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Abstract
Stimulation of neurons in the cuneiform nucleus (CnF) produces antinociception and
cardiovascular responses that could be mediated, in part, by noradrenergic neurons that innervate
the spinal cord dorsal horn. The present study determined the projections of neurons in the CnF to
the pontine noradrenergic neurons in the A5, A6 (locus coeruleus), and A7 cell groups that are
known to project to the spinal cord. Injections of the anterograde tracer, biotinylated dextran
amine in the CnF of Sasco Sprague-Dawley rats labeled axons located near noradrenergic neurons
that were visualized by processing tissue sections for tyrosine hydroxylase-immunoreactivity.
Anterogradely-labeled axons were more dense on the side ipsilateral to the BDA deposit. Both A7
and A5 cell groups received dense projections from neurons in the CnF, whereas locus coeruleus
received only a sparse projection. Highly varicose anterogradely-labeled axons from the CnF were
found in close apposition to dendrites and somata of tyrosine hydroxylase-immunoreactive
neurons in pontine tegmentum. Although definitive evidence for direct pathways from CnF
neurons to the pontine noradrenergic cell groups requires ultrastructural analysis, the results of the
present studies provide presumptive evidence of direct projections from neurons in the CnF to the
pontine noradrenergic neurons of the A7, locus coeruleus, and A5 cell groups. These results
support the suggestion that the analgesia and cardiovascular responses produced by stimulation of
neurons in the CnF may be mediated, in part, by pontine noradrenergic neurons.
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1. INTRODUCTION
The cuneiform nucleus (CnF) is a part of midbrain reticular formation (Jones, 1995) located
ventral to the inferior colliculus, lateral to the mesencephalic trigeminal nucleus, medial to
the lateral lemniscus, and dorsal to the pedunculopontine tegmental nucleus and the
parabrachial region (Paxinos and Watson, 1998). The CnF receives extensive afferent
projections from ascending spinomesencephalic tract neurons in laminae I (Lima and
Coimbra, 1989; Menetrey et al. 1982; Swett et al. 1985; Veazey and Severin, 1982), V
(Leah et al. 1988; Menetrey et al. 1982), IX (Menetrey et al. 1982; Leah et al. 1988), and its
neurons are responsive to nociceptive stimuli (Carlson et al. 2004; Haghparast et al. 2010;
Lanteri-Minet et al. 1994). Activation of CnF is associated with bradycardia, increased
blood pressure, as well as antinociception. Specifically, electrical stimulation of sites in the
CnF increases blood pressure (Lam and Verberne, 1997; Verberne, 1995; Verberne et al.,
1997) and produces bradycardia (Korte et al., 1992). Bradycardia is also produced by
microinjection of the excitatory amino acid glutamate or homocysteic acid into the CnF (Lin
et al., 1987). Furthermore, both electrical (Guinan et al. 1989; Sandkuhler and Gebhart,
1984; Zemlan and Behbehani, 1988) and chemical stimulation of the CnF by microinjection
of morphine (Haigler, 1976; Haigler and Mittleman, 1978) or glutamate (Carstens, 1988;
Carstens et al. 1990) produces antinociception. Finally, microinjections of the nicotinic
cholinergic agonist N-methylcarbachol in the CnF produces antinociception that can be
blocked by intrathecal injection of alpha2-adrenoceptor antagonists (Iwamoto and Marion,
1993) suggesting that the antinociception produced by stimulation of neurons in the CnF is
mediated, in part, by activating spinally projecting noradrenergic neurons.

Since neither the CnF nor the spinal cord dorsal horn contains noradrenergic neurons
(Dahlstroem and Fuxe, 1964; Hokfelt et al. 1984), CnF neurons must either directly or
indirectly activate spinally projecting noradrenergic neurons. Three noradrenergic cell
groups, designated A5, A6 (locus coeruleus, LC), and A7 (Dahlstroem and Fuxe, 1964), are
known to project to the spinal cord (Westlund and Coulter, 1980; Westlund et al. 1981,
1982, 1983). In Sasco Sprague-Dawley rats, the noradrenergic neurons in the A7 cell group
are implicated in modulation of antinociception (Clark and Proudfit, 1991b; Holden et al.
1999; Nuseir and Proudfit, 2000; Yeomans et al. 1992; Yeomans and Proudfit, 1992). In
addition, noradrenergic A5 neurons are implicated in mediation of cardiovascular responses,
such as bradycardia (Byrum and Guyenet, 1987; Clark and Proudfit, 1993; Drye et al. 1990;
Loewy et al. 1979a, 1979b, 1986), as well as antinociception (Burnett and Gebhart, 1991;
Miller and Proudfit, 1990). Finally, descending neurons in the caudal LC innervate the
spinal cord ventral horn (Bjorklund and Skagerberg, 1982, Clark and Proudfit, 1991a, Clark
et al. 1991, Proudfit and Clark, 1991, Clark and Proudfit, 1992) and are implicated in control
of motor reflexes (Fung et al. 1991). Thus, we hypothesized that CnF neurons project to the
noradrenergic neurons of the A7 and A5 cell groups, but not the LC. Presented studies
analyzed projections of neurons in the CnF to the A5, LC, and A7 cell groups in Sasco
Sprague-Dawley rats by using anterograde tracer biotinylated dextran amine (BDA)
combined with immunocytochemical detection of the catecholamine synthesizing enzyme
tyrosine hydroxylase (TH) in the same tissue sections. Although definitive evidence for the
existence of monosynaptic pathways requires ultrastructural analysis, the results of the
present studies provide presumptive evidence for direct projections from neurons in the CnF
to pontine noradrenergic cell groups.

