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Abstract

The pontomesencephalic tegmentum (PMT) provides cholinergic input to the inferior colliculus
(IC) and the medial geniculate body (MG). PMT cells are often characterized as projecting to
more than one target. The purpose of this study was to determine whether individual PMT
cholinergic cells, 1) innervate the auditory pathways bilaterally via collateral projections to left
and right auditory thalamus; or, 2) innervate multiple levels of the auditory pathways via collateral
projections to the auditory thalamus and inferior colliculus. We used multiple retrograde tracers to
identify individual PMT cells that project to more than one target. We combined the retrograde
tracer studies with immunohistochemistry for choline acetyltransferase to determine whether the
projecting cells were cholinergic. We found that individual PMT cells send branching axonal
projections to two or more auditory targets in the midbrain and thalamus. The collateral projection
pattern that we observed most frequently was to the ipsilateral IC and ipsilateral MG. Cells
projecting to both MGs were somewhat less common, followed by cells projecting to the
contralateral 1C and ipsilateral MG. Both cholinergic and non-cholinergic cells contribute to each
of these projection patterns. Less often, we found cells that project to one 1C and both MGs; there
was no evidence for non-cholinergic cells in this projection pattern. It is likely that collateral
projections from PMT cells could have coordinated effects bilaterally and at multiple levels of the
ascending auditory pathways.
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Cholinergic cells of the midbrain tegmentum are involved in a wide range of functions,
including arousal and the sleep-wake cycle, sensory gating, attention, novelty detection,
motor control, and reward prediction (Koyama et al., 1994; Reese et al., 1995b; Rye, 1997;
Swerdlow et al., 2001; Kozak et al., 2005; Pan and Hyland, 2005; Chen et al., 2006; Jones,
2008; Rostron et al., 2008; Jenkinson et al., 2009). The cholinergic cells occupy two nuclei -
the laterodorsal tegmental nucleus (LDT) and the pedunculopontine tegmental nucleus
(PPT) - that can be referred to collectively as the pontomesencephalic tegmentum (PMT).
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The cholinergic cells of the PMT accomplish their wide-ranging functions through broad
projections that extend to the spinal cord and to nuclei throughout the brainstem and into the
diencephalon (Woolf and Butcher, 1986; Rye et al., 1988; Woolf and Butcher, 1989;
Cornwall et al., 1990; Losier and Semba, 1993).

The widespread projections of the cholinergic nuclei arise from a relatively modest number
of cholinergic cells (there are approximately 20,000 cholinergic cells/ side in humans and
3000/ side in rats; Jones, 1990; Manaye et al., 1999), leading to the expectation that many of
the cholinergic axons must branch to innervate multiple targets. Evidence for such branching
has come from a variety of approaches, including juxtacellular labeling of individual PMT
cells (Mena-Segovia et al., 2008), antidromic activation from electrical stimulation of
multiple brain areas (Kayama and Ogawa, 1987) and from studies with dual retrograde
tracers. The retrograde tracer studies have identified projections to two thalamic nuclei
(lateral geniculate nucleus and central-lateral nucleus, Shiromani et al., 1990;
ventroposteromedial nucleus and ventrolateral nucleus, Beak et al., 2010; left and right
dorsal lateral geniculate nuclei, Turlejski et al., 1994), or to nuclei in different areas but with
shared functions (visual thalamus and superior colliculus, Billet et al., 1999; principle
sensory trigeminal nucleus and facial motor nucleus, Beak et al., 2010).

There is growing evidence for a close and extensive relationship between the PMT and the
auditory system. First, approximately half of the neurons in PMT respond to auditory stimuli
(Reese et al., 1995a). Second, the cholinergic cells of the PMT are essential for prepulse
inhibition of the acoustic startle response (Koch et al., 1993). This function relates to
sensory gating and has been tied to PMT connections with the inferior and superior colliculi
(Yeomans et al., 2006). Third, the PMT projects to several auditory nuclei, including the
cochlear nucleus (Motts and Schofield, 2005), the inferior colliculus (IC; Motts and
Schofield, 2009), and the medial geniculate body (MG; Hallanger et al., 1987; Steriade et
al., 1988; Motts and Schofield, 2010). Such projections could affect the auditory pathway
throughout its subcortical extent. In an earlier study, we identified collateral projections
from PMT cholinergic cells to the left and right inferior colliculi (Motts and Schofield,
2009). These results were reminiscent of the earlier studies (cited above) reporting
cholinergic collaterals in other systems, and suggested further that individual PMT cells
exert effects bilaterally on the auditory pathways. The purpose of the present study was to
determine whether PMT cholinergic cells innervate the auditory thalamus bilaterally (as
described for the visual thalamus, Turlejski et al., 1994) and/ or innervate multiple levels of
the auditory pathways via collateral projections to the auditory thalamus and inferior
colliculus.

