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Dopamine (DA) modulates the activity of nuclei within the ascending and descending
auditory pathway. Previous studies have identified neurons and fibers in the inferior
colliculus (IC) which are positively labeled for tyrosine hydroxylase (TH), a key enzyme
in the synthesis of dopamine. However, the origins of the tyrosine hydroxylase positive
projections to the inferior colliculus have not been fully explored. The lateral lemniscus
(LL) provides a robust inhibitory projection to the inferior colliculus and plays a role in
the temporal processing of sound. In the present study, immunoreactivity for tyrosine
hydroxylase was examined in animals with and without 6-hydroxydopamine (6-OHDA)
lesions. Lesioning, with 6-OHDA placed in the inferior colliculus, led to a significant
reduction in tyrosine hydroxylase immuno-positive labeling in the lateral lemniscus
and inferior colliculus. Immunolabeling for dopamine beta-hydroxylase (DBH) and
phenylethanolamine N-methyltransferase (PNMT), enzymes responsible for the synthesis
of norepinephrine (NE) and epinephrine (E), respectively, were evaluated. Very little
immunoreactivity for DBH and no immunoreactivity for PNMT was found within the cell
bodies of the dorsal, intermediate, or ventral nucleus of the lateral lemniscus. The results
indicate that catecholaminergic neurons of the lateral lemniscus are likely dopaminergic
and not noradrenergic or adrenergic. Next, high-pressure liquid chromatography (HPLC)
analysis was used to confirm that dopamine is present in the inferior colliculus and
nuclei that send projections to the inferior colliculus, including the cochlear nucleus
(CN), superior olivary complex (SOC), lateral lemniscus, and auditory cortex (AC). Finally,
fluorogold, a retrograde tracer, was injected into the inferior colliculus of adult rats. Each
subdivision of the lateral lemniscus contained fluorogold within the somata, with the

Abbreviations: 6-OHDA, 6-hydroxydopamine; AC, auditory cortex; CA, cerebral aqueduct; CN, cochlear nucleus; DA,
dopamine; DBH, dopamine-β-hydroxylase; DNLL, dorsal nucleus lateral lemniscus; FG, fluorogold; HPLC, high-pressure
liquid chromatography; IC, inferior colliculus; IHC, immunohistochemistry; INLL, intermediate nucleus lateral lemniscus;
LL, lateral lemniscus; NDS, normal donkey serum; PB, phosphate buffer; PBS, phosphate-buffered saline; PBST, phosphate-
buffered saline with 0.3% Triton X-100; PNMT, phenyl ethanolamine-N-methyl transferase; SOC, superior olivary complex;
TH, tyrosine hydroxylase; VNLL, ventral nucleus lateral lemniscus.
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dorsal nucleus of the lateral lemniscus showing the most robust projections to the inferior
colliculus. Fluorogold-tyrosine hydroxylase colocalization within the lateral lemniscus was
assessed. The dorsal and intermediate nuclei neurons exhibiting similar degrees of
colocalization, while neurons of the ventral nucleus had significantly fewer colocalized
fluorogold-tyrosine hydroxylase labeled neurons. These results suggest that several
auditory nuclei that project to the inferior colliculus contain dopamine, dopaminergic
neurons in the lateral lemniscus project to the inferior colliculus and that dopaminergic
neurotransmission is poised to play a pivotal role in the function of the inferior colliculus.

Keywords: auditory system, lateral lemniscus, inferior colliculus, dopamine, tyrosine hydroxylase,
immunohistochemistry, HPLC, fluorogold (FG)

INTRODUCTION

Dopamine (DA) is a neuromodulatory neurotransmitter in the
brain that is involved in several processes, such as cognition,
motor function, motivation, and processing of stimuli from
sensory systems, including the auditory system. Dopaminergic
neurotransmission has been implicated inmany regions involved
in processing auditory stimuli, including the inner ear, auditory
brainstem, midbrain, thalamus, and cortex (Malmfors and Sachs,
1968; Jonsson, 1983; Wamsley et al., 1989; Weiner et al., 1991;
Kitahama et al., 1996; Tong et al., 2005; Maison et al., 2012).
Alterations in DA neurotransmission within the central auditory
pathway have also been associated with auditory stimulation as
well as noise-induced damage and hearing loss (Tong et al., 2005;
Fyk-Kolodziej et al., 2015; Wu et al., 2020).

One critical brain region within the central auditory system
where evidence for dopaminergic input has been found is
the inferior colliculus (IC; Tong et al., 2005; Gittelman et al.,
2013; Fyk-Kolodziej et al., 2015; Nevue et al., 2016a,b). The
IC is a midbrain nucleus that is a major site of integration
for ascending and descending input within the auditory
system. Previous studies have reported on the production
of tyrosine hydroxylase (TH), the rate-limiting enzyme for
DA synthesis, within the IC (Paloff and Usunoff, 2000; Holt
et al., 2005) with many TH immunolabeled terminals negative
for dopamine β-hydroxylase (DBH) or phenylethanolamine
N-methyltransferase (PNMT), enzymes that are absent in
catecholaminergic neurons that produce DA (Fyk-Kolodziej
et al., 2015). DA receptors have also been identified in this brain
region (Wamsley et al., 1989; Weiner et al., 1991; Fyk-Kolodziej
et al., 2015). Moreover, DA has been found to modulate the
activity of IC neurons in response to auditory stimuli (Gittelman
et al., 2013), and DA receptor modulation has been shown
to alter auditory-stimulated IC responses within a behavioral
context (Satake et al., 2012; Muthuraju et al., 2014). These
studies suggest that DA in the IC modulates the processing of
auditory stimuli. However, the origin(s) of DA within the IC
remain unclear.

Recent reports suggest that the subparafascicular thalamic
nucleus (SPF) may account for some of the DA in the IC (Nevue
et al., 2016a,b; Batton et al., 2019; Hoyt et al., 2019). The IC also
receives input from several nuclei within the central auditory
pathway that has been implicated in DA neurotransmission

(Campbell et al., 1987; Cransac et al., 1996; Gabriele et al.,
2000; Behrens et al., 2002; Mulders and Robertson, 2005),
including the cochlear nucleus (CN), lateral lemniscus (LL), and
superior olivary complex (SOC), as well as descending input from
the auditory cortex (AC). DA was previously identified, using
high-pressure liquid chromatography (HPLC) analysis, in the
CN (Cransac et al., 1996). Besides, immunoreactivity for TH was
found within the lateral superior olive, suggesting that DA in the
IC could also come from this projection region (Mulders and
Robertson, 2004). Another brain region with projections to the
IC that has also been suggested to contain DA is the LL (Holt
et al., 2005; Tong et al., 2005).