Bajic and Proudfit Page 2

J Chem Neuroanat. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. MATERIALS AND METHODS
2.1. Animal Care and Use

The University of Illinois Animal Care and Use Committee approved the experimental
protocols involving the use of vertebrate animals. Also, the experiments were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80–23, revised 1996). All efforts were made to minimize
animal suffering, reduce the number of animals used, and use alternatives to in vivo
experiments.

2.2. Tracer Iontophoresis
The anterograde tracer BDA was iontophoretically deposited into sites in the CnF of twelve
female Sprague-Dawley rats (250 – 350 g; Sasco, Madison, MI) and six of these cases were
selected for the analysis (Fig. 1). Animals were deeply anesthetized with pentobarbital (50
mg/kg) and surgically prepared using aseptic techniques. No estrous stage was determined at
the time of sacrifice. A glass micropipette with a tip diameter of 15–20 μm that was filled
with a 10% solution of BDA (10,000 MW; D-1956, Molecular Probes, Eugene, OR) in
saline was lowered to the appropriate target site in the CnF using the following stereotaxic
coordinates: anterior 0.7 mm, ventral 4.3 mm, and lateral 1.7 mm with the incisor bar set at
-2.5 mm. Coordinates are relative to the interaural line. BDA was iontophoretically ejected
using 5–10 μA positive current pulses of 500 msec duration at a rate of 0.5 Hz for 20
minutes. The pipette remained in place for 60 seconds after the injection to minimize
diffusion of the tracer along the electrode track. A period of 12 to 18 days was allowed for
tracer transport and the animals were then deeply anesthetized with pentobarbital (50 mg/kg)
and transcardially perfused using the method of Brandt and Apkarian (Brandt and Apkarian,
1992) as follows: 80 ml of physiological saline, followed by 100 ml of 4%
paraformaldehyde in 0.1 M acetate buffer (pH 4.5), 300 ml of chilled 4% paraformaldehyde
in 0.05 M borate buffer with 0.05% glutaraldehyde (pH 9.5), and 300 ml of chilled 10%
sucrose solution in 0.1 M phosphate buffer (pH 7.6). Fixed brains were removed, cut into
blocks, and stored in a solution of 20% sucrose in phosphate buffer (pH 7.6; 4°C) for several
days.

2.3. Tissue Processing
Tissue blocks were frozen, 40 μm transverse sections were cut on a cryostat microtome and
free-floating sections were processed for visualization of BDA and TH-immunoreactivity
using methods described in a previous report (Bajic and Proudfit, 1999). Briefly, sections
were first processed for visualization of BDA by incubating tissue sections for 60 – 90
minutes in a solution containing the avidin-biotin complex (Elite Standard Vectastain ABC
Kit, PK-6100, Vector Laboratories, Inc., Burlingame, CA) followed by two 10 minute rinses
in phosphate-buffered saline (PBS, pH 7.6, 21°C) and a 2 minute rinse in 0.1 M Tris-
buffered saline (TBS, pH 7.6). Blue-black nickel-enhanced peroxidase reaction product was
produced by incubating tissue sections for 4–5 minutes in a solution containing 0.4 g of
nickel ammonium sulfate, 15 mg of 3–3′ diaminobenzidine (Aldrich, Milwaukee, WI) and
16 μl of 30% hydrogen peroxide in 100 ml of 0.1 M TBS.

To visualize the location of tyrosine hydroxylase-immunoreative (TH-ir) neurons, brainstem
sections were next incubated for 12 hours in a solution containing mouse antisera directed
against TH (Incstar Corp., Stillwater, MN) that was diluted 1:1000 with PBS and contained
0.5% Triton X-100. After two 10 minutes rinses in PBS, tissue sections were incubated for
50 –60 minutes in a solution containing donkey anti-mouse secondary antibody (Jackson
ImmunoResearch Laboratories, Inc., W. Grove, PA) diluted 1:100 with PBS that contained
0.5% Triton X-100, and were then rinsed twice in PBS. Finally, tissue sections were
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incubated for 50 – 60 minutes in a solution containing mouse peroxidase anti-peroxidase
complex (ICN Pharmaceuticals, Inc., Costa Mesa, CA) diluted 1:150 with PBS that
contained 0.5% Triton X-100, followed by two 10 minute rinses in PBS and a 2 minute rinse
in 0.1 M TBS. Brown perioxidase reaction product was produced by incubating tissue
sections for 3 minutes in a solution containing 22 mg of 3–3′ diaminobenzidine and 20 μl of
30% hydrogen peroxide in 100 ml of 0.1 M TBS. Sections were rinsed in PBS, mounted
from 0.033 M phosphate buffer onto subbed slides, allowed to air-dry before dehydration in
a series of ethanol, cleared in xylene, and coverslipped. This processing produced brown
staining of TH-ir neurons in the noradrenergic cell groups that were clearly distinguishable
from the blue-black staining of BDA-labeled axons that originate in the CnF.