Experimental Procedures

Surgery

All procedures were performed in accordance with the Institutional Animal Care and Use
Committee and the National Institutes of Health guidelines on the ethical use of animals.
Efforts were made to minimize suffering and the number of animals used for all
experiments. Pigmented guinea pigs (EIm Hill; Chelmsford, MA, USA) of either gender
weighing 250-875 grams were used. Data were collected from experiments in nine guinea
pigs. Data from some of these animals were described in previous studies focused on
projections to the IC (Motts and Schofield, 2009) or the MG (Motts and Schofield, 2010).
The present study was focused on cells that send branched axonal projections to two or more
targets (one IC and one or both MGs).

Each animal was anesthetized with isoflurane (4% for induction, 1.5-2.5% for maintenance)
in oxygen. The animal's head was shaved and cleansed with Betadine (Purdue Products L.P.,
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Stamford, CT, Rochester, N Y, USA). Ophthalmic ointment (Moisture Eyes PM, Bausch &
Lomb, Rochester, NY, USA) was applied to each eye. Atropine sulfate (0.05 mg/ kg, i.m.)
was administered to decrease respiratory secretions during surgery, and Ketofen (ketoprofen
3 mg/ kg, i.m.; Henry Schein, Melville, N Y, USA) was given for post-operative analgesia.
The animal was positioned with its head in a stereotaxic frame. A feedback-controlled
heating pad was used for maintaining the animal's body temperature. Sterile instruments and
aseptic technique were used for all surgical procedures.

An incision was made in the scalp and the wound edges were injected with Marcaine (0.25%
bupivacaine with epinephrine 1:200,000; Hospira, Inc., Lake Forest, IL, USA). A dental drill
was used to make a small hole in the skull and the tracer was injected (see details below).
The opening in the skull was covered with Gelfoam (Harvard Apparatus, Holliston, MA,
USA) and the scalp was sutured. Anesthesia was then discontinued and the animal was
removed from the stereotaxic frame and placed in a clean cage. The animal was monitored
in its cage until it was ambulatory and able to eat and drink.

Retrograde tracers

Retrograde tracers were injected into two or three different nuclei (left I1C; left and/ or right
MG; Table 1) in each animal. Injections into the IC were made with 1 ul Hamilton
microsyringes, which were used to deposit tracer at up to four sites within each IC (injection
volumes are shown in Table 1). Injections into the MG were made with 1 pl Hamilton
microsyringes or with a Nanoliter Injector (World Precision Instruments, Sarasota, FL,
USA) attached to a micropipette with a 25-30 um inside tip diameter. Deposits of tracer
were made at 1-4 sites within each target. We made large injections in the MG in some cases
to maximize labeling and small injections in the MG in other cases to minimize tissue
damage.

Perfusion and sectioning

Histology

After 5-25 days the animal was given an overdose of either sodium pentobarbital (440 mg/
kg, i.p.) or isoflurane (5% in oxygen, inhaled). After cessation of breathing and loss of the
withdrawal reflex, the animal was perfused through the vascular system with Tyrode's
solution, then 250 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, (pH 7.4) followed
by 250 ml of the same fixative with 10% sucrose added. The brain was removed and placed
in fixative with 25-30% sucrose and stored at 4° C. The following day the cerebellum and
cortex were removed. The brainstem was frozen and cut in the transverse plane on a sliding
microtome into 50 um thick sections. The sections were collected serially into six sets.

For some cases, in one tissue set (containing every sixth section), the tissue sections that
contained the MG were reacted with cytochrome oxidase (CO) for the identification of MG
subdivisions (Anderson et al., 2007). In some cases, one set was stained with thionin for
identification of cytoarchitectural borders and landmarks. The remaining sets of tissue were
used for immunohistochemistry.

