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Abstract

A common method for identifying collateral projections is to inject different retrograde tracers into
two targets and examine labeled cells for the presence of both tracers. Double-labeled cells are
considered to have collateral projections to the two injection sites. This method is widely considered
to underestimate the extent of collaterals. To test the efficiency of double-labeling, we mixed equal
volumes of two tracers, injected them into one site in a guinea pig brain, and counted the resulting
labeled cells. Ideally, the tracers would have precisely overlapping injection sites and all labeled cells
would contain both tracers.

We tested several combinations of tracers: 1) Fast Blue and fluorescein dextran; 2) fluorescein
dextran and FluoroGold; 3) fluorescein dextran and FluoroRuby; 4) FluoroGold and green beads; 5)
FluoroGold and red beads; 6) FluoroRuby and green beads; and, 7) green beads and red beads. For
each combination, a mixture was injected into the left inferior colliculus. After one week to allow
for transport, labeled cells were counted in the right inferior colliculus and the left temporal cortex.
For each mixture, the results were similar for the two areas. The percentage of cells that were double-
labeled varied from 0% to 100%, depending on tracer combination. The highest efficiencies (>96%)
were observed with red beads and green beads or with FluoroRuby and fluorescein dextran. The
limited efficiency of other mixtures could be accounted for only in part by incomplete overlap of the
two tracers at the injection site. The results indicate that the specific combination of tracers used to
search for collateral projections can greatly affect the findings.
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The extent of axon collateralization is an important characteristic of any set of projections. The
presence of collaterals could allow the same information to be sent to multiple sites or allow
a single projection to coordinate activity in multiple areas. In contrast, a lack of collaterals
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indicates that the projections originate from different cells that may receive different inputs,
process inputs in different ways, or be under differential control by outside inputs. The
presence, and extent, of collaterals in a set of pathways can be examined with multiple methods,
including antidromic stimulation, single axon reconstruction or multi-label retrograde tracing.
The latter method, in which different tracers are injected into targets of interest and then
individual cells are examined for the presence of multiple tracers, is a common approach made
popular by the growing number of fluorescent tracers. There is general agreement that double-
labeling with retrograde tracers underestimates the prevalence of collateral projections (e.g.,
Alheid et al., 1984; Fisher et al., 1986; Hallman et al., 1988; Schofield, 1991; Féger et al.,
1994; Li and Mizuno, 1997; Doucet et al., 2003). Some studies have assessed the efficiency
of double-labeling techniques by mixing two tracers together, injecting the mixture into the
brain, and determining how many of the retrogradely-labeled cells contained both tracers. For
example, Burger et al. (2005) injected a mixture of tetramethylrhodamine dextran (3k
molecular weight) and Alexa 488 dextran (10k molecular weight) into chick brain in vitro. On
average, 83% of the labeled cells contained both tracers; many cells were single-labeled with
one or the other tracer. Coomes et al. (2005) obtained similar results with injections of a mixture
of Fast Blue and red beads. Overall, the various studies suggest that collaterals may be
underestimated and, further, that the results may depend on the particular combination of
tracers used.

The present study examines the efficiency of retrograde multi-labeling with several tracers —
FluoroGold (FG), red beads (RB), green beads (GB), FluoroRuby (FR), and fluorescein dextran
(FD) —in a variety of combinations. Our results confirm that most combinations of tracers will
underestimate the extent of collaterals and that some combinations are more effective than
others.

EXPERIMENTAL PROCEDURES

Surgery

Eighteen guinea pigs of either sex, weighing 265 to 465 g, were used for this study. Twelve
albino animals were obtained from Charles River Laboratories (Wilmington, MA) and six
pigmented animals were obtained from EIm Hill Laboratories (Chelmsford, MA). All
procedures conformed to NIH guidelines and were approved by the Institutional Animal Care
and Use Committee. For surgery, each animal was anesthetized either with halothane (3% for
induction, 1.5-2.5% for maintenance) in a mixture of oxygen and nitrous oxide or with
isoflurane (5% for induction, 1.75-2.25% for maintenance) in oxygen. Atropine (0.08 mg/kg,
i.m.) was administered to reduce bronchial secretions. MoistureEyes (Bausch and Lomb) was
placed in each eye to protect the cornea. The scalp was shaved and disinfected. The animal
was then placed on a feedback-controlled heating pad to maintain normal body temperature
and the animal’s head was positioned in a stereotaxic frame. The scalp was incised and a long-
lasting local anesthetic (0.25% bupivacaine with epinephrine 1:200,000) was injected into the
wound margins. A small hole was drilled in the skull to allow insertion of a microsyringe or
micropipette into the inferior colliculus (IC) (described below). Following injection of the
tracers, the scalp was sutured. Ketoprofen (3 mg/kg, i.m.) was administered to provide
postoperative analgesia. The animal was returned to its cage and monitored until it regained
the ability to walk.