2.4. Microscopic Analysis
The drawings, counting of terminals, and density calculations were done using a 10×, 20×,
as well as 60× oil immersion microscope objective and digital imaging software
Neurolucida (MicroBrightField Inc., Colchester, VT). The numbers of anterogradely labeled
axons with varicosities that were closely apposed to TH-ir profiles were determined by
counting axons apposed to labeled somata and dendrites on both the ipsi- and contralateral
sides of noradrenergic cell groups of interest. Being that the LC and A5 cell groups extend
along the rostro-caudal axis, in comparison to the more compact nucleus of the A7 cell
group, we have divided both the LC and A5 to rostral and caudal divisions. Specifically, the
rostrocaudal extent of the A7 cell group corresponded to plates 53–57 of Paxinos’ Atlas
(Paxinos and Watson, 1998), while A5 cell group area of quantification corresponded to
plates 56 to 62. The rostral A5 sections were located at the level of the motor nucleus of the
trigeminal nerve while the caudal sections were located at the level of the superior olive.
The rostrocaudal extend of the LC analysis corresponded to plates 55 to 61 of Paxinos’ Atlas
(Paxinos and Watson, 1998). The rostral and caudal LC sections were located at the level of
the motor nucleus of the trigeminal nerve and the genu of the seventh nerve, respectively.
Thus, anterogradely-labeled axons were counted in at least five transverse sections along the
rostro-caudal axis through both rostral and caudal divisions of the LC and the A5 cell
groups, as well as throughout the A7 cell group.

Quantitative analysis included all 6 cases shown in Figure 1. Anterogradely-labeled axons
were considered ‘closely apposed’ to TH-ir profiles if: (1) the axonal varicosity was located
immediately adjacent to a TH-ir profile and both structures were in the same focal plane, or
(2) the varicosity was located on the surface of a TH-ir profile and in the same focal plane as
the labeled profile. The density of axons that were closely apposed to TH-ir somata and
dendrites was determined by counting all axons with varicosities located within a
circumscribed area that included all TH-ir profiles in each of the noradrenergic cell groups.
Neurolucida software determined surface area of the initial circumscribed area of analysis.
The surface area of regions of interest was in the range of 0.6–1.0 mm2, 0.2–0.9 mm2, and
0.6–1.2 mm2 for A7, LC, and A5 cell groups respectively. Thus, density values were
expressed as the average number of varicosities per mm2/cell group/brain (Table 1). All
anterogradely-labeled axons were counted on both the ipsilateral and contralateral sides of
each defined area of the noradrenergic cell groups. Comparison of average number of total
ipsilateral varicosities closely apposed to noradrenergic profiles among different cell groups
was done using one-way ANOVA analysis (VassarStats: Website for Statistical
Computation); p-value less than 0.05 was considered statistically significant. Neurolucida
drawings containing outlines of coronal sections, anterogradely-labeled axons, and
noradrenergic neurons were exported into the Corel Draw Graphic Suite using PC computer
for final editing of presented schematic drawings. Specifically, although some of the
drawings are shown at low magnification (Fig. 2), tracing was done at either 20× or 60×
magnification. For the Fig. 3, lines were edited for selected colors in the Neurolucida file
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prior to exporting it to Corel Draw software (Corel Inc., Mountain View, CA). The latter
was used to assemble different panels and to add lettering. No scanning of drawings was
done at any time. We did not digitally edit any of the presented photomicrographs.

3. RESULTS
3.1. Anterograde Tracer Deposits in the CnF

The six cases that were selected for analysis had deposits of the anterograde tracer BDA
centered in the CnF at the level of the inferior colliculus (Fig. 1). The solid black area
represents the size of the effective tracer deposit whereas surrounding gray area represents a
dense concentration of BDA-labeled axons exiting from neurons at the injection site. Most
of the BDA deposits were similar in size, shape and location and produced similar patterns
of anterograde labeling. We also included a case with one smaller deposit (Fig. 1). Although
the density of labeling was less, the labeling pattern was similar despite the smaller size of
the injection.