Choline acetyltransferase (ChAT) immunohistochemistry was used to identify putative
cholinergic cells. For methodological details, including the results of control experiments,
see Motts et al. (2008). Briefly, sections were incubated for 1 day at 4° C with goat anti-
ChAT antibody (Chemicon AB 144P, diluted 1:25 - 1:100 [Millipore, Billerica, MA, USA]).
The sections were then treated with 1% biotinylated rabbit anti-goat antibody (BA-5000,
Vector Laboratories, Burlingame, CA, USA) and labeled with streptavidin conjugated to a
fluorescent marker (AlexaFluor 488 [green] or AlexaFluor 647 [near-infrared]; Invitrogen,
Carlsbad, CA, USA) that could be distinguished from the tracers used in the case (Table 1).
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The sections were mounted on gelatin-coated slides, air dried, and coverslipped with DPX
(Sigma).

Data analysis

Results

We used tissue stained with cytochrome oxidase to visualize borders of the MG subdivisions
(Anderson et al., 2007). Because some of the borders of the PPT and the LDT are indistinct
in a thionin stain, we used the distribution of ChAT-immunopositive cells to define the
extent of the nuclei (Leonard et al., 1995; Motts et al., 2008).

Every cell in PMT was examined for the presence of two (or more) retrograde tracers. Such
cells were interpreted as having branched axonal projections to the areas that received the
corresponding tracer injections. Each cell was also examined for the presence of ChAT
immunoreactivity. Immunopositive cells were interpreted as cholinergic.

A Neurolucida reconstruction system (version 9; MBF Bioscience, Williston, VT, USA)
attached to a Zeiss Axioplan Il microscope (Carl Zeiss, Inc., Thornwood, N Y, USA) was
used to plot labeled cells, nuclear borders and injection sites. Adobe Illustrator CS2 (Adobe
Systems, Inc., San Jose, CA, USA) was used to create line drawings.

A Zeiss Imager Z1 fluorescence microscope with AxioCam HRm (monochrome) and HRc
(color) cameras (Zeiss) was used to take photomicrographs. Monochrome images, including
all images of AlexaFluor 647, which fluoresces at infrared wavelengths, were obtained and
pseudocolor was applied either with the camera software (AxioVision 4.6, Zeiss) or with
Photoshop CS2 (Adobe Systems, Inc., San Jose, CA, USA). Photoshop CS2 or CS3 was
used to add scale bars and labels, size and crop images, erase background around tissue
sections, and adjust intensity levels in photomicrographs.

In order to assess the relative prominence of collateral branching, the double-retrograde cells
were counted and expressed as a percentage of the cells retrogradely labeled by either single
tracer. This analysis was based on a subset of cases in which 1) the MG injections were
largely or completely confined to the MG; and, 2) for each projection to be analyzed, there
were at least 50 retrogradely labeled cells per set (every sixth section) in the PPT and the
LDT (left and right sides combined). For quantitative analysis of projections to the IC, we
excluded any injection that spread beyond the IC, so the selection for quantitative analysis
focused on the number of labeled cells.

We combined retrograde tracing and immunohistochemistry to identify collateral projections
from PMT cells to 1) the left and right MG; or, 2) an IC and one or both MGs. As described
above (Table 1), we varied the tracer injected into a particular target in different animals.
The purpose of this was to avoid missing parts of a pathway that may be better labeled by a
particular tracer (e.g., an injection of red or green beads often labels more cells than a
similarly-sized injection of FluoroGold or fast blue; see discussions in Schofield et al., 2007;
Schofield, 2008). While there were differences in the overall number of cells labeled by
different tracers, there were no apparent qualitative differences in the results from the
various tracers. We begin by describing the results from injections of tracers into both MGs.
We then describe results from injections into one IC and one MG. Finally, we describe
results from cases with injections into one I1C and both MGs.

Collateral projections to the left and right MG

The larger injection sites typically filled most of the MG, and extended to varying degrees
into neighboring nuclei, such as the dorsal lateral geniculate nucleus or lateral posterior
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nucleus (Fig. 1 A and B). The smaller injections were largely or completely confined to the
MG, but did not fill its entire extent (Figure 1 C and D). Given that the PMT projects to the
surrounding nuclei (Steriade et al., 1988), for quantitative analysis we included only those
cases in which the injections were largely or completely confined to the MG (three cases). In
each of these three cases, we found PMT cells that project to both MGs (Fig. 2). The
majority of such cells (68%; 25 of 37 cells) were also immunopositive for ChAT, identifying
them as cholinergic cells. Among the immunopositive cells, the double-retrograde cells
constituted up to 9% of the cells that were labeled from the ipsilateral MG and up to 42% of
the cells that were labeled from the contralateral MG (Fig. 3). Overall, fewer cells project
contralaterally than ipsilaterally, so the double-retrograde cells make up a larger proportion
of the contralateral projection than the ipsilateral projection.