Table 1 lists the tracers that were used, their stock concentrations and their fluorescence

characteristics. In all cases, mixtures were made by combining equal volumes of tracers, using
stock solutions at “standard” concentrations (i.e., those generally used for tracing experiments;
Table 1, “Solution”). Table 2 summarizes the combinations of tracers that were used and the
method of injection in each animal. For most experiments, the tracer mixture was injected with
a 1.0 ul Hamilton syringe used only for that particular tracer mixture. For each experiment, the
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mixture was injected at two sites, separated by 0.3 mm, along a single penetration in the left
IC. At each site, 0.2 ul of the mixture was injected over a period of 2—-3 minutes. After each
injection, the syringe was left in place for 2 minutes before being moved. For micropipette
injections, a micropipette (inside diameter 30 um) was attached to a Nanoliter injector (WPI,
Inc). As for injections with a microsyringe, deposits were made at two sites separated by 0.3
mm along a single penetration in the IC. Each site received two injections of 23 nl each, with
a two-minute pause after each injection. Total tracer injections per animal were thus 0.4 ul for
injections with a microsyringe and 96 nl for injections with a micropipette.

Perfusion and Histology

After 7 days, the animal received an overdose of sodium pentobarbital (440 mg/kg, i.p.). After
disappearance of withdrawal reflexes and cessation of breathing, a cannula was inserted
through the left ventricle into the aorta. The right atrium was opened and the vascular system
was perfused briefly with Tyrode’s solution (pH 7.4) followed by approximately 350 ml of 4%
paraformaldehyde in 0.1M phosphate buffer (pH 7.4) and then 350 ml of the same fixative
with 10% sucrose. The brain was then removed, placed in fixative with 30% sucrose, and stored
overnight at 4°C.

Each brain was frozen and cut into 50 um thick transverse sections with a sliding microtome.
The sections were collected in six series; at least 3 series were mounted on gelatin-coated slides,
air-dried overnight, coverslipped with DPX (Aldrich), and then stored at 4°C. In some cases,
1 additional series was stained with thionin.

Data analysis and photography

Sections were viewed with a Zeiss Axioplan 2 fluorescence microscope. Each tracer was
viewed independently with the appropriate filter set (Table 1). The locations of labeled cells
were plotted with a Neurolucida system attached to the microscope (MBF Bioscience,
Williston, VT). Different markers were used to indicate cells that contained the first tracer, the
second tracer, or both tracers. Labeled cells were analyzed in two areas: right (i.e., contralateral)
IC, and left (i.e., ipsilateral) temporal cortex. For the IC, cells were plotted in every sixth section
through the entire IC (Fig. 1A). In temporal cortex, labeled cells in layer V were plotted in 5
sections, spaced 300 um apart, starting with a section located near the rostral end of the temporal
lobe (Fig. 1B). Cortical layers were distinguished according to previously described criteria
(Schofield et al., 2006) using adjacent thionin-stained sections or, in some cases, by removing
the coverslip and staining the plotted sections with thionin. After cells and architectonic borders
were drawn, the plots were arranged in NeuroExplorer (MBF Bioscience) and then exported
to Adobe Illustrator for final figure construction.

For quantitative analysis, cells in the IC and the temporal cortex were analyzed separately. The
double-labeled cells were expressed as a percentage of the cells that contained each tracer. For
example, after an injection of tracers A and B, the double-labeled cells were expressed as a
percentage of all cells that contained A and also as a percentage of all cells that contained B.
A single animal thus yielded two values for cells in the IC and two values for cells in the
temporal cortex.