3.2. Projections of CnF Neurons to the Pontine Noradrenergic Cell Groups
The BDA deposits in the CnF, as illustrated in Fig. 1, produced predominant anterograde
labeling of axons on the ipsilateral side, although significant, but less intense labeling was
also present on the contralateral side throughout the rostrocaudal axis of the pons (Fig. 2;
Table 1). Of all the noradrenergic cell groups analyzed, the highest density of axons was
found in the dorsolateral pontine tegmentum in the area that includes the A7 cell group (Fig.
2A and 3B). In the caudal pons, anterogradely-labeled axons were also found in the area that
includes the rostral A5 cell group (Fig. 2 and 3). In contrast, caudal A5, and LC along the
rostrocaudal axis received only sparse projections from neurons in the CnF (Fig. 2 and 3).

3.2.1. Projections of CnF neurons to the A7 cell group—The BDA deposits into
the CnF produced a moderate density of anterogradely-labeled axons in the area of the
noradrenergic neurons in the A7 cell group (Fig. 3B). This area appeared to be a terminal
field that contained some branching axons, many of which exhibited numerous varicosities.
It was estimated that in the ipsilateral A7 cell group, about 23% of all anterogradely-labeled
varicosities were closely apposed to TH-ir profiles (Fig. 3B and 4A; Tables 1 and 2).
Approximately 95% of the anterogradely-labeled varicosities that were closely apposed to
TH-ir profiles were apposed to noradrenergic dendrites (Fig. 3B; Table 1 and 3), whereas
only about 5% appeared to be apposed to noradrenergic somata (Fig. 3B and 4A; Table 1
and 3).

3.2.2. Projections of CnF neurons to the LC—The BDA deposit into the CnF labeled
only a small number of axons in the area of the noradrenergic neurons in both the rostral and
the caudal subregions of the LC, including the periocoerulear regions (Fig. 2B and C). More
specifically, the area that was analyzed included the noradrenergic somata in the LC proper,
and both the medial pericoerulear region, immediately adjacent to the LC proper, and the
lateral pericoerulear region, medial to the ventral parabrachial nucleus (Aston-Jones, 2004).
Despite a very low density, about 52% of anterogradely-labeled varicosities in the area of
the rostral LC were near TH-ir processes, whereas the remaining 48% were not closely
apposed to TH-ir neurons (Fig. 3C; Table 1 and 2). Such results suggest that while it is of
lower density, the CnF projection to LC seems to be more specifically targeting the
noradrenergic neurons. Furthermore, the average number of total anterogradely-labeled
varicosities closely apposed to the ipsilateral noradrenergic profiles in the LC was not
statistically different from the average total number of other groups (Table 1; column 2; F
(5, 24)=2.38, p=0.06). In the caudal LC, only about 25% of anterogradely-labeled
varicosities were closely apposed to TH-ir processes (Fig. 3D; Table 1 and 2). All of these
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anterogradely-labeled varicosities that were closely apposed to TH-ir profiles in both the
rostral and the caudal regions of the noradrenergic LC neurons were apposed to
noradrenergic dendrites (Table 1 and 3).

3.3.3. Projections of CnF neurons to the A5 cell group—The BDA deposits into
the CnF produced a relatively significant density of anterogradely-labeled axons in the area
of the TH-ir somata and dendrites that comprise the rostral A5 cell group (Fig. 2B and 3E;
Table 1). Although they were evenly distributed along the rostro-caudal axis of the A5 cell
group, they were less numerous in its caudal subdivision (Fig. 2C and 3F; Table 1). This
area appeared to be a terminal field that contained some branching axons (Fig. 3E and F)
and axons exhibiting numerous varicosities (Fig. 4B). It was estimated that 14% and 24% of
anterogradely-labeled axons were closely apposed to TH-ir profiles in the rostral and caudal
subregions of the A5 cell group, respectively (Table 2). In the rostral A5 cell group, these
were apposed only to TH-ir dendrites (Table 1 and 3). In the caudal A5 cell group, only
about 2% of these appeared apposed to noradrenergic somata (Fig. 4B; Table 1 and 3).

4. DISCUSSION
The major goal of the present anatomical studies was to determine descending efferent
projections of the neurons in the CnF using the anterograde tracer, BDA, and their relation
to descending pontine noradrenergic neurons: A5, A6 (LC), and A7 cell groups. High
density of varicose axons anterogradely-labeled from the CnF were found in the dorsolateral
and ventrolateral pontine tegmentum, regions of A7 and A5 cell groups, respectively. This
light microscopic study also provides presumptive evidence of direct projections from
neurons in the CnF to all three pontine noradrenergic cell groups analyzed.