Our previous study found that neurons in the LL primarily
produce TH in the absence of dopamine β-hydroxylase (DBH)
or PNMT, enzymes needed, in addition to TH, for the synthesis
of norepinephrine (NE) and epinephrine (E), respectively (Tong
et al., 2005). This finding provided additional evidence in support
of dopaminergic neurons within the LL. The LL consists of three
subregions, the dorsal nucleus (DNLL), the intermediate nucleus
(INLL), and the ventral nucleus (VNLL), each of which projects
to the IC (Glendenning et al., 1981; Covey and Casseday, 1991;
Schofield and Cant, 1997; Kelly et al., 1998). TH labeling was
previously found to be most prominent within the VNLL and
INLL (Tong et al., 2005). The reports of DA and TH throughout
the auditory pathway increase the likelihood that other brain
regions, in addition to the recently identified SPF, contribute
to DA neurotransmission within the IC. Although numerous
studies provide support for the presence of DA in the IC, to
date, neither evidence for a functional pool of DA capable of
neurotransmission or a comparison of DA levels across auditory
nuclei have been reported.

Therefore, the present study uses 6-hydroxydopamine (6-
OHDA) lesioning and HPLC analysis to conclusively establish
the presence of DA available for neurotransmission within the
IC and other auditory nuclei that project to the IC. Also, a
putative source of DA from the LL to the IC was examined
by combining tract-tracing and immunolabeling for enzymes in
the catecholaminergic synthesis pathway. The majority of TH
immunolabeled neurons appear to be dopaminergic since there
was sparse to no immunolabeling for DBH or PNMT in LL cell
bodies. Co-labeled (FG-TH) neurons projecting to the IC from
the LL were identified, demonstrating that projections from the
LL are a likely source of DA to the IC.
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MATERIALS AND METHODS

Subjects
Specific pathogen-free adult male Sprague–Dawley rats (Charles
River Laboratories, Wilmington, MA, USA) were used (n = 38)
following guidelines for animal care issued by the National
Institute of Health and following the Institutional Animal Care
and Use Committee at Wayne State University.

Stereotaxic Surgery
Naïve rats (n = 10) were anesthetized with a mixture of
xylazine (8 mg/kg of 20 mg/ml i.m.) and ketamine (75 mg/kg
of 100 mg/ml i.m.) with their body temperature maintained
using a water circulating heating pad. The head of each animal
was positioned in a stereotaxic frame and once the skull was
exposed, a craniotomy was made just above the IC using rat
specific stereotaxic coordinates (rostrocaudal 0.876 mm from
bregma, 0.18 mm medio-lateral, 0.32 mm dorso-ventral from
pia) obtained from a rat brain atlas (Paxinos and Watson,
2014). Either 0.5 µl of FG (4% dissolved in H2O; FluoroChrome
Inc., Engelwood, CO, USA), 6-OHDA (20 µg), a dopaminergic
neurotoxin, or vehicle (normal saline) was pressure injected
bilaterally into the IC using a 5 µl Hamilton fine needle
syringe over two minutes. The injection targeted the mid-
rostro-caudal region of the IC. The syringe was allowed to
remain in place for five additional minutes after the injection
was complete. Dental cement (Durelon, Dental Products, St.
Paul, MN, USA) was used to seal the craniotomy and the
skin incision was closed using non-continuous sutures (Ethicon,
Somerville, NJ, USA). Following surgeries, the animals were
administered 3 ml of warm (60◦C) sterile 0.9% sodium
chloride solution subcutaneously and allowed to recover under
a heating lamp. The animals were subsequently placed in
their cages and monitored until normal activity resumed. They
were then returned to the animal facility and allowed to
recover from surgeries for 7 days at which time their sutures
were removed.

HPLC-ED Analysis
Naïve rats (n = 20) with no prior surgical exposure were
used for HPLC analysis coupled to electrochemical detection
(HPLC-ED). The rats were decapitated, brains collected and
individual samples from the CN, SOC, LL, IC, and AC were
dissected, quickly frozen in liquid nitrogen, and stored at
−80◦ C until analyzed for DA levels. Entire brain regions
of interest were dissected by hand either as a single unit
(CN, IC, AC) or by punch (LL and SOC). Nuclei were
collected bilaterally and were weighed and analyzed for HPLC-
ED. Ultimately, results from bilateral samples from individual
subjects were averaged. Cryostat sections from the remaining
brain (after dissection) was used to confirm that the brain
regions of interest were removed (data not shown). Just before
analysis, each sample was weighed again and homogenized
in 300 µl ice-cold 0.1 M perchloric acid containing 1.0%
ethanol, 0.02% EDTA, and centrifuged (16,000 g) for 30 min
at 4◦C. The supernatant was taken for measurement of DA
content. The HPLC system consisted of a Waters WISP

autoinjector, a Waters 510 dual piston pump, an external
pulse dampener (Rainin), Waters Guard Pak column, and a
C-18 (100 × 3.2 mm, 5 µm packing, Perkin Elmer) column.
The mobile phase contained 0.75 mM sodium phosphate,
0.5 mM EDTA, 1.4 mM octane sulfonic acid, and 7%
acetonitrile (final pH 3.0). A coulometric detector (Model
5011, ESA) configured with three electrodes was used. An
ESA model 5020 guard cell (+400 mV) was placed before
the WISP injector and an ESA model 5011 analytical cell
(first electrode at −40 mV; second electrode at +350 mV)
was placed immediately after the column. The signal from the
second analytical electrode was recorded and analyzed by a
Waters baseline 810 Chromatography Workstation via a Waters
Interface Module. The signal produced by the oxidation of DA
was measured and compared with that from known standard
concentrations. The data are expressed as nanogram DA per
milligram of tissue weight (median± S.E.M.). Statistical analysis
of HPLC data was performed with one-way ANOVA and Tukey’s
test for post hoc comparisons using GraphPad Prism version 8.0
(GraphPad Prism software, San Diego, CA, USA). p < 0.05 was
considered significant.