Photomicrographs of injection sites and labeled cells were taken with an Optronics Magnafire
cameramounted on a Zeiss Axioskop or with a Zeiss Axiocam HRm mounted on a Zeiss Imager
Z1 microscope. Photomicrographs of injection sites were taken through the apparent center of
the injections. Images collected with the Axiocam HRm were captured in monochrome and
pseudocolored with Zeiss Axiovision 4.0 software. Adobe Photoshop CS2 was used to adjust
brightness, contrast and color balance, to overlay images taken with different filters, and to
add labels.
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RESULTS

The results were similar in IC and temporal cortex. No differences were apparent between
albino and pigmented animals. Most of the injections were made with microsyringes and the
majority of the data are from these cases. In four cases, injections were made with
micropipettes. Results from these cases are described along with those from microsyringe
injections. For a given combination of tracers, the results across animals were similar.
However, different tracer combinations yielded very different results. The results could be
grouped into three general patterns: nearly all cells were double-labeled; some cells were
double-labeled; virtually no cells were double-labeled.

Combinations that yielded nearly complete double-labeling

Two tracer mixtures produced almost exclusively double-labeled cells: 1) green beads and red
beads; and, 2) FluoroRuby and fluorescein dextran. Figure 2 shows results from cases in which
two dextrans were injected. The injection site typically was small for all our dextran injections
(Fig. 2A). The spread of the two tracers was indistinguishable; i.e., the injection sites for the
two tracers appeared to overlap completely. Figures 2B and 2C show labeled cells in the IC
and temporal cortex; the latter photograph was selected to show that single-labeled cells were
present. The scarcity of single-labeled cells is summarized in Table 3. In the IC in case GP431,
there were 397 double-labeled cells, 15 that were single-labeled with FluoroRuby (FR), and 1
that was single-labeled with fluorescein dextran (FD). In the cortical sections that were
analyzed, there were 14 FR-only cells and no FD-only cells among 432 double-labeled cells.
The double-label ratios thus ranged from 96.4% to 100% in this case. The same experiment
was performed in case GP432, with similar results: the ratios ranged from 99.0% to 100%.

Similar results were obtained following injections of red and green beads (Table 3: cases GP427
and GP428), in which the double-label ratios ranged from 98.6% to 100%. As with the dextrans,
the red and green beads appeared to diffuse equally, producing complete overlap of the “two”
injection sites. The only notable difference between the dextran experiments and the bead
experiments is that the latter cases regularly labeled more cells (Table 3).

Combinations that yielded limited double-labeling

Three tracer mixtures produced double-labeled cells as well as substantial numbers of single-
labeled cells. Injections of Fast Blue and fluorescein dextran always produced an injection site
similar to that shown in Figure 3A. A large area is filled with Fast Blue. The center of that area
shows clear damage. The extent of the fluorescein dextran was difficult to assess because of
the brightness of the FB fluorescence and its visibility with the fluorescein filters. Furthermore,
the intense brightness of both tracers made it difficult to obtain images that accurately represent
both the center and the edges of the injection site. This issue was easier to assess in the
microscope than in the printed images. It appeared that the FD spread less than the FB (see
Fig. 1A for a reconstruction of the injection site in case GP491). There were FD-labeled cells
in both the contralateral IC and the temporal cortex (Fig. 3B, C). Table 3 shows the quantitative
summaries of the two cases with FB/FD injections. The percentage of FB-labeled cells that
were double-labeled ranged from 21.8% to 85.6%. The appearance of cells labeled only with
FB would be consistent with a greater spread of FB than FD at the injection site. It is more
difficult to understand the occurrence of cells labeled only with FD. We found only a very
small area of injection that appeared to contain FD and not FB in case GP491 (arrow in section
b1, Fig. 1A), and no such area in case GP489. In other words, almost the entire area of FD
injection also contained FB. One would predict in this situation that nearly all FD-labeled cells
would be double-labeled. However, the double-label ratios for FD ranged from 43.7% to 70.2%
in these two cases (Table 3). Possible reasons for this “under-labeling” are discussed below.
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A second tracer mixture — fluorescein dextran and FluoroGold — also gave limited double-
labeling. Figure 3D shows a representative injection site, which shares many similarities with
the FB/FD injections. The FG appeared to spread much like the Fast Blue and the FD was
confined to a smaller area. The center of the injection site showed clear damage. The double-
label ratio for FG ranged from 27.4% to 51.8% (Table 3). In both cases, the FG appeared to
completely cover the FD injection area, and one would predict 100% double-label of the FD
cells. In fact, the double-label ratio for FD ranged from 89.0% to 92.0%. The “under-labeling”
was always present but was less dramatic (and less variable) than that observed with the FB/
FD combination.

