, CTB555 and CTB647; see also 

Conte et al., 2009a,b) the combination of unconjugated CTB and CTB488 is a poor choice for dual 

labeling experiments. Therefore, retrograde tracers other than unconjugated CTB (we propagate 

here selecting Fluoro-Gold) should be used in multiple retrograde tracing when combined with 

Alexa Fluor™ conjugates of CTB. Finally, single retrograde tracing with CTB488 is a good choice 

when bearing in mind the permanent detection of CTB488-labeled neurons via immunoperoxidase 

methods by using the available anti-Alexa™ Fluor 488 antibody. 
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10. Figure Legends 

 

CARTOON 1: Chemical formulation of Fluoro-Gold (hydroxystilbamidine). 

 

CARTOON 2: Overview of peroxidase substrates currently available. 

 

CARTOON 3: Absorption (excitation and emission spectra for the most commonly used Alexa™ Fluor 

conjugates, together with standard band-pass (BP) and long-pass (LP) filters commonly implemented to 

avoid cross-talk phenomena. 

 

FIGURE 1: Multiple retrograde fluorescence tracing viewed under epifluorescence illumination. The 

retrograde tracers Fluoro-Gold (FG; yellow-labeled neurons), Fast Blue (FB; blue-labeled neurons) and 

Alexa™ Fluor 555-conjugated cholera toxin (CTB555, red-labeled neuron) have been injected in 

different cortical areas of the rat to further identify basal forebrain neurons innervating the cerebral 

cortex. Neurons innervating two different cortical areas by means of axon collaterals are double labeled 

with FB and CTB555 (arrow). Scale bar is 150 m. 

 

FIGURE 2: Multiple colorimetric tract tracing in a primate, combining dual retrograde tracing with 

Fluoro-Gold (FG; injected in the putamen) and cholera toxin (CTB; injected in the caudate nucleus), 

together with anterograde tracing with biotinylated dextran amine (BDA; injected in the external division 

of the globus pallidus). Transported BDA is firstly visualized using a nickel-enhanced DAB solution 

(black product), followed by CTB visualization using a regular DAB solution (brown-labeled neurons). 

Finally, neurons containing transported FG are finally stained in purple using the V-VIP substrate. (A-C) 

Photomicrographs taken at the level of the substantia nigra illustrating structures displaying labeling for 

each of the transported tracers. 

 

FIGURE 3: Multiple fluorescence tract tracing combining dual retrograde tracing with Fluoro-Gold (FG; 

injected in the rat entopeduncular nucleus) and cholera toxin (CTB; injected in the substantia nigra pars 

reticulata), together with anterograde tracing with biotinylated dextran amine (BDA; injected in the 

parafascicular nucleus of the thalamus). Sections were first incubated in a cocktail solution of primary 

antisera comprising 1:2000 rabbit-anti FG (Chemicon) and 1:2000 goat anti-CTB (List Biologicals), 

followed by a second cocktail solution of antisera comprising 1:200 Alexa488-conjugated donkey anti-

rabbit IgG (Molecular Probes-Invitrogen) and 1:200 Alexa564-conjugated donkey anti-goat IgG 

(Molecular Probes-Invitrogen). Transported BDA was next visualized using an Alexa633-conjugated 
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streptavidin (1:100; Molecular Probes-Invitrogen). FG was visualized in green, CTB was color-coded in 

light blue, and BDA in red color. Scale bar is 50 m. 

 

FIGURE 4: Brightfield microscopy compared with fluorescence confocal microscopy in multiple tracing 

paradigms. (A) BDA-labeled thalamostriatal projections are stained in black with DAB-Ni; CTB (DAB 

peroxidase substrate, brown) was used to disclose striatonigral-projecting neurons, whereas FG-

labeled striatopallidal neurons are seen in purple with V-VIP substrate. Scale bar: 30m (B) An 

adjacent section containing the same combination of tracers was visualized under the confocal 

microscope. In this case, BDA-labeled fibers are color-coded in red, CTB-containing neurons in light 

blue, and neurons labeled with FG are visualized in green. Scale bar: 40m (C) Inset taken from B at 

higher magnification. Scale bar: 20m (D) Shows a combination of BDA-labeled thalamostriatal 

projections (stained in black with DAB-Ni), striatal cholinergic interneurons (DAB peroxidase substrate, 

brown) and FG-labeled striatopallidal neurons (V-VIP, purple reaction color). Scale bar: 15m (E) The 

same combination of markers as seen in an adjacent section by means of confocal laser-scanning 

microscopy. Scale bar: 40m (F) Inset taken from E at higher magnification. Scale bar: 20m (G) 