Fixation and Tissue Processing for
Immunohistochemistry (IHC)
The 10 rats that underwent stereotaxic delivery of 6-OHDA
or FG were maintained for 7 days following injections to
allow 6-OHDA induced lesioning of TH neurons or retrograde
transport of the FG from the terminals within the IC to the cell
bodies of projection neurons. The rats were then administered
0.22 ml/kg of Fatal-Plus (Vortech Pharmaceutical, Dearborn,
MI, USA) i.p. and perfused transcardially with 9.25% sucrose
in 0.1 M phosphate buffer (PB) pH 6.8 followed by 4.0%
paraformaldehyde in 0.1 M PB using an automated perfusion
system (myNeuroLab, St. Louis, MO, USA). After perfusion,
the brains were dissected and post-fixed in the same fixative
for 1 h at room temperature and then cryoprotected at 4◦C in
30% sucrose. Brains were then coronally sectioned throughout
their entire rostrocaudal extent into 30 µm sections using a
freezing microtome. The sections were mounted in serial order
on Histo-Bond slides (Thermo Fisher Scientific, Pittsburgh, PA,
USA) and stored at−80◦C until processed.

Immunohistochemistry (IHC)
Immunolabeling was performed in sections containing the IC
as well as the subregions of the LL (DNLL, INLL, and VNLL)
using secondary antibodies conjugated with a fluorophore or
biotinylated for visualization. Additional rats (n = 8) were
also used for MAP2/TUJ1, DBH, and PNMT immunolabeling
of the LL.

Primary Antibodies
• TH; rabbit (AB152); Chemicon, Temecula, CA, USA; 1:500
(fluorescence) and 1:1,000 (DAB).
• MAP2; mouse (MAB3418); Chemicon, Temecula, CA, USA;
1:200.
• TUJ1; mouse (AB2728521); Covance, Berkeley, CA, USA:
1:200.

Frontiers in Neural Circuits | www.frontiersin.org 3 March 2021 | Volume 15 | Article 624563

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org
https://www.frontiersin.org/journals/neural-circuits#articles


Harris et al. Dopamine Projections to the Inferior Colliculus

• DBH; mouse (MAB308); Millipore, Temecula, CA, USA;
1:4,000.
• PNMT; sheep (ab146); Chemicon, Temecula, CA, USA;
1:2,000.

Sections were rinsed three times for 5 min each in 0.1 M
phosphate-buffered saline (PBS) with 0.3% Triton X-100 (PBST)
and pre-incubated for 3 h at room temperature in blocking
solution consisting of 3% normal serum in PBST from the species
corresponding with the appropriate secondary antibody used.
Each primary antibody was diluted in PBS with 1% normal serum
and sections were incubated in primary antibody for 48–72 h
at 4◦C. The sections were then rinsed again three times in PBS
before incubation in secondary antibodies.

For fluorescent immunolabeling, the sections were
incubated in species-specific secondary antibodies conjugated
to Cy3 (red fluorescence) for 2 h at room temperature.
Alexa 568 or Cy3-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) were
used at a dilution of 1:1,000. The sections then were rinsed several
times in PBS and coverslipped using Vectashield Mounting
Medium (Vector Laboratories, Burlingame, CA, USA).

For immunoperoxidase immunolabeling of 6-OHDA and
saline-treated animals, the sections were incubated with
biotinylated secondary antibodies (Vector Labs) for 2 h at room
temperature. Sections from the LL and IC of 6-OHDA and saline-
treated animals were processed together. The sections were then
incubated in an avidin-biotin complex (Vectastain Elite Kit,
Vector Labs). The avidin-biotin/HRP complex was visualized
using 0.0125% diaminobenzidine (Millipore Sigma, St. Louis,
MO, USA) in PBS and 0.075% H2O2 and allowed to develop
for six minutes before the reaction was stopped by rinsing the
sections with double-distilled H2O. The sections were then air-
dried, dehydrated, and coverslipped.

IMAGE AND DATA ANALYSIS

Sections were visualized using a Leica DM4500 fluorescence
microscope equipped with appropriate fluorescent filters. Images
were taken with a Photometrics Coolsnap EZ, 12 bit, 20 MHz
monochrome digital camera (Mager Scientific, Dexter, MI,
USA). First, to determine the total area of each of the LL
subregions to be used for cell counting and data analysis,
specific guidelines were applied. The number of FG- and
TH-immunolabeled cell bodies (both single and co-labeled) were
counted and compared across the rostral, middle, and caudal
regions of each of the LL subregions. The specific guidelines
used to establish the total area for cell counting were based on
anatomical landmarks and applied as follows:

Rostral Region
The total area of the DNLL in the rostral region is
700 µm × 800 µm and the total area of the INLL is 700 µ

m × 700 µm. A 600 µm × 600 µm area for both the DNLL and
INLL was used for cell counting. For the DNLL, the counted area
was located 150 µm from the lateral edge and 100 µm ventral
to the cerebral aqueduct (CA). For the INLL, the counted area

was positioned 150 µm from the lateral edge and 700 µm ventral
to the CA. The total area of the VNLL is 400 µm × 1,100 µm,
therefore the VNLL was split into two separate counting areas
of 400 µm × 400 µm. The counted areas were located 150 µm
from the lateral edge and 1,300 µm ventral to the CA.

Middle Region
The total area of the DNLL in the middle region is
600 µm × 600 µm. A 500 µm × 500 µm area that was
150 µm from the lateral edge and 200 µm dorsal to the CA
was used for cell counting. The total area of the INLL in the
middle region is 400 µm × 500 µm. A 400 µm × 400 µm
counted area located 150 µm from the lateral edge and
300 µm ventral to the CA was used. The total area of
the VNLL is 400 µm × 1,100 µm, which was split into
two counted areas of 300 µm × 400 µm. These areas were
located 150 µm lateral to the edge and 800 µm ventral to
the CA.

Caudal Region
The total area of the caudal region of the DNLL is
800 µm × 700 µm. The counted area of 500 µm × 600 µm
was 150 µm from the lateral edge and 300 µm dorsal to the CA.
The total area of the INLL is 600 µm × 600 µm. The counted
area of 500 µm × 500 µm was 150 µm from the lateral edge
and 500 µm ventral to the CA. The total area of the VNLL is
400 µm × 1,000 µm, which was split into two counted regions
of 300 × 400 µm. These areas were located 150 µm from the
lateral edge and 1,400 µm ventral to the CA.