Collateral projections to one MG and one IC

Figure 4 shows a representative tracer injection in the IC. Tracer deposits into the IC
typically involved parts of all three major I1C subdivisions (central nucleus, dorsal cortex,
external cortex). It is common, particularly with the large injections used here, to observe an
area of tissue damage or necrosis in the center of the injection site (Schofield et al., 2007;
Schofield, 2008). Whether the necrosis occurs after the tracer is taken up, or damage to
axons in the necrotic zone allows uptake of the tracer, it appears that cells that project to the
necrotic area (as well as the surrounding, intact injection area) are routinely labeled. We
excluded any case in which the tracer extended medially into the periaqueductal gray,
ventrally into the tegmentum or rostrally into the superior colliculus. None of the injections
extended across the midline into the contralateral I1C.

Projections to an MG and an IC located on the same side—Figure 5 shows
representative examples of cells in the PMT that were labeled by both retrograde tracers.
This pattern of injections produced many more double-retrograde cells than any of the other
patterns we tested. Most, or in some cases all, of the double-retrograde cells in PMT were
located ipsilateral to the injections. The vast majority of cells projecting to both the
ipsilateral IC and the ipsilateral MG (85%; 95 of 112 cells; n = four cases analyzed) were
immunolabeled for ChAT. Among the immunopositive cells projecting to the two ipsilateral
targets, the double-retrograde cells constituted up to 66% of the cells that were labeled from
the ipsilateral IC and up to 34% of the cells that were labeled from the ipsilateral MG (Fig.
6).

Double-retrograde cells in the PMT contralateral to the IC and MG injections were
observed in two of the four cases used for quantitative analysis of this injection pattern. Two
cells were observed in one case and four cells in the other, suggesting that this projection
pattern is much less common than that to ipsilateral MG and ipsilateral IC. Despite the small
number of labeled cells, the population included both immunopositive and immunonegative
cells.

Projections to an MG and an IC located on different sides—Collateral projections
from the PMT to the contralateral IC and the ipsilateral MG were relatively common (Fig.
7). Six cases with injections into the left IC and the right MG met the criteria for quantitative
analysis. The projection from PMT to the contralateral IC and the ipsilateral MG was seen in
five of these six cases. Sixty-three percent of the cells with this projection pattern were
immunopositive (26 of 41 cells). Among the immunopositive cells, the double-retrograde
cells constituted up to 55% of the cells that were labeled from the contralateral IC and up to
17% of the cells that were labeled from the ipsilateral MG (Fig. 8).
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Five of the six cases in which we observed the PMT collateral projection to the contralateral
IC and the ipsilateral MG also had collateral projections to the ipsilateral I1C and the
contralateral MG. However, fewer cells showed this projection pattern (19, vs. 41 in the
previous pattern), suggesting that it is less common. Both immunopositive and
immunonegative cells were observed, indicating cholinergic and non-cholinergic collateral
projections.

Collateral projections to both MGs and one IC

Two animals had confined injections in the left IC and in each MG. This pattern of
injections could reveal cells that have branched projections to all three targets. We observed
a total of seven cells in the two animals that were triple labeled with retrograde tracers; all of
these cells were immunopositive (Fig. 9).

Non-cholinergic projections

The results above focus on the cholinergic cells in PMT with collateral projections.
However, we found immunonegative single and double-retrogradely labeled cells in every
case. The immunonegative cells were interspersed among the immunopositive cells.
Immunonegative and immunopositive cells were visible within the same focal plane,
indicating effective immunostaining. It seems likely that these immunonegative cells were in
fact non-cholinergic. Therefore, non-cholinergic cells contributed to each of the single and
double-retrograde pathways that we have described. It is interesting to note however that
every triple-retrograde labeled cell was immunopositive.

Discussion

We and others have described cholinergic projections from the PMT to the IC (Motts and
Schofield, 2009) and to the MG (Hallanger and Wainer, 1988; Steriade et al., 1988; Motts
and Schofield, 2010). In this paper we show that individual PMT cells send branching
axonal projections to two or more auditory targets in the midbrain and thalamus. The
collateral projection pattern that we observed most frequently was to the ipsilateral IC and
ipsilateral MG. Cells projecting to both MGs were also common, as were cells projecting to
the contralateral 1C and ipsilateral MG. Both cholinergic and non-cholinergic cells appear to
contribute to each of these projection patterns. Less often, we found cells that project to at
least one IC and both MGs; there was no evidence for non-cholinergic cells in this
projection pattern. We first address the technical issues of our experiments. We then explore
the functional significance of the projections. Finally, we discuss implications of our results
for studies that use electrical stimulation of the IC or MG.