Anterograde tracing of thalamostriatal fibers (BDA-labeled, black reaction color, DAB-Ni substrate) 

combined with the immunocytochemical detection of striatal interneurons positive for parvalbumin 

(brown color, DAB peroxidase substrate) and with FG tracing to identify striatopallidal-projecting 

neurons (purple-stained neurons, V-VIP reaction product). Scale bar: 30m (H) The same combination 

of markers in an adjacent section seen with confocal laser-scanning microscopy. Scale bar: 40m (I) 

Inset taken from E at higher magnification. Scale bar: 20m. Triple immunoperoxidase methods using 

three different peroxidase chromogens (DAB-Ni, DAB and V-VIP) allow the permanent visualization of 

three markers in the same histological section. Although multiple immunofluorescent stains suffer from 

inherent fading problems over time, it is worth summarizing several advantages: firstly, the histological 

processing is less demanding than multiple immunoperoxidase methods; secondly, laser zooming with 

the confocal microscope enhances the visualization of cellular details and finally, the confocal 

microscope allows the unequivocal identification of colocalizing markers. 

 

FIGURE 5: Golgi-like retrograde tracing of striatonigral neurons using rabies virus. Application of a 

monoclonal antibody raised against a soluble viral phosphoprotein produces a very high degree of 

detail, even the thinnest dendrites as well as small cellular processes like dendritic spines. Scale bar: 

30m in panel A and 7.5m in panel B. 
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FIGURE 6: Dual anterograde tracing with BDA and PHA-L combined with retrograde tracing using 

rabies virus. Striatonigral neurons were retrogradely labeled following an injection of rabies virus in the 

substantia nigra pars reticulata (color-coded in green). The anterograde tracer PHA-L was injected in 

the thalamic parafascicular nucleus to further identify thalamostriatal projections (color-coded in blue). 

In the same surgical session, the anterograde tracer BDA was delivered into primary motor cortex to 

label corticostriatal projections (color coded in red). Through post-acquisition deconvolution followed by 

volumetric rendering a final resolution is obtained high enough to disclose potential contacts between 

pre- and post-synaptic elements. Scale bar are 40m (A), 20m (B) and 3m (C). 

 

FIGURE 7: Trans-synaptic tracing with rabies virus (RV) to identify interneurons innervating projection 

neurons. (A) Thalamostriatal projections labeled with PHA-L. (B) Cholinergic striatal interneurons. (C) 

Striatal neurons labeled following a deposit of RV into the substantia nigra pars reticulata. Up to two 

different types of neurons were identified, one type comprising striatonigral-projecting neurons (first-

order neurons, asterisk), the other one consisting of a cholinergic interneuron infected with rabies virus 

(second-order neuron, arrowhead). (D) Only cholinergic interneurons innervating striatonigral neurons 

were secondarily infected with rabies virus (arrowhead), whereas cholinergic interneurons innervating 

striatofugal neurons other than the ones projecting to the substantia nigra remained unlabeled with 

rabies virus (arrow). Scale bar is 40m in all panels. 

 

FIGURE 8: ―Functional‖ neuroanatomical tract-tracing. Combination of retrograde tracing with cholera 

toxin together with dual fluorescence in situ hybridization to further assess the expression levels for the 

transcripts of interest (GAD56 mRNA and vGlut2 mRNA). (A) the retrograde tracer CTB was pressure-

injected into the ventral anterior and ventral lateral thalamic nuclei, resulting in a large number of CTB-

positive neurons being identified a the level of the internal division of the globus pallidus (B&C). Scale 

bars are 3,500m in A, 500m in B and 100m in C. (D) Pallidothalamic-projecting neurons showing 

CTB retrograde labeling. (E) Expression of GAD65 mRNA. (F) Expression of vGlut2 mRNA. (G) Merged 

image showing that all pallidothalamic-projecting neurons contains transcripts for GAD65 and vGlut2 

mRNA. Scale bar is 30m in panels D-G. 