Each grid square equaled 100 µm2. Cells that fell on the
grid lines were not counted, and any cells outside of the
specific counting areas were also not counted. Photographs
of the same region were taken using different fluorescent
filters and were overlaid to determine the number of cells
that colocalized FG and TH. Statview (Version 5.0.1, SAS
Institute, Cary, NC, USA) was used for statistical analysis
of the images and generation of graphs. p < 0.05 was
considered significant.

RESULTS

TH Immunoreactivity in the LL and IC Is
Reduced by Lesioning With 6-OHDA
TH immunoreactivity was evaluated in the IC and LL of both
non-lesioned animals and animals lesioned after delivery of
6-OHDA to the IC. The neurotoxin, 6-OHDA, causes selective
degeneration of cells producing TH, such as noradrenergic
and dopaminergic neurons, through uptake by dopamine
transporters. Following lesioning, TH immunoreactivity was
examined in the IC and LL of lesioned animals and compared
to that of non-lesioned animals.

Non-lesioned Animals
Similar to our previous studies (Tong et al., 2005; Fyk-
Kolodziej et al., 2015), TH immunoreactive cell bodies,
dendrites and terminals were found in both the IC
(Figures 1B,C) and LL (Figures 1D,E). Triple-labeling
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FIGURE 1 | Tyrosine hydroxylase (TH) immunoreactivity in the inferior colliculus (IC) and lateral lemniscus (LL) before and after neurotoxic lesioning with 6-OHDA. (A)
Immuno-fluorescent labeling of TH (red) and the neuronal markers microtubule-protein2 and tubulin beta III (MAP2/TUJ1, green) in the IC before lesioning.
Arrowheads represent neuronal somata double-labeled for TH and MAP2/TUJ1. (B,B′,B′′,B′′′) Clusters of TH positive immunolabeled somas, dendrites, varicosities,
and en passant boutons were present in the IC before lesioning. (C,C′) The neurotoxin 6-OHDA was delivered to the IC, with TH immunolabeling performed after
lesioning. (D) TH positive immunolabeling was present in the LL before 6-OHDA delivery into the IC. (E) Immunolabeling for TH in the LL was also performed after
6-OHDA lesioning. Panels (B′,B′′,B′′′,C′) are enlargements of insets in (B,C) respectively, (B′,B′′′,C′). The boxes in (D,E) represent TH labeling of somata and
neuropil, before and after lesioning, in comparable regions of the LL with varying degrees of en passant boutons and varicosities. The scale bars = 20 µm for (A) and
100 µm for (B–E) and (B′,B′′,B′′′).
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FIGURE 2 | Immunolabeling of norepinephrine (NE) and epinephrine (E) cell bodies in the LL. (A) The catecholaminergic biosynthetic pathway for DA, NE, and E
begins with the conversion of the amino acid tyrosine to L-Dopa by the rate-limiting enzyme, TH. L-Dopa is then converted to dopamine by the enzyme L-dopa
decarboxylase. NE is formed from DA by the enzyme dopamine β-hydroxylase (DBH) and E is synthesized from NE by the enzyme
phenylethanolamine-N-methyltransferase (PNMT). (B–D) Each subdivision of the LL was analyzed for the presence of DBH and PNMT positive cells, indicative of NE
and E cells, respectively. (B,B′) Labeling of DBH positive cells in the dorsal nucleus (DNLL), (C,C′) intermediate nucleus (INLL), and (D,D′) ventral nucleus (VNLL) of
the LL. Labeling of PNMT positive cells in the (E) DNLL, (F) INLL, and (G) VNLL of the LL. Panels (B′–D′) are an enlarged view of the insets in (B–D), respectively.
The scale bars = 50 µm for (B–G) and 20 µm for (B’–D’).

of TH with the neuronal markers, MAP2 (microtubule-
protein 2) and TUJ1 (tubulin beta III) verified that TH
labeling is localized to neurons in the IC (Figure 1A).
Patches of TH labeling containing somas, but primarily
dendrites, and varicosities, were observed throughout
the mid-rostrocaudal IC (Figure 1B,B′,B′′,B′′′). Labeling
resembling terminal fields was homogenously dispersed
throughout the nucleus. In the LL, somas, dendrites, and
en passant boutons were labeled for TH (Figure 1D). At
the lateral edges of the tissue, heavily labeled varicosities

and somata with numerous highly branched dendrites were
observed (Figure 1D).

6-OHDA Lesioned Animals
Delivery of the neurotoxin, 6-OHDA, into the IC resulted in
significantly reduced TH immunoreactivity (Figures 1C,E). In
the IC, there was an obvious loss of the TH positive patches,
with somata, dendrites, and varicosities as well as en passant
boutons throughout the neuropil (Figure 1C,C′). As for the LL,
there was a reduction in TH immunoreactivity that manifest as
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reduced labeling of somas, en passant boutons, and varicosities
in the neuropil (Figure 1E). However, at the lateral edges of
the tissue, while the dendritic processes were less branched, TH
immunoreactivity in these somata appeared to be mostly spared
(Figure 1E).

Overall, these findings provide the support that TH
positive cells and fibers found in the IC were reduced
by 6-OHDA lesioning in the IC, and this lesioning led
to a reduction in TH positive projections from the LL to
the IC.

TH Immunoreactivity in the LL Results
Primarily From Dopaminergic Neurons
Although the reduction in TH immunoreactivity in the LL and IC
following 6-OHDA lesioning suggests that dopaminergic somata
and terminals are likely to be present in the LL and IC, the nature
of the catecholaminergic neurons within the LL was examined
further, given that 6-OHDA can lesion both noradrenergic
and dopaminergic neurons. Therefore, immunoreactivity for the
enzymes involved in the biosynthesis of norepinephrine (NE)
and epinephrine (E) was assessed. Figure 2A represents the
catecholamine biosynthetic pathway. TH is the rate-limiting
enzyme for the synthesis of each of the catecholamines. DA is
produced from tyrosine by the enzyme TH. NE is produced
from DA by the enzyme dopamine beta-hydroxylase (DBH) and
NE is converted to E by the enzyme PNMT. To build on our
previous studies demonstrating the presence of both DA and
NE in LL neurons (Tong et al., 2005; Fyk-Kolodziej et al., 2015)
immunolabeling for DBH and PNMT was used to determine
whether the LL neurons produce NE or E (Figures 2B–G).

