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Abstract

Neuromodulators can alter the response properties of sensory neurons, including those in the 

auditory system. Dopamine, which plays a major role in reward and movement, has been shown to 

alter neural responses in the auditory brainstem and midbrain. Recently we identified the 

subparafascicular thalamic nucleus (SPF), part of the A11 dopaminergic cell group, as the source 

of dopamine to the inferior colliculus (IC). The superior olivary complex (SOC) is also a likely 

target of dopaminergic projections from the SPF because it receives projections from the SPF and 

contains fibers and terminals immunoreactive for tyrosine hydroxylase, the rate limiting enzyme in 

dopamine synthesis. However, it is unknown if the projections from the SPF to SOC are 

dopaminergic, and if single neurons in the SPF project to both the IC and SOC. Using anterograde 

tracing combined with fluorescent immunohistochemistry, we found that the SPF sends 

dopaminergic projections to the superior paraolivary nucleus and the medial nucleus of the 

trapezoid body, but not the lateral superior olive. We confirmed these projections using a 

retrograde tracer. By making dual retrograde deposits in the IC and SOC, we found that individual 

dopaminergic cells innervate both the IC and SOC. These results suggest dopaminergic 

innervation, likely released in a context dependent manner, occurs at multiple levels of the 

auditory pathway.
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1. Introduction

Neuromodulatory systems have the ability to significantly alter auditory processing based on 

social context and internal state (Hurley and Hall, 2011; Ikeda et al., 2015). A variety of 

studies have provided intriguing data suggesting that the neuromodulator dopamine plays an 

important role in modulating auditory responses. For example, Bender et al. (2010) showed 

that dopamine can modulate action potential initiation in the dorsal cochlear nucleus and 

Gittelman et al. (2013) showed that dopamine heterogeneously modulates response 

properties of neurons in the inferior colliculus (IC). Moreover, people with Parkinson’s 

disease and schizophrenia, both disorders characterized by a dysfunction in dopamine 

signaling, have speech processing problems (Gräber et al., 2002; Schröder et al., 2010; 

Kantrowitz et al., 2015) and people with schizophrenia may experience auditory 

hallucinations (Lennox et al., 2000). Thus, dopamine may be required for normal auditory 

processing.

The sources of dopamine in the auditory system, however, are not well understood. Recently, 

we discovered that the subparafascicular thalamic nucleus (SPF) is the source of the 

dopaminergic input to the IC (Nevue et al., 2016). The SPF is part of the A11 dopaminergic 

cell group and sends widespread dopaminergic projections to many structures in the brain 

(Takada et al. 1988; Takada, 1993). In addition to dopaminergic neurons, the SPF contains 

neurons that use GABA or various neuropeptides including substance P, enkephalin, and 

somatostatin (Moriizumi and Hattori, 1992; Sugimoto et al., 1984; Wamsley et al., 1980). 

The SPF receives projections from many auditory nuclei including the superior olivary 

complex, inferior colliculus, nuclei of the lateral lemniscus, and medial geniculate body, and 

therefore may act as a convergence center for auditory projections (LeDoux et al., 1985; 

Wang et al., 2006; Yasui et al., 1990). Studies in fish have also identified a dopaminergic cell 

group in the hypothalamus, likely a homolog to the SPF, which sends projections to auditory 

nuclei, the inner ear, and lateral line (Metcalfe et al., 1985; Bricaud et al., 2001; Forlano et 

al., 2014). Thus, it is likely that the SPF in mammals sends dopaminergic projections to 

other auditory nuclei besides the IC.

In particular, the superior olivary complex (SOC) is a likely target of dopaminergic 

projections from the SPF. The SOC is a group of brainstem nuclei that functions as a 

convergence center within the ascending and descending auditory pathway, and these 

different nuclei play important roles in both monaural and binaural processing (Thompson 

and Schofield, 2000; Oliver, 2000). While it is known that the SOC receives projections 

from the SPF (Yasui et al., 1992) and contains TH-positive fibers and terminals (Mulders 

and Robertson, 2001; 2005), it is not known whether the SPF projections are the 

dopaminergic source to the SOC. In addition, it is not known whether the same neurons in 

the SPF project to both the IC and SOC.

The purposes of this study were to determine 1) if the SPF sends dopaminergic projections 

to the SOC, and 2) whether individual neurons in the SPF project to both the auditory 

midbrain and brainstem. We first placed an anterograde tracer in the SPF and examined 

whether anterogradely labeled fibers in the SOC nuclei were colocalized with tyrosine 

hydroxylase (TH). We then confirmed the SPF to SOC projections by placing retrograde 
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tracer deposits in the individual SOC nuclei. We found that the superior paraolivary nucleus 

(SPN) and medial nucleus of the trapezoid body (MNTB), but not the lateral superior olive 

(LSO), receive dopaminergic projections from the SPF. By placing different retrograde 

tracers in the SOC nuclei and the IC in the same animals, we also found that individual 

dopaminergic cells in the SPF project to both the IC and SOC. These results suggest that the 

SPF has the ability to alter auditory processing in multiple nuclei, potentially facilitating 

plasticity or altering ongoing responses to salient stimuli.

2. Materials and Methods

2.1 Animals

We used normal hearing (CBA/CaJ or C57BL/6J) adult mice less than 3 months old (Zheng 

et al., 1999; Kane et al., 2012) (9 males, 8 females) obtained from Jackson Laboratory or 

bred in our colony. All animals had free access to food and water and were on a reversed 12-

h light/12-h dark schedule. All care and procedures were in accordance with the guidelines 

of the National Institutes of Health and were approved by the Washington State University 

Institutional Animal Care and Use Committee.