4.1. Methodological Considerations
The main limitation of the present study is inherent to all anterograde transport studies and
these include the spread of the anterograde tracer from the injection site and uptake by
neurons in neighboring brain areas, as well as uptake by damaged fibers that pass through
the site of the tracer deposit. In this study, BDA injections were confined to the CnF to
eliminate labeling of surrounding brain areas (Fig. 1) such as periaqueductal gray and
reticular formation of the midbrain. Glass micropipettes with small tip diameters were used
to produce minimal neuronal damage while injecting the tracer. An additional potentially
confounding factor is the retrograde labeling of neurons with axons that project to the tracer
injection site, and subsequent anterograde transport in axon collaterals (Brandt and
Apkarian, 1992; Veenman et al. 1992; Wouterlood and Jorritsma-Byham, 1993). Although a
systematic study of this retrograde-anterograde transport was not done, only a small number
of retrogradely labeled neurons were observed, and these were randomly distributed in the
brainstem and were not concentrated in any particular region. Thus, it is unlikely that these
scattered retrogradely labeled neurons provide a significant contribution to the labeling of
axons and terminals seen in the noradrenergic cell groups after anterograde tracer deposits in
the CnF. Future studies should include a novel anterograde tracing technique involving
GFP-containing recombinant adeno-associated virus vector that virtually has no retrograde
tracing. Although showing the same pattern of distribution, it is considered superior to
tracers such as biotinylated dextrans and Phaseolus vulgaris leucoagglutinin (Chamberlin et
al. 1998; Gautron et al. 2010). Finally, due to limitation of light microscopic resolution,
presented quantitative analysis might be overestimation of the actual contacts with
noradrenergic neurons. This should be elucidated by future studies using electron
microscopic approach.
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4.2. Projections of Neurons Originating from the CnF to Pontine Noradrenergic Cell
Groups

Our findings provide a light microscopic analysis of efferent projections from neurons in the
CnF to the pontine A7 and the rostral A5 cell groups, with only minor projections to the LC
and the caudal A5. The results of the present report are consistent with several additional
studies that used a variety of tracing methods. For example, previous tracing studies using
deposits of the retrograde tracer Fluoro-Gold in the A7 cell group found a large number of
retrogradely labeled neurons in the CnF (Holden and Proudfit, unpublished observations)
which is consistent with a projection from the CnF to the A7 cell group. Similar efferent
projections from CnF were reported using a different anterograde tracer, Phaseolus vulgaris
leucoagglutinin (PHA-L) in the rat (Korte et al. 1992). In contrast to our findings, this report
also described a relatively dense projection to the LC after tracer injection in the CnF at the
level of the inferior colliculus. Furthermore, studies that used wheat germ agglutinin
conjugated to horseradish peroxidase (WGA-HRP) (Bernard et al. 1989) or anterograde
transport of tritiated amino acids (Zemlan and Behbehani, 1988), did not find any significant
projections from CnF neurons at the level of inferior colliculus to any of the pontine
noradrenergic cell groups in the rat. Similar studies in the cat have also provided conflicting
results. For example, an autoradiographic study in cat by Edwards (Edwards, 1975)
demonstrated dense projections of neurons in the CnF to the LC and A7, but not the A5 cell
group, whereas a similar study (Steeves and Jordan, 1984) did not find projections to any of
the pontine noradrenergic cell groups.

The differences among these reports and our findings may be partly explained by
methodological differences. We identified noradrenergic neurons by visualizing TH-ir
profiles in the pontine noradrenergic cell groups, while the other reports cited in the
preceding paragraph did not perform labeling of noradrenergic neurons. In addition, several
of these conflicting studies used tritiated amino acids to determine efferent projections form
the CnF and the resolution of this method does not allow the definitive identification of
terminal fields. However, the anterograde labeling patterns produced by tritiated amino acids
and PHA-L are quite similar anterograde labeling patterns in a variety of brain areas (Ter
Horst et al. 1984). In addition, both PHA-L and BDA also produce similar anterograde
labeling patterns in a variety of brain areas (Dolleman-Van der Weel et al. 1994;
Wouterlood and Jorritsma-Byham, 1993). Furthermore, studies from our group have
demonstrated virtually identical labeling patterns when PHA-L and BDA were used to
determine the efferent projections of neurons from the ventromedial medulla (Clark and
Proudfit, 1991c; Holden and Proudfit, 1998) to the A7 and LC cell groups. Thus, differences
in projections from the CnF to the pontine noradrenergic cell groups may reflect true
differences in neuronal pathways rather than methodological differences. This conclusion is
supported by previous reports from our laboratory that described fundamental differences in
descending projection of noradrenergic neurons to the spinal cord (Clark and Proudfit,
1991a; Clark et al. 1991; Proudfit and Clark, 1991; Clark and Proudfit, 1992), as well as
differences in the physiological function of these neurons (West et al., 1993; Graham et al.
1997). For summary of anatomical pathways strain differences, see reviews by Proudfit
(1992, 2002).