DBH Immunoreactivity in the LL
Sparse DBH labeling of cell bodies (∼2%) was observed within
the DNLL. There were, however, DBH-labeled varicosities
present (Figure 2B) with dense labeling dorsally. In the INLL,
there was a similar level of DBH immunolabeling of cell bodies.
The density of varicosities appeared to be less than that observed
in the DNLL. The bouton-like varicosities in the INLL were
evenly dispersed (Figure 2C). The VNLL showed the lowest
numbers of DBH immuno-positive somata when compared to
the DNLL and the INLL (Figure 2D). The DBH positive fibers
were more strongly labeled than the somas in each of the LL
subregions (Figures 2B–D). These data suggest that very few NE
producing neurons are present in the LL.

PNMT Immunoreactivity in the LL
There were no immuno-positive PNMT cell bodies found in in
the DNLL (Figure 2E), INLL (Figure 2F), or VNLL (Figure 2G).
There were, however, numerous PNMT-immunolabeled
varicosities found in each of the LL subdivisions. Thus, the data
show a lack of E-expressing neurons in the LL. Overall, these
data provide evidence that the catecholaminergic neurons within
the LL are dopaminergic.

Nuclei Within the Central Auditory Pathway
Contain DA
Using HPLC-ED, DA levels were evaluated in several auditory-
related nuclei and reported based on tissue weight (ng DA/mg

FIGURE 3 | Dopamine (DA) levels within auditory nuclei of the central
auditory pathway. DA levels within central auditory nuclei were determined by
HPLC and measured as ng/mg tissue weight (median ± S.E.M.). #p < 0.05 IC
vs. CN; *p < 0.01 SOC vs. CN. IC: n = 6; SOC: n = 8; LL, AC and CN: n = 4.

tissue weight; Figure 3). DA was detected in each of the regions
examined [IC: 0.699 ± 0.107 (n = 6); SOC: 0.787 ± 0.137
(n = 8); LL: 0.487 ± 0.99 (n = 4); AC: 0.403 ± 0.44 (n = 4); CN:
0.158± 0.029 (n = 4); median± S.E.M. ng/mg tissue weight]. The
highest DA levels were found in the IC and SOC. The level of DA
in the SOC was significantly higher than that in the CN (one-way
ANOVA: p = 0.010; Tukey’s post hoc test: SOC vs. CN, p < 0.01).
Similarly, DA levels in the IC were also significantly higher than
the levels in the CN (one-way ANOVA; p = 0.010; Tukey’s post
hoc test: IC vs. CN, p < 0.05). The levels of DA in the LL and AC
were comparable and less than those in the IC and SOC, although
the differences were not statistically significant (Figure 3). These
data confirm the presence of DA in the IC and LL, as well as other
important nuclei within the central auditory system.

Administration of FG Into the IC Combined
With TH Labeling in the LL Demonstrate
Dopaminergic Projections From the LL to
the IC
Retrograde labeling with FG was used to examine projections to
the IC from the LL (Figure 4A). FG was injected into the IC
(Figure 4B,B′). The spread of the FG was apparent in sections
∼240 µm rostrally and caudally from the point of delivery.
At the injection site, the small volume of FG was primarily
contained within the central nucleus of the IC (Figure 4B),
where cellular and extracellular FG was observed (Figure 4B′).
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FIGURE 4 | Fluorogold (FG) labeling within the subregions of the LL following injection of FG in the IC. (A) A representative schematic of the FG delivery to the IC.
FG was taken up by IC axonal terminals and transported to cell bodies in the LL. (A’) A schematic of axon terminals in the IC following FG delivery. Some terminals
take up FG with retrograde transport to the LL (blue). Other terminals take up FG but are from neurons that project from regions other than LL (dark gray). Some
terminals may not take up FG (light gray). (A”) A schematic showing an FG-labeled soma with dendrites in the LL after FG delivery to the IC. (B) Deposition of FG
was targeted to the mid-rostro-caudal region of the IC. (B’) The inset shows extra-synaptic and -somatic FG in the neuropil. The 0.5 µl FG solution appeared to
spread ∼240 µm both rostrally and caudally and primarily involved the central nucleus with occasional involvement of the dorsal cortex and external cortex in some
animals. (C–E) A schematic representation of the placement of the reticle grids used for counting cells throughout the rostral (C), middle (D) and caudal (E) extent of
the dorsal nucleus (DNLL), intermediate nucleus (INLL) and ventral nucleus (VNLL) of the LL. Each square within a grid represents 100 µm2. (F) Representative
image of the subregions of the LL—DNLL, INLL, and VNLL. (G,G’) Fluorescent image of (F) showing FG in somata throughout the LL after delivery into the IC.
(G’) An enlargement of the inset in (G) showing LL somata containing FG. Scale bars = 50 µm.
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However, there was occasional spread into the dorsal and
external cortex in some animals. Intracollicular FG transport
was observed both ipsilateral and contralateral to the injection
site (Figure 4B). To characterize the extent of the projection
from the LL to the IC and to determine whether the pathway
contains dopamine, FG containing and TH-labeled neurons in
the LL were investigated. The cell counting method employed
used strictly defined parameters to determine the area within
each LL subregion to be counted and thus allowed precise
identification of FG positive only, TH positive only, and FG + TH
positive cells (Figures 4C–E). Somata containing FG were found
throughout each of the subregions of the LL (DNLL, INLL, and
VNLL; Figures 4F,G,G′). These results are in line with numerous
previous studies that show that the LL sends major projections to
the IC.

Colocalization of FG and TH Indicates Dopaminergic
Projections From the DNLL to the IC
First, FG containing and TH positive somata were examined
separately in the DNLL. Cell bodies containing FG were found
throughout the DNLL (Figure 5A). TH labeling of cell bodies
was also found throughout the DNLL (Figure 5B), although the
TH immunoreactivity was not as robust as the FG transport.
TH positive fibers were also present. When sections for FG
and TH were analyzed for colocalization (Figure 5C), numerous
DNLL somata were found to co-localize FG and TH. The TH
immunoreactivity could be visualized within FG containing
somata but did not completely fill the neurons (Figure 5C). The
data show that a proportion of the neurons within the DNLL that
send projections to the IC are dopaminergic.

Dopaminergic Projections From the INLL to the IC
Next, FG containing and TH labeled INLL somata were
examined (Figure 6). As in the DNLL, numerous cell bodies
in the INLL were positive for FG (Figure 6A). As for TH
immunostaining, TH-positive cell bodies and fibers were also
present (Figure 6B). The intensity of the FG within the somata
was greater than the intensity of the TH labeling. However, there
were patches of intensely labeled TH somata located throughout
the mid-rostrocaudal region of the INLL (Figure 6B). There were
also TH-positive fibers found throughout the INLL. When FG
containing neurons and TH immunoreactivity were analyzed for
co-localization, numerous somata were found to colocalize FG
and TH (Figure 6C). As with the DNLL, these data demonstrate
that the INLL also provides dopaminergic projections to the IC.