 

FIGURE 9: Layer V pyramidal neurons of the rat auditory cortex. (A) Golgi-Colonnier stain, brightfield 

illumination. (B) Golgi-Cox stain, visualized in the confocal laser-scanning microscope, using reflection 

mode. Scale bar is 80 m in panel A and 40 m in panel B. 
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FIGURE 10: Combination of anterograde tracing (BDA injected ventrally in the striatum of a rat), 

retrograde tracing (FG injected dorsally in the striatum), and intracellular Lucifer yellow injection (LY) of 

FG-labeled neurons in the mesencephalon, in slices of fixed brain. A. low-magnification view of the 

mesencephalon showing the LY injected neuron (circled), TH-positive, in the ventral tegmental area 

(VTA). Blue immunofluorescence represents tyrosine hydroxylase. SNc and SNr = substantia nigra, 

pars compacta and reticulata. MB = mamillary body, P = cerebal peduncle. Bar = 250 μm. B High 

magnification confocal image showing LY (488 nm excitation, green), BDA (543 nm, red) and TH (633 

nm, blue). Most contacts of BDA fibers are on TH+ (dopaminergic) neurons. bar = 50 μm. C, A 

complicated contact, far away from the cell body of a FG labeled, LY injected cell, between a BDA-

labeled fiber and the LY-containing dendrite of a FG-positive, TH-positive and LY filled neuron. Green: 

dendrite of LY injected neuron, red, BDA. the arrow indicates the contact. bar = 10 μm. D, Screenshot 

of a computer 3D reconstruction of this dendrite (green), the BDA-labeled fiber (red) and the contact. 

This fiber spirals around a spine on the dendrite while being in contact. Bar = 2 μm. All images for this 

purpose enhanced with computer software (Photoshop). 

 

FIGURE 11: (A) Multiple colorimetric detection of (i) BDA-labeled perirhinal afferents reaching the 

entorhinal cortex (DAB-Ni substrate), (ii) FG-labeled layer II neurons of the entorhinal cortex projecting 

to the hippocampus (brown-labeled with DAB) and (iii) parvalbumin-immunoreactive layer III 

interneurons (purple-labeled with V-VIP substrate). Presumptive contacts between anterogradely-

labeled terminals and parvalbumin neurons are marked with blue arrowheads. (B & C). Asymmetric 

synapses formed by BDA-labeled terminals (DAB flocculent reaction product) onto parvalbumin-positive 

dendrites (granular V-VIP precipitate). Besides the usefulness of V-VIP substrate for multiple 

colorimetric paradigms, one of the main advantages of this substrate is represented by its own 

ultrastructural texture, which makes this peroxidase chromogen very suitable for double pre-embedding 

methods in ultrastructural studies. Scale bar is 100 m. 

 

FIGURE 12: Multiple colorimetric detection of (i) thalamostriatal axons, labeled with BDA and stained in 

brown with DAB, (ii) striatonigral-projecting neurons, retrogradely labeled with FG and stained in purple 

with V-VIP substrate and (iii) NADPH-d striatal interneurons, stained with nitroblue tetrazolium (blue 

reaction product). Scale bar is 100 m 

 

FIGURE 13: The combination of Alexa™ Fluor 488-conjugated CTB (CTB488) with unconjugated CTB 

(CTB) is not a good choice for their combined use. Antibodies against the unconjugated form of CTB 

also recognize CTB488. One monkey received one injection of CTB488 in the GPi nucleus (panel A) 
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and one injection of unconjugated CTB in the thalamic ventral nuclei VA/VL (not shown). Single 

immunoperoxidase detection of transported CTB488 (by using an anti- Alexa™ Fluor 488 antibody) 

revealed both the injection site (GPi nucleus, panel A) as well as the expected retrograde labeling 

observed in the striatum (striatopallidal-projecting neurons, panel A‘). However, the same pattern of 

labeling was noticed when detecting the unconjugated form of CTB with antibodies against CTB (panels 

B & B‘). Both the injection site of CTB488 as well as CTB488-containing striatopallidal-projecting 

neurons was observed, according to a pattern that fully mimics the one that accounts for CTB488 

tracing. In other words, since there is no ―striato-thalamic pathway‖, these results demonstrate the 

presence of cross-reactivity between the anti-CTB antibody and the Alexa™ Fluor 488-conjugated CTB. 

Scale bar is 2,000 m for panels A & B, and 100 m in insets. 
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REVIEWER #1: 

 

- Boxes 2-4 were somewhat reduced to emphasize strengths/weaknesses/characteristics 

 

REVIEWER #2: 

 

- Issues dealing with the retrograde transport of BDA 3 kD are now better documented in 

section 2.1. as well as throughout the manuscript. 

- The same also applies to the advantages of collateral transport of BDA 

- Minor issues all fixed 

- The accompanying cartoon in Fig. 2 has been removed and the figure legend changed 

accordingly. 

 

REVIEWER #3: 

 

- Reference of Skirboll et al. (1984) now added 
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