The final tracer mixture that produced limited double-labeling was FluoroRuby and green
beads. We tested this mixture with both microsyringe and micropipette injections (Fig. 4A, B).
The results were similar for both injection methods. In all cases, the green beads labeled many
more cells than the FluoroRuby, and the double-label ratio for the green beads ranged from
1.8% to 21.9% (Table 3). The FluoroRuby labeled fewer cells, and the FR double-label ratio
ranged from 34.0% to 70.1%.

Combinations that yielded no double-labeling

Two combinations of tracers yielded no double-labeled cells: FluoroGold/green beads and
FluoroGold/red beads. Figure 5A shows an injection site resulting from injection of FG and
RB. The FG image looks similar to those described above, with a large area of FG that surrounds
an area of damaged tissue. The red beads are limited to a very small area on the edge of the
damaged region. We were unable to find any red bead-labeled cells in this case (even in the
injected IC, near the injection site). FG-labeled cells were present in both the contralateral IC
and ipsilateral temporal cortex, indicating that transport occurred at least for FG (Fig. 5B).
Figure 5C shows an injection of FG/GB that was made through a micropipette. We tried this
approach in hopes of reducing or eliminating the damage that appeared with the microsyringe
injections. The resulting injections were much smaller, and showed no obvious signs of
damage. The greater diffusion of FG versus GB was also particularly clear in these cases (Fig.
5C). However, the resulting label was the same: FG-labeled cells were present in both the right
IC and the left temporal cortex, but no GB-labeled cells could be found in these areas.

DISCUSSION

We examined the double-labeling efficiency of several combinations of fluorescent anatomical
tracers in two pathways in guinea pigs. An ideal result in our experiments would be 100%
double-labeled cells. In fact, our results ranged from 0% to 100% double-labeled cells. In the
following sections, we discuss a number of reasons for incomplete double-labeling and
compare our results to previous studies.

Factors that limit double-labeling

We obtained 100% double-labeling on five occasions: one with GB/RB tracers and four with
FD/FR tracers (Table 3). Our “worst” result in this collection of cases was 96.4% (GP431, FR,
contralateral IC). This indicates that single-labeled cells were observed. Even our “best” animal
(GP432), had some single-labeled cells: 6 out of 613 labeled cells in temporal cortex contained
only FR. Not surprisingly, the injection site in each of these cases showed apparently complete
overlap of the two tracers (of course, a small area of non-overlap could have gone unseen and
may explain some of the single-labeled cells). Nonetheless, the combinations of green and red
beads or green and red dextrans (FD and FR) appear to give nearly ideal results.

At the opposite end of the scale, we had several combinations of tracers that yielded no double-
labeled cells. This occurred when we combined FG with green or red beads. In each case, there
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were many FG-labeled cells, but no bead-labeled cells. Looking at the injection site suggests
first that the center of the site has considerable damage; a “dead” zone. Kuypers and Huisman
(1984) describe a similar area of necrosis following pressure injections of numerous fluorescent
tracers. The trauma was not due simply to the microsyringe needle, because we made similar
injections of beads or dextrans and did not observe similar damage (e.g., Figs. 2A, 4A). If the
beads, which do not diffuse as far as FG, were confined to this dead zone, it would not be
surprising to have no retrograde transport of beads. In fact, our early findings with the
microsyringe injections prompted our experiments with micropipette injections, in the hopes
of minimizing damage and perhaps obtaining better results. The resulting injections showed
no obvious sign of damage (e.g., GP439, Fig. 5C), but there was still no transport of the beads.
Apparently there is some degree of toxicity, or a competition between the FG and the beads
for uptake or transport, such that FG prevents retrograde labeling with the beads. Notably, we
did obtain double-labeling with a combination of FG and FD (Fig. 3E-F), and these injections
with a microsyringe also yielded a site with an apparent dead zone in the center (Fig. 3D). It
is clear from our work and that of others (Dado et al., 1990) that damage is not necessary to
achieve uptake and transport of the injected tracers. We do not know the time course of the
damage, and the mechanism of FD labeling is unclear (e.g., does uptake occur before the axons
are damaged by toxic effects of FG, or perhaps the damage enhances uptake?). Any explanation
would have to account for differences between the beads and FD. Whatever the explanation,
the significance for double-labeling efficiency is limited. Each of these tracers works very well
for labeling pathways; and the interactions between tracers that appeared to take place in the
present experiments would not occur when the two tracers are injected at different sites. We
conclude that co-injecting a mixture of tracers is simply inadequate for assessing double-label
efficiency with some tracer combinations. Indeed, FG and red or green beads have been injected
into different targets with successful double-labeling of collaterals (e.g., Schofield, 1991,
Schofield and Cant, 1992). The combined use of FG and beads remains a viable approach.