Technical considerations

In order to identify cholinergic cells, we used an antibody against choline acetyltransferase
(ChAT). ChAT is considered a specific marker for cholinergic cells (Levey and Wainer,
1982; Armstrong et al., 1983; German et al., 1985; Maley et al., 1988). We have validated
this antibody in guinea pigs (Motts et al., 2008). We saw clearly labeled cells in the expected
areas, such as the cranial nerve motor nuclei and PMT. We conclude that the immunolabeled
cells are cholinergic.

The PPT and the LDT contain a variety of cell types, including cholinergic, GABAergic,
glutamatergic, and catecholaminergic cells (Vincent et al., 1986; Lavoie and Parent, 1994;
Ford et al., 1995; Leonard et al., 1995; Jia et al., 2003; Wang and Morales, 2009). Our
experiments yielded immunopositive and immunonegative retrogradely-labeled cells within
the same focal plane, which suggests that the antibody infiltrated the tissue adequately and
that the immunonegative cells are non-cholinergic. An important area for future studies will
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be to characterize the non-cholinergic cell types that contribute to the PMT projections to IC
and MG. This information will help in understanding the effects of the PMT projections to
subcortical auditory structures.

Some of our large injections spread beyond the MG, raising the possibility that some of the
labeled cells terminate outside the MG. However, we found multi-labeled cells following
injections confined to the MG, suggesting that at least some of the labeled cells terminate
within the MG. Injections into the IC were less problematic. We excluded any case in which
the tracer injection spread beyond the confines of the IC. The remaining injections were
large, but never filled the 1C. We conclude that, as with any study that uses multiple
retrograde tracers to identify collateral projections, our data underestimated the prevalence
of collateral projections.

Another issue with the use of retrograde tracers is the possibility of labeling axons of
passage. There is no evidence that PMT axons travel through the IC to another target (Shute
and Lewis, 1967), so it is unlikely that IC injections labeled PMT cells via axons of passage.
Injections in the MG could label PMT cells that project to more rostral thalamic (or
extrathalamic) targets if their axons traverse the MG. We have made attempts to minimize
the possibility that we have labeled axons of passage. We used red beads and green beads in
many of our experiments, which are less likely than other tracers to be taken up by axons of
passage (Katz and larovici, 1990). In addition, we have used micropipettes for some of our
injections (Table 1). Micropipettes cause less damage than syringes, thus decreasing the
likelihood of tracer uptake by axons of passage. We conclude that the majority of PMT cells
labeled by our MG injections are likely to project to the MG.

We report the frequency of collateral projections as a percentage of the cells that project to
either target. Because of the inherent underestimation of the frequency of collaterals, we
report the range of percentages across cases and suggest that the maximum percentage seen
may be a more accurate representation of the true frequency of the occurrence of collaterals
than the average percentage across cases.

Our use of relatively large injections maximizes the number of labeled cells, allowing us to
identify as many projection patterns as possible and minimizing the limitations associated
with double-labeling with retrograde tracers (Schofield et al., 2007). This is a reasonable
“first step” in identifying collateral projection patterns, but it limits conclusions regarding
the finer details of the projections. It will be of particular interest in future studies to
determine whether cholinergic axons terminate differentially in specific subdivisions of the
IC or MG. Given the different functions attributed to these subdivisions (see discussions in
Rouiller, 1997; Malmierca and Hackett, 2010), distinct patterns of cholinergic innervation
could provide additional insight into the cholinergic effects on auditory processing.