4.3. Functional Significance of CnF Projections to the Pontine Noradrenergic Cell Groups
4.3.1. Projections to the A7 cell group—In this study we report that the A7 cell group
receives the most dense projection from neurons in the CnF in comparison to LC and the A5
cell groups (Table 1). Several anatomical studies demonstrated that the descending axons
arising form A7 neurons innervate the spinal cord dorsal horn (laminae I–IV) (Clark and
Proudfit, 1991a, b; Proudfit and Clark, 1991; Clark and Proudfit, 1992; Proudfit, 1992),
where many second order nociceptive neurons are located (Light, 1992). The role of the A7
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cell group in the modulation of nociception was further supported by reports, which
demonstrated that both electrical (Yeomans et al. 1992) and chemical (Holden et al. 1999;
Nuseir and Proudfit, 2000; Yeomans and Proudfit, 1992) stimulation of A7 neurons produce
antinociception and inhibition of nociceptive dorsal horn neurons. Antinociception produced
by chemical stimulation of neurons in the CnF can be blocked by intrathecal injection of
alpha2-adrenoceptor antagonists (Iwamoto and Marion, 1993). Thus, antinociception
produced by stimulation of neurons in the CnF could be mediated, at least in part, by
noradrenergic A7 neurons. Considering that only about 23% of all anterogradely-labeled
axons from the CnF identified in the area of the A7 cell group were found in the close
apposition to noradrenergic neurons (Table 2), future ultrastructural studies will be required
to provide definitive evidence for this proposed pathway. Furthermore, neurochemical
analysis of the neuropil surrounding noradrenergic neurons of the A7 cell group in relation
to remaining CnF efferents remains to be investigated.

4.3.2. Projections to the A5 cell group—As demonstrated in this study, rostral
subdivision of the A5 cell group in Sasco Sprague-Dawley receives significant innervation
from neurons in the CnF (Table 1). Spinally-projecting neurons of the A5 cell group were
demonstrated to innervate the intermediolateral cell column in thoracic spinal cord segments
(Bruinstroop et al. 2012; Byrum and Guyenet, 1987; Clark and Proudfit, 1993; Loewy et al.
1979b; Romagnano et al. 1991), as well as the spinal cord dorsal horn (laminae IV–VII)
(Bruinstroop et al. 2012; Clark and Proudfit, 1993,) where numerous nociceptive neurons
are located (Light, 1992). The functional implication of descending projections of the A5
cell group in mediation of sympathoinhibition and antinociception is further supported by
several studies. Specifically, stimulation of A5 neurons using microinjection of glutamate,
produces a depressor response and bradycardia (Burnett and Gebhart, 1991; Stanek et al.
1984,). Furthermore, electrical stimulation of sites near the A5 cell group can produce
antinociception that is reduced by intrathecal injection of alpha2-adrenoceptor antagonists
(Burnett and Gebhart, 1991; Miller and Proudfit, 1990). It was demonstrated that stimulation
of neurons in the CnF leads not only to antinociception that can be blocked by intrathecal
injection of alpha2-adrenoceptor antagonists (Iwamoto and Marion, 1993), but produces
cardiovascular responses, as well. Specifically, electrical stimulation of sites in the CnF
increases blood pressure (Lam and Verberne, 1997; Verberne, 1995; Verberne et al. 1997)
and produces bradycardia (Korte et al. 1992). Bradycardia is also produced by
microinjection of the excitatory amino acid glutamate or homocysteic acid into the CnF (Lin
et al. 1987). CnF sends major descending innervation to the medullary gigantocellular
reticular nucleus, as well as to the medullary motor nucleus of the vagus and the nucleus
tractus solitarius (Korte et al., 1992) that probably mediate the bradycardia produced by CnF
stimulation. However, demonstrated projections of neurons in the CnF to the A5 cell group
suggests that the cardiovascular and antinociceptive effects produced by stimulation of
neurons in the CnF may also be mediated, at least in part, by activation of descending A5
neurons. Since only about 15% of identified anterogradely labeled axons originating from
CnF in the region of the A5 cell group were in close apposition to noradrenergic neurons,
presumed direct pathway might only play a minor role. Therefore, future studies should
elucidate a complex anatomical and functional interplay of CnF projections to the A5 cell
group (e.g. disinhibition of spinally projecting noradrenergic neurons of the A5 cell group)
and the role of the A5 cell group as a possible, indirect relay of the CnF cardiovascular and
antinociceptive effects. Finally, the exact spinal projection target of noradrenergic neurons
comprising the A5 cell group targeted by CnF efferents should also be determined.