Our most common finding was intermediate between the two extremes described above, with
generally large numbers of both single- and double-labeled cells. Some of the variation among
these cases is readily explained by injections that were not co-extensive (due to different
diffusion properties for specific tracers). The lowest efficiencies in this group were associated
with FR/GB injections (Table 3). In these cases, the GB spread farther than the FR, and one
would predict many GB-only cells and thus a low percentage of double-label for the GB cells.
The data confirm this expectation, with double label values ranging from 1.8% to 21.9%. On
the other hand, the FR was generally distributed within the GB injection site. One would predict
that all the FR-labeled cells would also contain GB, but this was not the case; the double-labeled
values ranged from 34.0% to 70.1%. We found similar results with FB/FD mixtures and FD/
FG mixtures. In each case, errors in assessing the boundaries of an injection site may account
for some of the inefficiency. However, it seems likely that one or both of the tracers are
imperfect in that they do not label every cell whose axon terminates in the injection site. This
issue would be applicable to a collateral labeling experiment in which the two tracers are
injected in different targets, and is generally considered a reason for underestimating collaterals
with this technique. A different issue, applicable to injections of tracer mixtures, is the
possibility that the two tracers interact in some way; some possibilities associated with toxicity
were discussed above, and others include competition for uptake by axons or for retrograde
transport mechanisms after uptake. These possibilities have been raised in previous studies
(e.g., Kuypers and Huisman, 1984;Deng and Rogers, 1999), and represent a limitation of the
co-injection method for assessing double-label efficiency.

Comparison with previous studies

There have been many studies of the transport and labeling properties of fluorescent tracers.
Most of these examine issues of sensitivity (i.e., how many cells are labeled by a tracer), toxicity
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of a tracer to retrogradely-labeled cells, or usefulness for long-term labeling (e.g., does the
tracer fade or leak out of the cells over time). To the best of our knowledge, there have been
very few experiments assessing retrograde double-label efficiency as done in the present study.
Sometimes, such experiments are included as part of a larger study on collaterals. Apps and
Garwicz (2000) used RB and GB to study olivocerebellar projections in cats. They injected a
mixture of the tracers into the cerebellum in one cat. All the labeled cells in the inferior olive
were double-labeled. This 100% efficiency matches our own data on the high efficiency of RB
and GB in the pathways that we studied. In another recent study, Burger et al. (2005) injected
a mixture of tracers in to the chick brainstem to assess double-label efficiency. They used two
dextrans different from the ones used in the present study. The first tracer was 3000 molecular
weight tetramethyl rhodamine dextran, which is similar to FR except for molecular weight of
the dextran. A difference in molecular weight confers different properties on the tracers (e.g.,
Kaneko et al., 1996), and so one cannot generalize about tracer efficiency. The second tracer
was 10k molecular weight dextran linked to AlexaFluor 488 (Molecular Probes), a green
fluorescent tag similar to fluorescein. This tracer is similar to FD in having a green fluorescent
molecule attached to a 10k MW dextran, but again conclusions about one tracer cannot be
generalized because addition of a fluorescent tag (or other molecule) to the dextran can affect
tracer properties (Kaneko et al., 1996; Novikova et al., 1997). Burger and colleagues assessed
double-label efficiency in five experiments. They observed double-label ranging from 69.9%
t0 98.9% (average: 83.4%). They describe near-complete overlap of the tracers in the injection
site, so the incomplete double-labeling must be due to inefficiency of the individual tracers.
They conclude that the double-label method will underestimate collaterals in a projection.