Functional implications

The PMT is considered part of the ascending reticular activating system. It has been
implicated in a wide array of functions, including attention, arousal, sleep and wakefulness,
locomotion, memory, posture, and muscle control (Reese et al., 1995b; Rye, 1997). More
recent studies have raised the possibility of a PMT contribution to stimulus-specific
adaptation and novelty detection in the auditory system (Koyama et al., 1994; Schofield and
Motts, 2009; Schofield, 2010). Collateral projections may be associated with many of the
PMT functions. Woolf and Butcher (1986) report multiple PMT collateral projections -
some to two thalamic targets, some to one thalamic target plus one other target, and some to
two non-thalamic sites. They suggest that the “widespread, extensively collateralizing
projections of the PMT cholinergic complex...provide neuroanatomical support for the
conjecture that this system plays a role in the coordination of sensory, motor, and limbic
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functions” (Woolf and Butcher, 1986, page 635). In the context of the auditory system, the
PMT cholinergic cells have been implicated in sensory gating. Much of the work on this
issue has focused on the essential role of the PMT in prepulse inhibition of the startle reflex
(Koch et al., 1993; Fendt et al., 2001; Diederich and Koch, 2005; Yeomans et al., 2006;
Bosch and Schmid, 2008). It seems likely that the PMT cholinergic projections to the 1C and
the MG could play a similar role in gating auditory information. The existence of collateral
projections to multiple auditory targets, as shown in the present study, could reflect a gating
function exerted nearly simultaneously at several points along the auditory pathways. If the
cholinergic cells are activated by novel stimuli, then their collateral projections could
represent an efficient means for a relatively small number of cells to promote transmission
of novel information to a level of conscious awareness.

There is now evidence that cholinergic effects can be exerted by bilaterally branching axonal
projections in multiple sensory systems. In the visual system, Turlejski et al. (1994)
demonstrated PMT collateral projections to both dorsal lateral geniculate nuclei. They
surmised that “the projections from the modulatory nuclei of the pontomesencephalic
tegmentum are likely to contribute to the functional synchronization of both dorsal lateral
geniculate nuclei during the sleep -wakefulness cycle and saccadic eye movements” (page
533). We have now shown bilateral projections from PMT to several combinations of
auditory nuclei: to both ICs (Motts and Schofield, 2009); to both MGs (present study); and
to one IC and the opposite MG (present study). It is likely, then, that the cholinergic
projections have coordinated effects on the ascending auditory pathways on both sides of the
brain. Cholinergic cells in the PMT are known to innervate other sensory systems (e.g.,
vestibular: Woolf and Butcher, 1989; somatosensory: Beak et al., 2010; taste: Ruggiero et
al., 1990); it would be interesting to determine whether bilateral axonal branching
characterizes the cholinergic projections to these sensory systems.

Implications for electrical stimulation studies

Electrical stimulation of auditory nuclei has been a useful tool in a variety of studies (Nowak
etal., 1999; Ota et al., 2004; Silva et al., 2005; Wu and Yan, 2007). Our results highlight a
possibility for antidromic/ collateral activation that may not have been previously
considered. Electrical stimulation of either the IC or the MG could activate cholinergic
arousal (or other) mechanisms via antidromic stimulation of PMT. Given the present results,
stimulation of one MG, for example, could lead to release of acetylcholine in the opposite
MG or either IC. Stimulation of the IC could lead to release of acetylcholine bilaterally in
the MG. In fact, we have shown previously that PMT cells send collateral projections to
both I1Cs (Motts and Schofield, 2009) and that some PMT cells send branches to the IC and
the cochlear nucleus (Motts and Schofield, 2006). It seems likely, then, that electrical
stimulation at one of these sites could lead to release of acetylcholine across a wide range of
the auditory pathways. The divergent projections from these cells could be important not
only for the function of the cholinergic system but also for the design and interpretation of
electrical stimulation studies. In this context, it is particularly noteworthy that several
investigators have supplemented electrical stimulation studies with parallel studies using
chemical stimulation (e.g., Dringenberg et al., 2004). The chemical stimulation relies on
activation of receptors on the neurons in the stimulation area, and thus does not activate
axons in the stimulation area. While there are additional limitations with chemical
stimulation (e.g., compared with electrical stimulation, one has much less control over the
temporal aspects of chemical stimulation), the ability to avoid antidromic/ collateral
activation provides a strong benefit for interpreting the chemical stimulation studies.
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APT
Aq
ChAT
clC
cMG
CO

dl

FB
FG
GB

ICc
ICd
ICx
ilC
iMG
LDT

MG
PPT
PMT
RB

SC

9
SN

anterior pretectal nucleus

aqueduct

choline acetyltransferase

contralateral inferior colliculus

contralateral medial geniculate body

cytochrome oxidase

dorsolateral subdivision of the medial geniculate body
fast blue

FluoroGold

green beads

inferior colliculus

central nucleus of the inferior colliculus

dorsal cortex of the inferior colliculus

external cortex of the inferior colliculus
ipsilateral inferior colliculus

ipsilateral medial geniculate body

laterodorsal tegmental nucleus

medial subdivision of the medial geniculate body
medial geniculate body

pedunculopontine tegmental nucleus
pontomesencephalic tegmentum

red beads

shell

superior colliculus

suprageniculate subdivision of the medial geniculate body
substantia nigra

ventral subdivision of the medial geniculate body
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Figure 1.