4.3.3. Projections to the LC cell group—Neurons of the LC receive only minor
projections from the CnF (Table 1). These sparse projections are in accordance with
previously reported restricted and selected input to the LC (Aston-Jones et al. 1986).
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Noradrenergic neurons in the rostral part of the LC have extensive ascending forebrain
projections (Levitt and Moore, 1979; Mason and Fibiger, 1979; Swanson, 1976), and
activation of these neurons produces enhanced vigilance, arousal, and attention to sensory
stimuli as well as increased pressor response (Aston-Jones et al. 1984, 1991a, 1991b).
Specifically, electrical stimulation of LC was reported to elicit pressor responses (Chida et
al. 1983; Gurtu et al. 1984; Kawamura et al. 1978; Ward and Gunn, 1976a, b). Furthermore,
pharmacological alteration of LC activity also leads to changes in blood pressure (Pant et al.
1983; Perlman and Guideri, 1984; Valentino et al. 1986). Despite being a minor pathway,
CnF projection appears to target noradrenergic neurons in the LC, considering that about
52% of those anterogradely-labeled axons were found in close apposition to noradrenergic
dendrites in the rostral LC (Table 2). Thus, it is possible that increased blood pressure
associated with activation of neurons in the CnF (Lam and Verberne, 1997; Verberne, 1995;
Verberne et al. 1997) could be mediated, only in part, by activation of the rostral LC.
Finally, there is extensive anatomical (Clark and Proudfit, 1991a, 1992; Clark et al. 1991;
Commissiong et al. 1978; Proudfit and Clark, 1991; Sluka and Westlund, 1992; Westlund et
al. 1983) and electrophysiological evidence (Chan et al. 1986; Fung and Barnes, 1987; Fung
et al. 1991, 1994; Lai et al. 1989; Strahlendorf et al. 1980) that caudal LC neurons regulate
the excitability of somatic motoneurons in the spinal cord ventral horn. Indeed, future
studies are needed to evaluate behavioral roles of presented minor pathway from CnF to LC
neurons.

5. CONCLUSIONS
In summary, presented results suggest that CnF efferents project to the ipsilateral A7 and
rostral A5 cell groups, with very minor projections to the LC and the caudal A5. These light
microscopic observations provide presumptive anatomical evidence that the antinociception
and bradycardia produced by activation of neurons located in the CnF could be mediated, at
least in part, by pontine noradrenergic neurons located in the A7, A6 (LC) and A5 cell
groups. Future combined ultrastructural labeling studies should investigate the existence of
synapses between anterogradely-labeled terminals from CnF neurons and noradrenergic
neurons. In addition, combination of both anterograde and retrograde labeling techniques are
required to demonstrate that neurons originating form the CnF innervate noradrenergic
neurons that project to different regions of the spinal cord.
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4V fourth ventricle

7n facial nerve

A5 A5 cell group

A6 A6 cell group (locus coeruleus)

A7 A7 cell group

Aq cerebral aqueduct (Sylvius

BDA biotinylated dextran amine

cA5 caudal A5 cell group

CG central gray
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cLC caudal locus coeruleus

CnF cuneiform nucleus

g7 genu facial nerve

Gi gigantocellular reticular nucleus

GiA gigantocellular reticular nucleus pars alpha

IC inferior colliculus

LC locus coeruleus (A6 cell group)

lfp longitudinal fasciculus of the pons

ll lateral lemniscus

me5 mesencephalic trigeminal tract

ml medial lemniscus

mlf medial longitudinal fasciculus

Mo5 motor trigeminal nucleus

PAG periaqueductal gray

PBS phosphate-buffered saline

PGi paragigantocellular reticular nucleus

PHA-L Phaseolus vulgaris leucoagglutinin

Pn pontine nuclei

PnC pontine reticular nucleus, caudal part

PnO pontine reticular nucleus, oral part

py pyramidal tract

rA5 rostral A5 cell group

rLC rostral locus coeruleus

RMg nucleus raphe magnus

RtTg pontine reticulotegmental nuclei

scp superior cerebellar peduncle

SO superior olive

SubC subcoeruleus nucleus

TBS TRIS-buffered saline

TH tyrosine hydroxylase

TH-ir tyrosine hydroxylase-immunoreactive

tth trigeminothalamic tract

WGA-HRP germ agglutinin conjugated to horseradish peroxidase
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Highlights

Neurons in the CnF project to the A7 and the rostral A5 cell groups.

Both noradrenergic and non-catecholamine neurons of the A7 and A5 cell groups
receive input from the CnF.