Strategies to maximize success in double-labeling studies

How does one choose tracers for an experiment to identify collateral projections? The current
study suggests that the best results might be achieved with GB and RB or with FR and FD.
Similar results might be achieved with the dextran conjugates used by Burger et al. (2005,
discussed above). These combinations have the potential to label 100% of cells with collateral
projections, provided the injections are “co-extensive”. Of course, obtaining and assessing
injections in two different targets is problematic. The difficulties may not be too great when
one injects the same structure on left and right sides of the brain (e.g., left and right inferior
colliculus), but are more significant when one injects different structures (such as one inferior
colliculus and one cochlear nucleus). The ideal situation would be injections that completely,
and precisely, fill the entire target (assuming that this is the best way to label all the cells of a
pathway). For a large target, this can be accomplished by making large injections, by making
injections at multiple sites within the target, and by choosing a tracer that diffuses readily. This
factor is one of the main benefits of FG and FB, both of which show greater diffusion than the
beads (RB and GB) or the dextrans (FR and FD). The limited diffusion of the latter tracers may
make them preferable for small targets, or for targets that are bordered by structures that could
confound interpretation of results if they are injected (if, for example, the adjacent area also
receives projections from the cells to be analyzed). If adjacent structures do not receive
projections from the cells of interest, then one can use large injections that spread into the
adjacent structure in order to maximize filling of the intended target. In practice, it is rarely
possible to make an injection that completely, and exclusively, fills the target of interest. Even
if such an injection is obtained, one cannot be certain that all the afferents will be labeled by
the tracer; thus, collaterals are likely to be underestimated.

Another factor that affects choice of tracers is the ability to distinguish the two tracers in the

microscope. In early studies, it was common to use tracers that were viewed with a single filter
set and were distinguished by color and/or by distribution within a cell (discussed by Kuypers
and Huisman, 1984). A popular choice involved one of several tracers that labeled the nucleus
yellow (e.g., nuclear yellow, diamidino yellow) combined with a second tracer that labeled the
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cytoplasm blue (e.g., true blue, Fast Blue). The two tracers were viewed with a single filter set,
and double-labeled cells were identified by the differential color and distribution —cytoplasm
vs. nucleus — of the tracers. However, several studies have pointed out that these tracers are
not always confined to the expected cellular compartment. Illert et al. (1982) showed that
nuclear yellow can sometimes label the cytoplasm. Fast Blue, which usually labels the
cytoplasm, can sometimes label the nucleus preferentially (Aschoff and Holl&nder, 1982:
Kuypers and Huisman, 1984). For this reason, it is recommended to use tracers that are
visualized with different filters (even then, one must be attentive to “crossover”, in which a
tracer that is particularly bright can be seen in the “inappropriate” filter). It follows that it is
important to choose the best filters for the tracers that are being used.

The sensitivity of individual tracers is also important. There are a number of reviews of the
relative efficacy of tracers, comparing various fluorescent tracers to one another and, in some
cases, to non-fluorescent tracers (e.g., Aschoff and Hollander, 1982; lllert et al., 1982; Kuypers
and Huisman, 1984; Richmond et al., 1994; Novikova et al., 1997; Kébbert et al., 2000; Choi
etal., 2002). It is particularly important to assess the sensitivity of the tracers for labeling the
particular pathways under study. Glintiirkiin et al. (1993) compared rhodamine B and Fast Blue
and found that the latter tracer failed to label two pathways that were labeled by the rhodamine
B. Deng and Rogers (1999) examined labeling of chick visual pathways with rhodamine, true
blue, FG and red and green beads. They found that some pathways were labeled by all the
tracers, whereas other pathways were labeled by some tracers and not by others. One approach
to minimizing the limitations associated with any given tracer is to use different combinations
of tracers in different animals and/or to alternate which tracer is injected into a given target.
For example, if one is interested in projections to targets A and B, one could use red beads and
green beads in a series of animals, with A receiving injections of red beads in a first set of
animals and green beads in a second set. A third set of animals could receive injections of two
different dextrans, or perhaps Fast Blue and a dextran. The use of multiple combinations may
be particularly important when using tracers that have significantly different properties, such
as FG and RB.