Photomicrographs of representative large and small tracer injections into the MG. A) Large
red bead (RB) injection that was confined to the left MG (solid outline). GP 633. The black
area in the center of the injection represents an area in which the tissue fell loose during
processing. B) A large FluoroGold injection that spread ventrally beyond the borders of the
right MG. GP 633. Solid line - approximate borders of the MG. Scale bar applies to A and B
(500 um). C) Smaller injection of red beads that is centered in the ventral MG (v) and
extends into the dorsolateral subdivision (dl). GP 595R. D) A small injection of red beads
within the suprageniculate subdivision (sg). GP 586R. Transverse sections; dorsal is up;
lateral is to the left in A, C-D and to the right in B. Scale bars = 500 um. 3, oculomotor
nucleus; APT, anterior pretectal nucleus; Aq, aqueduct; dl, dorsolateral; m, medial; s, shell;
SC, superior colliculus; sg, suprageniculate; SN, substantia nigra; v, ventral. C and D
adapted from Motts and Schofield, 2010, with permission.
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Figure 2.

Photomicrographs of immunopositive PMT cells that project to both MGs. For each column,
the top panel represents labeling from an injection in the left MG, the middle panel
represents labeling from an injection in the right MG, and the bottom panel represents
immunolabeling for ChAT. In each column all three panels show the same field of view
using different filters to visualize the different fluorescent labels. A) FluoroGold (FG) was
injected in the left MG and green beads (GB) were injected in the right MG. Arrowhead -
cell in left PPT labeled for FG (top panel), GB (middle panel), and ChAT-immunoreactivity
(bottom panel). GP 484. B) Green beads were injected in the left MG and red beads were
injected into the right MG. Arrowhead - cell in the left LDT labeled for GB (top panel), RB
(middle panel), and ChAT-immunoreactivity (bottom panel). GP 585. Scale bars = 10 um.
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Figure 3.
Schematic summary of cholinergic collateral projections from PMT cells to the ipsilateral

and contralateral MG. Three cases were used for quantitative analysis of this projection
pattern. The numbers express the range of percentages of cells with collateral projections
compared with the cells that project to only one of the two nuclei. In other words, the
bilaterally-projecting cells (those that contained both retrograde tracers) constituted up to
9% of the cells that projected to the ipsilateral MG (indicated by the associated oval, and
representing cells that contained only the ipsilateral tracer + cells that contained both
tracers). The same population of bilaterally-projecting cells constituted up to 42% of the
cells that projected to the contralateral MG. Line thickness of arrows in this and subsequent
drawings reflects the relative size of the projection (measured as the number of cells found
in each projection). Note that this (and subsequent) schematics illustrate the immunopositive
[i.e., cholinergic) cells; immunonegative cells were also labeled but are not included in the
schematic summaries.
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Figure 4.

Photomicrograph through the center of a Fast Blue injection site in the left IC. The black
area in the center of the injection represents an area in which the tissue disintegrated during
processing. GP 587. Transverse section; dorsal is up; lateral is to the left. Scale bar = 500
um. ICc, central nucleus of the inferior colliculus; I1Cd, dorsal cortex of the inferior
colliculus; ICx, external cortex of the inferior colliculus.
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Figure 5.

Photomicrographs of immunopositive PMT cells that project to both the ipsilateral 1C and
the ipsilateral MG. For each column, the top panel represents labeling from the injection in
the ipsilateral MG, the middle panel represents labeling from the injection in the ipsilateral
IC, and the bottom panel represents immunolabeling for ChAT. In each column all three
panels show the same field of view using different filters to visualize the different
fluorescent labels. A) Green beads were injected into the left MG and Fast Blue was injected
into the left IC. Arrowhead - cell in the left PPT labeled for GB (top panel), FB (middle
panel), and ChAT-immunoreactivity (bottom panel). GP 587. B) FG was injected into the
left MG and RB was injected into the left IC. Arrowhead - cell in the left PPT labeled for

FG (top panel), RB (middle panel), and ChAT-immunoreactivity (bottom panel). Scale bars
=10 um. ilC, ipsilateral IC; iMG, ipsilateral MG.
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Figure 6.