Dopaminergic Projections From the VNLL to the IC
Finally, FG containing and TH labeled somata were examined in
the VNLL. As for FG labeling, there were cell bodies in the VNLL
that contain FG, although to a lesser extent than FG in the DNLL
or INLL (Figure 7A). Both somata and fibers labeled for TH
and were also identified. However, the TH labeled somata and
fibers were noticeably fewer when compared to theDNLL and the
INLL (Figure 7B). Colocalization of FG and TH was also found
in the VNLL, but both the intensity of the transported FG and
TH immunolabeling was less compared to other LL subdivisions
(Figure 7C). These data provide evidence that a proportion of
neurons within the VNLL projecting to the IC are dopaminergic,

albeit a smaller proportion of cells than those found in the DNLL
or INLL.

Quantitative Analysis Shows Regional Differences in
LL Dopaminergic Projections to the IC
The number of FG and TH colocalized cells were quantified and
represented in Figure 8. The number of FG containing cells per
40,000 mm2 were DNLL: 8.71 ± 0.89; INLL: 6.68 ± 0.75 and
VNLL 4.0± 0.46 (mean± S.E.M). There was a higher number of
FG positive cell bodies in the DNLL and INLL compared to the
VNLL (post hoc Scheffe Test: INLL vs. VNLL, P < 0.05; DNLL vs.
VNLL, P < 0.001; DNLL vs. INLL, P > 0.05). There was a similar
number of TH positive cell bodies in each of the subregions of the
LL (DNLL: 1.49± 0.10; INLL: 1.55± 0.12; VNLL: 1.20± 0.12 TH
labeled cells/40,000 mm2). However, the number of TH labeled
cell bodies was about 30% of the number of FG containing cell
bodies. Double-labeling for FG and TH was also found within
each of the subregions of the LL and represented about 30% of
the total TH positive cells (DNLL: 0.57± 0.08; INLL: 0.54± 0.07;
VNLL: 0.31 ± 0.05 FG + TH double-labeled cells/40,000 mm2).
As with FG labeling, colocalization of FG and TH was greater
in the DNLL and INLL, although there were nearly 50% fewer
co-labeled cells found in the VNLL (Scheffe Test: DNLL vs.
VNLL, P < 0.05; INLL vs. VNLL, P < 0.05; DNLL vs. INLL,
P > 0.05).

The rostral to the caudal extent of FG, TH, and double-labeled
cells were also characterized (data not shown). The rostral,
middle, and caudal regions contained roughly equal numbers
of FG-labeled, TH-labeled or FG-TH colocalized cells. Overall,
cells colocalized for FG and TH were found throughout each
of the subregions of the LL, with the most prominent double-
labeling found in the DNLL and INLL. The results indicate that a
subpopulation of dopaminergic neurons located throughout the
LL project to the IC.

DISCUSSION

The IC Receives Direct Dopaminergic
Projections From the LL
Previous studies have suggested that the IC receives
dopaminergic projections. While there is substantial indirect
evidence for the presence of DA in the IC, direct evidence
of DA content within this nucleus is lacking. The present
study demonstrated DA content in the IC and identified the
LL as a source of DA to the IC. HPLC analysis revealed DA
throughout the central auditory pathway, with the highest
levels found in the SOC and IC. Given the previous findings
that the LL contains cells immuno-positive for TH (Tong
et al., 2005), the present report, using tract-tracing studies
with fluorogold and lesioning studies, further characterized
TH immunoreactivity within the LL and its projections to
the IC.

The presence of dopaminergic neurons in the LL and IC
was supported by findings in which TH positive neurons were
first verified in the IC by triple immunolabeling of TH and the
neuronal markers, MAP2 and TUJ1, and then by lesioning with
6-OHDA, a neurotoxin that specifically targets TH-expressing
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FIGURE 5 | Colocalization of FG and TH within the DNLL of the LL. (A) FG containing cell bodies (blue) and (B) TH labeled cell bodies (red) in the DNLL. Insets in
(A,B) represent individual labeled cells of interest. Panel (C) is an expanded overlay of the shaded area of interest in (A,B) and represent FG and TH colocalized cells
(pink). Scale bars = 50 µm (A–C) and 25 µm for images within the individual insets.

FIGURE 6 | Colocalization of FG and TH within the INLL of the LL. (A) FG containing cell bodies (blue) and (B) TH labeled cell bodies (red) in the INLL. Insets in
(A,B) represent individual cells of interest. Panel (C) is an expanded overlay of the shaded area of interest in (A,B) and represent FG and TH colocalized cells (pink).
Scale bars = 50 µm (A–C) and 25 µm for images within the individual insets.

cells. The 6-OHDA was injected specifically into the IC and the
results showed a significant reduction in TH immunolabeling
within IC cell bodies after 6-OHDA lesioning, as well as a
reduction in TH-labeled varicosities.

As for the LL, the reduction in TH immunoreactivity within
terminal fields was dramatic. The extent and complexity of
dendritic processes appeared reduced in lesioned animals, but
the TH-labeled somata were spared. The extent and progression
of 6-OHDA induced degeneration of dopaminergic neurons
is highly influenced by the site of the injection (Agid et al.,
1973; Przedbroski et al., 1995; Przedbroski and Tieu, 2006).
The dopamine transporter regulates spatial and temporal aspects
of dopaminergic neurotransmission by governing the synaptic
reuptake of DA. The DA transporter is also the method by
which 6-OHDA is taken into dopaminergic neurons (Blum

et al., 2001; Vaughan and Foster, 2013). Although 6-OHDA
lesioning of IC neurons led to a significant reduction in TH
labeling in the LL, the reduction was partial. Possibly the lack
of reduction in TH positive cells bodies in the LL was because
TH immunostaining studies were performed one week after
6-OHDA lesioning. Previous studies have shown that 6-OHDA
lesioning led to significantly less degeneration of DA cell bodies
in the substantia nigra compared to degeneration of dopamine
terminals in the striatum two weeks following the lesion (Grant
and Clarke, 2002). Also, axon terminals are more sensitive to
6-OHDA neurodegeneration than axons or somata (Malmfors
and Sachs, 1968; Jonsson, 1983). Therefore, more time after
6-OHDA lesioning may have been needed to allow for the
complete reduction in TH immunoreactivity within LL cell
bodies. There was also a reduction in TH immunoreactivity
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FIGURE 7 | Colocalization of FG and TH within the VNLL of the LL. (A) FG containing cell bodies (blue) and (B) TH labeled cell bodies (red) in the VNLL. Insets in
(A,B) represent individual cells of interest. Panel (C) is an expanded overlay of the area of interest in (A,B) and represent FG and TH colocalized cells (pink). Scale
bars = 50 µm (A–C) and 25 µm for images within the individual insets.