Other methods for identification of axon collaterals

There are, of course, other approaches for identifying collateral projections. There are
fluorescent tracers other than those tested here (e.g., 3000 MW fluorescein dextran, diamidino
yellow), as well as non-fluorescent tracers such as cholera toxin B (Lanciego et al., 1998). A
different approach is to use single-unit recording and antidromic stimulation. In this method,
one records from a cell and stimulates in two (or more) targets to which the cell might project.
If the cell is activated antidromically from both targets, then one concludes that the axon sends
collateral branches to both stimulation sites. This method shares many of the limitations of
double retrograde tracing: difficulty in stimulating all the axons that terminate in an area
(comparable to tracer sensitivity and injection site size), spread of electrical current
(comparable to spread of tracer) to adjacent structures, and susceptibility to axons of passage,
whereby an axon that traverses a site could be stimulated (or labeled by a tracer) even though
it does not terminate in that area. An advantage of the physiological approach is that one can
often record other properties of the cell, such as the receptive field properties for a sensory cell.
It has been argued that the retrograde tracer method could reveal a greater percentage of
collateral projections than the antidromic stimulation technique (e.g., Alheid et al., 1984), but
it is clear that both methods are likely to underestimate the actual value. In some respects, a
more satisfying result is obtained by labeling and reconstruction of individual axons, allowing
direct visualization of an axon and its branches. This approach requires that an axon be
completely labeled and then followed, often across many histological sections, to its
terminations. For some studies, numerous axons can be labeled by small extracellular
injections, and each animal may yield several axons (e.g., Muly and Fitzpatrick, 1992). In other

Neuroscience. Author manuscript; available in PMC 2009 May 12.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schofield et al.

Page 9

studies, an axon (or its cell of origin) must be labeled by intracellular (or juxtacellular) injection
(e.g., Deschénes et al., 1994). While this approach can allow correlation of physiological
properties with projection patterns, the required amount of time and labor usually results in a
relatively small number of axons reconstructed. Furthermore, the success of this approach
declines rapidly as it is applied to longer pathways. The retrograde double-labeling methods
remain the best choice for longer pathways. In addition, the retrograde tracing techniques allow
assessment of a large number of cells (easily hundreds to thousands per animal), meaning that
projection patterns that characterize a small percentage of cells can be revealed. In many cases,
it could be argued that the best approach would be to obtain “population” data with retrograde
multi-labeling methods and to confirm and supplement those data with single axon
reconstructions.

In summary, our results confirm that most combinations of tracers will underestimate the extent
of collateral projections. Nonetheless, the limitations can be minimized by careful selection of
tracers and, when feasible, the use of multiple combinations of tracers. With careful
experimental design, the multi-labeling method is likely to provide the best approach for
characterizing the projection patterns of a large number of cells, and of revealing projection
patterns that characterize a minority of cells in a population.
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List of Abbreviations

Aq

cerebral aqueduct
FB

Fast Blue
FD

fluorescein dextran
FG

FluoroGold
FR

FluoroRuby (tetramethylrhodamine dextran)
GB

green beads
IC

inferior colliculus
ps

pseudosylvian sulcus
RB

red beads
rs

rhinal sulcus
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colliculus

Labeled cells in
1mm contralateral IC

® FB-labeled cell (n=2233)
m FD-labeled cell (n=2197)
v FB/FD double-
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FD injection site GP 491
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Labeled cells in

ipsilateral cortex caudal
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v FB/FD double-

labeledcell  (n=1205) rostral

Figure 1.

Plots showing an injection site and distribution of analyzed cells in a representative case
(GP491). A. Drawings of transverse sections through the midbrain; sections are numbered from
rostral to caudal (b1 —b4). Sections are spaced 300 um apart. A mixture of Fast Blue (FB) and
fluorescein dextran (FD) was injected into the left IC; the distribution of each tracer is shown
by the filled contours. The FB diffused farther than the FD except in one small area (green
arrow in section bl). The right IC in each section contains colored symbols, each of which
indicates a single cell labeled as described in the legend. The area within the box in section bl
is shown in the inset to illustrate the intermixing of cells with different labeling patterns. The
number of labeled cells (n) is shown for each type in the legend. B. Plots of labeled cells in the
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ipsilateral temporal cortex in the same case illustrated in A. Conventions as in A. Legend lists

numbers of labeled cells in the cortical sections. Aq — cerebral aqueduct; ps — pseudosylvian
sulcus; rs — rhinal sulcus
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Figure 2.