Schematic summary of cholinergic collateral projections from PMT cells to the ipsilateral IC
and ipsilateral MG. Four cases were used for quantitative analysis of this projection pattern.
The numbers express the percentages of cells with collateral projections compared with the
cells that project to only one of the two nuclei. Line thickness for this and other arrow
drawings reflects the relative size of the projection (measured as the number of cells found
in each projection).
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Figure 7.

PMT cells that project to the contralateral IC and the ipsilateral MG. For each column, the
top panel represents labeling from a GB injection in the right MG, the middle panel
represents labeling from a RB injection in the left IC, and the bottom panel represents
immunolabeling for ChAT. All three panels show the same field of view using different
filters to visualize the different fluorescent labels. Cells in the right PPT (A) and LDT (B)
labeled for GB (top panel), RB (middle panel), and ChAT immunoreactivity. Arrowheads
show cells that project to the contralateral IC and ipsilateral MG and are ChAT
immunopositive. GP 484. B) Cell in the right LDT that projects to the contralateral IC and
ipsilateral MG and is ChAT immunopositive. GP 484. Scale bars = 10 um. cIC, contralateral
IC; cMG, contralateral MG; ilC, ipsilateral IC; iMG, ipsilateral MG.
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Figure 8.

Schematic summary of cholinergic collateral projections from PMT cells to the contralateral
IC and ipsilateral MG. Six cases were used for quantitative analysis of this projection
pattern. The numbers express the percentages of cells with collateral projections compared
with the cells that project to only one of the two nuclei. Line thickness reflects the relative
size of the projection (measured as the number of cells found in each projection).
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Figure 9.

Photomicrographs of immunopositive PMT cells that project to one IC and both MGs. For
each column, the top panel represents labeling after a FG injection in the left MG, the
second panel represents labeling after a GB injection in the right MG, the third panel
represents labeling after a RB injection in the left IC, and the bottom panel represents
immunolabeling for ChAT. All four panels show the same field of view using different
filters to visualize the different fluorescent labels. GP 484. A) Cells in the left LDT labeled
for FG (top panel), GB (second panel), RB (third panel), and ChAT immunoreactivity
(bottom panel). B) Cells in right PPT labeled for the same markers as listed in A.
Arrowheads show a cell that contains all four markers. Scale bars = 10 um. C) Schematic
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illustrating the two projection patterns shown in A and B. The solid lines indicate the
projections of cell A, while the dotted lines indicate the projections of cell B. cIC,
contralateral IC; cMG, contralateral MG; ilC, ipsilateral IC; iMG, ipsilateral MG.
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Summary of injection sites and immunolabel. List of tracers injected in each case and the fluorescent label
used to visualize the ChAT immunoreactivity. Values in parentheses indicate the total volume of tracer
injected into the indicated structure. “x” indicates that no injections were made at that location in that animal.
* denotes a Nanoliter injection; all other injections were made with a microsyringe. AF 488 — AlexaFluor 438
[green]; AF 647 — AlexaFluor 647 [near-infrared]; FB — Fast Blue (EMS-Chemi GmbH, Gross Umstadt,
Germany); FG -FluoroGold (FluoroChrome, Inc., Englewood, CO, USA); GB - green beads (Luma-Fluor,
Inc., Naples, FL, USA), RB - red beads (Luma-Fluor, Inc.).

Case Tracer in left IC (total volume)  Tracer in left MG (total volume)  Tracer in right MG (total volume)  Immunolabel
GP 481 RB (0.6 ul) FG (0.05 pl) GB (0.4 ul) AF 647
GP 482 RB (0.6 pl) FG (0.05 pl) GB (0.4 pl) AF 647
GP 484 RB (0.6 pl) FG (0.05 pl) GB (0.2 pl) AF 647
GP 585 FB (0.6 pl) GB* (69 nl) RB* (69 nl) AF 647
GP 586 FB (0.6 pl) GB* (69 nl) RB* (69 nl) AF 647
GP 587 FB (0.6 pl) GB* (69 nl) RB* (69 nl) AF 647
GP 595 FG (0.3 pul) GB* (69 nl) RB* (69 nl) AF 647
GP 604 GB (0.6 pl) FG (0.05 pl) X AF 647
GP 633 X RB (0.4 pl) FG (0.05 pl) AF 488
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