FIGURE 8 | Quantification of FG and TH colocalization within the subregions
of the LL. FG, TH and colocalized FG and TH labeled cells in the DNLL, INLL,
and VNLL subregions of the LL. Error bars indicate standard error. *P < 0.05,
**P < 0.01.

within fibers found in the LL. Given that 6-OHDA was injected
into the IC, the reduction in fiber labeling within the LL indicates
that the LL provides a source of TH positive projections to the
IC. However, since there was also a reduction in TH positive
terminals within the LL, the IC may send TH positive projections
to the LL. These data point to the likelihood that the LL provides
a source of dopamine to the IC. Consequently, future studies
are needed to determine the extent to which the LL sends
dopaminergic projections to auditory nuclei other than the IC.

The present results corroborate our previous study showing
that the LL contains TH immunoreactive neurons, with very
few somata immunoreactive for DBH and none immunoreactive
for PNMT, indicative of NE and E neurons, respectively
(Tong et al., 2005). These findings provide strong support
for the conclusion that the TH positive projections from the
LL to the IC are primarily dopaminergic. The DNLL likely
provides limited noradrenergic input to the IC. Consistent with
this finding, DBH positive cell bodies have been previously
reported in the LL (Wynne and Robertson, 1996). Conversely,

DBH and PNMT positive fibers, characterized by en passant
swellings, were found throughout the LL. There was a substantive
population of fibers within the LL that were immunolabeled
for DBH or PNMT, suggesting that other brain regions likely
send both noradrenergic and adrenergic projections to the
LL. One possibility is that NE may activate TH neurons
in the LL and provide sympathetic modulation of auditory
information integration in the IC, though this hypothesis needs
further examination in future studies. The immunohistochemical
technique used in the present study did not distinguish whether
these fibers are from axons, axonal terminals, or dendrites;
therefore, the use of electron microscopy is needed to address
these important questions.

Tract tracing studies using FG and TH
immunohistochemistry were examined separately and then
in combination to determine the degree of FG and TH
colocalization of neurons in the LL. Extensive FG labeling was
found throughout each of the subregions of the LL (DNLL,
INLL, and VNLL), in line with numerous published studies
demonstrating major LL projections to the IC (Kudo, 1981;
Druga and Syka, 1984; Kelly et al., 1998). TH immunoreactivity
was found in LL cell bodies in each of the subregions examined.
Interestingly, there were differences in the intensity of TH
immunoreactivity within the subregions of the LL. The INLL
and VNLL contained TH positive cells that were more intensely
labeled compared to those in the DNLL, although the number of
TH positive cells was higher in the DNLL and INLL compared to
the VNLL. These results are similar to previous studies reporting
differences in the intensity of TH labeling within auditory
nuclei (Tong et al., 2005; Fyk-Kolodziej et al., 2015), particularly
in the subregions of the LL. The DNLL and INLL primarily
contain GABAergic and glutamatergic neurons respectively,
whereas the VNLL contains neurons that co-label for GABA
and glycine (Zhang et al., 1998; Ito and Oliver, 2010; Moore
and Trussell, 2017). Our previous study identified TH terminals
that colocalized with glycinergic and glutamatergic terminals
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in the IC, as well as TH positive terminals that occasionally
co-localized with GABAergic terminals (Fyk-Kolodziej et al.,
2015). Consequently, the previous results of colocalization of
TH with glutamate or TH with glycine in the IC combined
with our current results, specifically implicate the INLL and
VNLL, respectively, as possible sources of DA in the IC. Some
dopaminergic neurons within the LL may not co-localize
with other neurotransmitters and could represent a separate
population of neurons, that project to the IC or other auditory
nuclei. On the other hand, a significant number of TH positive
cells within each of the subregions of the LL did not colocalize
with FG, suggesting that the LL sends dopaminergic projections
to regions beyond the IC. However, further studies focused on
the neurotransmitter phenotype and projection of TH-positive
lemniscal neurons are needed to characterize dopaminergic
neurons in the LL.

Overall, these results provide substantial evidence for LL
projections to the IC, as has been previously established, and
expand our previously published findings to show that the LL
provides a source of DA to the IC.

DA Within the IC
Several previous studies have suggested the presence of DA
within the IC. For example, DA receptors were identified in the
IC (Wamsley et al., 1989; Weiner et al., 1991), and DA delivered
to the IC was found to alter spontaneous and acoustically-
induced neuronal activity (Gittelman et al., 2013). However,
none of these reports directly measuredDA levels in the IC as was
done in this study. The use of HPLC in the present study enabled
the selective and sensitive measurement of DA within discrete
brain regions, unlike methods such as immunohistochemistry
and western blot analysis, which only provide information about
the localization or amount of protein that is associated with DA.
Thus, assessment of DA in auditory nuclei has previously been
indirect. Moreover, previous studies have shown that there are
subsets of TH positive neurons that can synthesize DA, but do
not possess the molecular machinery to accumulate and/or store
DA (Weihe et al., 2006; Morales and Root, 2014). The ability to
store DA is particularly important since free cytosolic dopamine
is quickly degraded. Detection of DA using HPLC confirms that
TH positive neurons in the auditory nuclei produce and store
DA that is available for neurotransmission. Therefore, HPLC
analysis provides convincing evidence that DA is, indeed, present
in the IC and LL. Besides, DA was also found in the CN, SOC,
and AC, auditory nuclei that are also involved in the processing
of auditory information and known to send projections to the
IC. However, one limitation of HPLC is that the nature of DA
content, i.e., whether the source is somatic or synaptic, cannot be
differentiated. Nonetheless, the present study has confirmed the
presence of DA available for neurotransmission within the IC, as
well as in the LL and other auditory nuclei that project to the IC.