Photomicrographs of a co-injection of FluoroRuby (FR) and fluorescein dextran (FD) and
retrogradely labeled cells. Each pair of images shows an area viewed with filters for FR (top
panel) or FD (bottom panel). A. Injection site in the left inferior colliculus. The two tracers
show similar spread and are confined to the inferior colliculus (white line indicates ventral
border of the inferior colliculus). Dorsal is up; lateral is to the left; midline is located at the
right edge of the image. B. Labeled cells in the right inferior colliculus. All three cells are
double-labeled. C. Labeled cells in the left temporal cortex. Most cells are double-labeled.
Arrowheads show two of the rare single-labeled cells. Scale bars: 1 mm (A); 10 um (B, C). Aq
— cerebral aqueduct. Cases GP432 (A, B); GP486 (C).
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Figure 3.

Photomicrographs of injection sites and retrogradely labeled cells after co-injections of Fast
Blue (FB) and fluorescein dextran (FD) (A—C) or FluoroGold (FG) and FD (D-F). AC. Each
pair of images shows an area viewed with filters for FB (top panel) or FD (bottom panel). A.
Injection site in the left inferior colliculus (white line indicates ventral border of the inferior
colliculus). Dorsal is up; lateral is to the left; midline is located at the right edge of the image.
B, C. Labeled cells in the right inferior colliculus (B) or left temporal cortex (C). Cells are
double- or single-labeled. Arrows: cells that contain only FB; arrowheads: cells that contain
only FD. D. Injection site in the left inferior colliculus (white line indicates ventral border of
the inferior colliculus). Dorsal is up; lateral is to the left; midline is located at right edge of
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image. E, F. Labeled cells in the right inferior colliculus (E) or left temporal cortex (F). Cells
are double- or single-labeled. Arrows: cells that contain only FD; arrowheads: cells that contain
only FG. Scale bars: 1 mm (A, D); 10 um (B, C, E, F). Aq — cerebral aqueduct. Cases GP491
(A); GP489 (B, C); GP490 (D-F).
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Figure 4.

Photomicrographs of injection sites and retrogradely labeled cells after co-injections of
FluoroRuby (FR) and green beads (GB). A, B. Co-injections made with a microsyringe (A) or
amicropipette (B). C, D. Labeled cells in the right inferior colliculus (C) or left temporal cortex
(D). Cells are double- or single-labeled. Arrows: cells that contain only FR; arrowheads: cells
that contain only GB. Scale bars: 1 mm (A, B); 10 um (C, D). Aq —cerebral aqueduct. Cases
GP433 (A); GP436 (B-D).
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Figure 5.

Photomicrographs of injection sites that produced no double-labeled cells. A. Injection site
after co-injection with a microsyringe of FluoroGold (FG; upper panel) and red beads (RB;
lower panel). B. Labeled cells in the right inferior colliculus. Many cells were labeled with FG
(upper panel); none of these cells were labeled with RB (lower panel). C. Injection site after
co-injection through a micropipette of FG (upper panel) and green beads (GB; lower panel).
Scale bars: 1 mm (A, C); 10 um (B). Aqg — cerebral aqueduct. Cases GP429 (A); GP430 (B);
GP439 (C).
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Tracer 1 Tracer 2 Injection method Case #
FB FD S GP489
FB FD S GP491
FD FG S GP488
FD FG S GP490
FD FR S GP431
FD FR S GP432
FD FR S GP486
FG GB P GP438
FG GB P GP439
FG RB S GP429
FG RB S GP430
FR GB S GP433
FR GB S GP434
FR GB P GP436
FR GB P GP437
GB RB S GP427
GB RB S GP428
GB RB S GP485

Abbreviations: FB - fast blue; FD — fluorescein dextran; FG — FluoroGold; FR —FluoroRuby; GB — green beads; P — micropipette; RB — red beads; S —

microsyringe.
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