CnF sends very minor projections to the LC (A6) and the caudal A5 cell groups.
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Figure 1. Anterograde tracer injection sites
(A) Camera lucida drawings of transverse brainstem sections from six cases analyzed that
contained a BDA deposit in the CnF at the level of the inferior colliculus. Solid lines
indicate the outlines of the representative transverse pontine sections and the cerebral
aqueduct. The solid black area represents the dense core of the tracer deposit while the
surrounding gray regions represent the area of dense anterogradely-labeled axons. Dashed
lines identify the approximate location of some anatomical landmarks. The number above
each section indicates the distance posterior to bregma in mm. (B) Photomicrograph of the
representative BDA deposit outlined by rectangle. For abbreviations, see the list. Scale bar =
1 mm.
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Figure 2. Distribution of BDA-labeled axon terminals and noradrenergic cell bodies in the
brainstem
Camera lucida drawings illustrate the distribution of BDA-labeled axons that were labeled
by the BDA deposit as shown in Figure 1B. Panel A illustrates distribution of anterogradely-
labeled axons through the rostral pons, while Panels B and C show distribution in the
caudal pons. The areas that were selected for detailed quantitative analysis are enclosed
within the dashed squares and include the central region of the A7 cell group (A), the rostral
parts of the LC and the A5 cell groups (B), the caudal divisions of the LC and the A5 cell
groups (C). For detailed description of regions of interest, refer to the Methods section. The
gray shaded region represents an area that contained a very high density of anterogradely-
labeled axons that were too numerous to accurately represent in the drawing. Fine black
lines represent only the anterogradely-labeled axons. Irregularly shaped black circles
represent noradrenergic neurons. No tyrosine hydroxylase-immunoreactive dendrites were
drawn. Dashed lines indicate the approximate location of some anatomical landmarks. The
number above the sections indicates the distance posterior to bregma in mm. For
abbreviations, see the list.
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Figure 3. Camera lucida drawings of BDA-labeled axons and noradrenergic neurons of the
brainstem
(A) Schematic camera lucida drawing illustrates efferent neuronal pathways from the
cuneiform nucleus (CnF) at the level of the inferior colliculus. Representative BDA labeling
in the A7 cell group (B), rostral and caudal subregions of the LC (C and D), and rostral and
caudal subregions of the A5 cell group (E and F). BDA-labeled axons appear as thin
tortuous blue lines, whereas tyrosine hydroxylase-immunoreactive (TH-ir; noradrenergic)
somata and dendrites are represented by red profiles. The open arrows indicate examples of
anterogragely-labeled axons (blue) closely apposed to TH-ir profiles, either somata or
dendrites. Abbreviations: 4V, forth ventricle; Aq, cerebral aqueduct (Sylvius); ml, medial
lemniscus; PAG, periaqueductal gray; py, pyramidal tract; tth, trigeminothalamic tract.
Scale bars = 100 μm.
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Figure 4. Representative photomicrographs of BDA-labeled axons and noradrenergic neurons in
the pontine noradrenergic cell groups
Representative BDA labeling in the A7 (A), and the caudal A5 (B) cell groups. Open arrows
indicate examples of axon varicosities closely apposed to tyrosine hydroxylase-
immunoreactive neurons. Anterogradely-labeled axons that were not closely opposed to TH-
ir profiles exhibited characteristics of terminal boutons (solid arrowheads). Scale bars = 50
μm.
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TABLE 2

Percentage of Anterogradely Labeled Terminal Profiles Originating from the Cuneiform Nucleus in the A7,
LC, and A5 Cell Groups

Cell Groups IPSILATERAL CONTRALATERAL

TH-ir Non-TH-ir TH-ir Non-TH-ir

A7 22.9 ± 4.1 77.1 ± 4.1 23.7 ± 4.7 76. 3 ± 4.7

rLC 52.3 ± 3.5 47.7 ± 3.5 64.9 ± 4.1 35.1 ± 4.1

cLC 25.0 ± 10.8 75.0 ± 10.8 50.0 ± 27.4 50.0 ± 27.4

rA5 14.5 ± 1.8 85.5 ± 1.8 25.5 ± 8.3 74.5 ± 8. 3

cA5 24.2 ± 2.2 80.1 ± 5.4 17.5 ± 6.9 82.5 ± 6.9

Values represent percent density (% axons with varicosities/mm2/brain) ± SEM of anterogradely labeled axonal profiles closely apposed to either
(1) tyrosine hydroxylase-immunoreactive (TH-ir) neurons or (2) areas that do not contain any catecholamine labeling (non-TH-ir) in the ipsilateral
and the contralateral side of each noradrenergic cell groups. These estimates are mean values of the densities determined in five non-adjacent
transverse sections through each noradrenergic cell group (N=6 brains; see Table 1). Abbreviations: LC, locus coeruleus; r, rostral; c, caudal.
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TABLE 3

Percentage of Anterogradely Labeled Terminal Profiles Originating from the Cuneiform Nucleus Apposed to
Noradrenergic Somata and Dendrites in the A7, LC, and A5 Cell Groups

Cell Groups IPSILATERAL CONTRALATERAL

Somata Dendrites Somata Dendrites

A7 5.6 ± 2.4 94.4 ± 2.4 0.0 100

rLC 0.0 100 0.0 100

cLC 0.0 100 0.0 100

rA5 0.0 100 0.0 100

cA5 1.9 ± 1.9 98.1 ± 1.9 32.0 ± 7.5 68.0 ± 23.3

Values represent percent density (% axons with varicosities/mm2/brain) ± SEM of anterogradely labeled terminal varicosity profiles closely
apposed to tyrosine hydroxylase-immunoreactive (TH-ir) somata or dendrites. These estimates are mean values of the densities determined in five
non-adjacent transverse sections through each noradrenergic cell group (N=6 brains; see Table 1). Abbreviations: LC, locus coeruleus; r, rostral; c,
caudal.
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