The subparafascicular thalamic nucleus (SPF), a
forebrain region that contains dopamine neurons within
the A11 dopaminergic cell group, has been reported to send
dopaminergic projections to the IC (Takada et al., 1988; Nevue
et al., 2016a,b). In one study, the SPF and auditory nuclei
that project to the IC (e.g., LL) were examined using FG and

TH colocalization, but only the SPF was reported to have TH
immunoreactive somata (Nevue et al., 2016a). Another recent
study reported that activation of SPF neurons induced DA
release in the IC (Batton et al., 2019). While these reports suggest
the SPF as the primary source of DA to the IC, the present study
provides evidence that the LL is a source of DA to the IC. Since
one-third of the TH positive cells in the LL were found to project
to the IC the discrepancy between the current study and that
of Nevue et al., is unclear. However, the site of the fluorogold
injection or the TH antibody used may be contributors. The
present study also used a clearly defined and rigorous method
(Figures 4C–E) of identifying and counting cells positive for
FG and TH which likely enabled a more complete assessment
of TH immunoreactivity in the LL. Finally, the aforementioned
published studies were performed in mice and not in rats as in
the present study and thus, species differences may have led to
the differential findings.

The nucleus sagulum, a midbrain tegmental region, lies lateral
to the DNLL and sends projections to the cortex of the IC
(Brunso-Bechtold et al., 1981; Henkel and Shneiderman, 1988;
Hutson et al., 1991; Beneyto et al., 1998; Motts and Schofield,
2009; Schofield et al., 2014). Previous studies report choline
acetyltransferase, GABA, and glycine as neurotransmitters
produced by sagulum neurons (Beneyto et al., 1998; Motts and
Schofield, 2009). Given that darkly labeled TH-positive neurons
were also present at the lateral borders of the DNLL and INLL,
possibly at least some of those neurons were part of the nucleus
sagulum. Several of the neurons found near the lateral edge
of the tissue also contained FG. Since the sagulum cannot be
easily distinguished in the current study, future investigation is
needed to clarify the precise catecholaminergic composition and
localization of potential TH labeled sagulum neurons.

The presence of DA in the IC was also previously suggested
using fast-scan cyclic and pair pulse voltammetry (Batton et al.,
2019). Using voltammetry, DA cannot be easily distinguished
from NE. DA was determined indirectly, using DA and NE
transporter inhibitors and thus, DA could not be conclusively
confirmed as in the current study (Batton et al., 2019). The
present report provides clear evidence of a previously unreported
dopaminergic pathway from the LL to IC.

Function of DA in the IC
The role of DA within the IC has not been fully elucidated.
DA has been found to modulate IC neuronal activity and
the response of IC neurons to auditory stimuli (Gittelman
et al., 2013). DA applied to the IC produced heterogeneous
effects on the activity of IC neurons, resulting in both an
increase and decrease in spontaneous and sound-stimulated
neuronal firing in the IC (Gittelman et al., 2013). Additionally,
inhibition of DA receptor activation within the IC by a DA
D2 receptor antagonist has been found to modulate auditory-
evoked defensive behavior, such as unconditioned fear (De
Oliveira et al., 2014; Muthuraju et al., 2014). A D2 agonist in the
IC reduced pre-pulse inhibition of the acoustic startle response
(Satake et al., 2012). The ascending input from several auditory
nuclei, including the LL, also modulates IC neurons and the
response of IC neurons to auditory stimuli (Kidd and Kelly, 1996;
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Batra and Fitzpatrick, 2002; Wang et al., 2018). The subregions
of the LL have differential effects on auditory information
processing in the IC. Past studies have shown that the DNLL
and its connections to the IC are involved in binaural processing
and sound localization (Li and Kelly, 1992; Ito et al., 1996; Kidd
and Kelly, 1996; Kelly et al., 1998; van Adel et al., 1999), whereas
the VNLL is thought to process temporal features of sounds
and shape-selective responses to sounds of different durations
(Covey and Casseday, 1991; Batra and Fitzpatrick, 2002). The LL
may, therefore, contribute some of its neuromodulatory effects
on auditory processing within the IC through dopaminergic
neurotransmission and thus impact IC modulation of ascending
and descending auditory pathways.

Future Directions
The current findings validate previous studies that establish
the presence of DA in the CN, SOC, LL, IC, and AC and
provide evidence for the LL as a source of DA in the IC.
Our HPLC findings support the presence of endogenous DA
in these auditory nuclei. Interestingly, DA neurons within the
SPF do not contain the dopamine transporter (Koblinger et al.,
2014). Given the importance of the dopamine transporter in
maintaining tissue levels of DA, it is possible that HPLC
analysis of DA levels in SPF-projecting regions could be
underestimated (Vaughan and Foster, 2013). Therefore, an
examination of dopamine transporter immunolabeling in the IC
and LL is an important area of future inquiry. Additional studies
would also expand our understanding of DA neurotransmission
in the LL-IC pathway. Dopamine can either activate (D1-
type receptors) or inhibit (D2-type) the activity of neurons.
Dual-labeled immunohistochemistry for DA receptor subtypes
and TH combined with tract tracing studies could be used to
examine the subtype of dopaminergic receptors present on IC
neurons that receive projections from the LL. Moreover, deafness
leads to a reduction in TH labeling in the LL and IC (Tong et al.,
2005). Another important future study would be to investigate
whether hearing loss alters DA levels in auditory nuclei and
leads to alterations in the dopaminergic LL projections to the
IC. The findings from these studies would provide knowledge
of the functional role of the dopaminergic LL to the IC pathway
under normal conditions as well as during impaired hearing and
hearing loss.

CONCLUSION

The present study provides considerable evidence that several
nuclei within the central auditory system contain a source of
DA capable of dopaminergic neurotransmission. This study
also confirms that the LL sends dopaminergic projections to
the IC. TH labeled terminals in the IC have been shown to
co-localize with glutamate and glycine terminals and associate

closely with GABA terminals. Thus, LL dopaminergic projections
to the IC are well-positioned to modulate glutamate, GABA,
and glycine neurotransmission in the IC and ascending auditory
neurotransmission. Elucidation of DA’s function in the IC and
the dopaminergic LL-IC pathway will likely further current
knowledge of auditory information processing in the ascending
and descending auditory pathway. Moreover, a more thorough
understanding of this pathway may provide new molecular and
therapeutic targets to aid in the identification and prevention of
hearing loss due to injury, and, after exposure to loud noise or
blast (e.g., in urban settings or in the military).
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