2.2 Preparation of animals for tracer injections

We iontophoretically injected the tracers into the regions of interest in awake, restrained 

animals. To prepare the animals for the tracer injections, we mounted a headpost onto the 

skull of anesthetized mice using surgical techniques we have previously described (Muniak 

et al., 2012). Once the headpost was mounted, we made a craniotomy (about 1 mm × 1 mm) 

over the desired brain region based on stereotaxic coordinates (Paxinos and Franklin, 2001). 

We then covered the hole with petroleum jelly and/or bone wax to prevent the brain from 

dehydrating, applied lidocaine and Neosporin to the exposed muscle, and returned the mouse 

to its home cage to recover from the surgery for at least 1 day before a tracer deposit was 

made. On the experimental day, the animal was placed in a sound attenuating chamber with 

its headpost bolted into a custom stereotaxic apparatus (Muniak et al., 2012). Prior to the 

experiment, the animal was given acepromazine (<5 mg/kg, i.p.) to reduce any stress of 

putting the animal in the restraint.

2.3 Iontophoretic tracer injections

Methods were similar to Nevue et al. (2016). For anterograde tracing, we deposited 10% 

biotinylated dextran amine (BDA; 10,000 MW) (Life Technologies) made in 0.9% saline 

into the subparafascicular thalamic nucleus (SPF) in 4 mice. We located the SPF using 

stereotaxic coordinates (1.3 to 1.6 mm caudally from bregma and 0.1 to 0.5 mm laterally 

from midline; Paxinos and Franklin, 2001). The BDA was deposited by injecting 5μA of 

current for 10 minutes (7s on/7s off). The animal was then returned to its home cage for 

seven days survival time.

For retrograde tracing, we deposited 1% cholera toxin subunit B (CTB; List Biological 

Solutions) dissolved in distilled water into either the superior paraolivary nucleus (SPN) (n = 

5), medial nucleus of the trapezoid body (MNTB) (n = 4), or lateral superior olive (LSO) (n 

= 3). One brain had tracer spread from the deposit to the SPN and MNTB, and was classified 
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as such for quantification. In some animals (n = 6) we also deposited 2% Fluorogold (FG; 

Fluorochrome) in sodium acetate buffer into the inferior colliculus (IC), ipsilateral to the 

SOC deposit. We used glass micropipette electrodes (impedance 3 to 5 MΩ) filled with the 

tracer. The electrodes were advanced into the specific nucleus by a hydraulic 

micropositioner (David Kopf Instruments) driven from outside the sound attenuating 

chamber. We determined where to deposit the tracer using stereotaxic coordinates (Paxinos 

and Franklin, 2001) and electrophysiological response characteristics from extracellular 

recordings. For each penetration, the SPN was used as a reference point of location within 

the SOC because of our expertise in recording in this structure (Felix et al., 2012). The SPN 

has prominent spiking following the offset of the sound stimulus with little to no evoked 

spiking during stimulation (Felix et al., 2012) making it an easy target to identify. After 

locating the SPN, we found the MNTB by shifting the electrode medially and identifying 

primary-like spiking patterns that produced stronger responses to contralateral stimulation 

(Kopp-Scheinpflug et al., 2003). We found the LSO by shifting the electrode laterally from 

the SPN and identifying chopper-like patterns that produced stronger responses to ipsilateral 

stimulation (Adam et al., 1999; Karcz et al., 2011). The tracers were deposited using current 

(7s on/7s off) of 4 μA for 5–10 minutes. The animal was then returned to its home cage for 

seven days survival time.

2.4 Perfusion and tissue collection

The mice were deeply anesthetized in an induction chamber with isoflurane until breathing 

stopped and there was no nociceptive response. We then transcardially perfused the mouse 

using 60 mL of buffered 10% formalin or 4% paraformaldehyde in 0.1M phosphate buffer 

solution (PBS, pH 7.4). The brain was dissected and cryoprotected overnight in 20% sucrose 

solution in 0.1M PBS. We sectioned the brain coronally at a thickness of 40 μm using a 

Leica SM2000 R freezing microtome (Leica Biosystems) making sure to place a small 

fiducial mark on the right side of the brain to identify label that was ipsilateral or 

contralateral to the deposit site. Sections from the SOC, IC, and SPF were collected serially 

in 0.1M PBS and stored at 4°C until use. Nissl staining was performed on adjacent series to 

identify different nuclei within the SOC.

2.5 Immunohistochemistry

Sections were rinsed in PB and incubated overnight at room temperature in a primary 

antibody solution. The primary antibody solution consisted of polyclonal rabbit anti-TH 

(Millipore, 1:1500), 3% normal donkey solution (Millipore) and 0.4% Triton X-100 (Sigma-

Aldrich) in 0.1M PB. For retrograde tracing we also used goat anti-CTB (List Biological 

Solutions, 1:10,000). After incubation in the primary antibody, sections were washed and 

then incubated in a secondary antibody for two hours at room temperature. We used donkey 

anti-rabbit Alexa Fluor 568, and donkey anti-goat 488 to visualize the primary antibodies 

(1:250, Life Technologies). For anterograde experiments we used Alexa Fluor 488 

conjugated streptavidin (1:250, Life Technologies) to visualize BDA. The sections were then 

mounted on Superfrost Plus microscope slides (Fisher Scientific), dehydrated and cleared, 

and coverslipped with DPX (Electron Microscopy Sciences). Label was observed using a 

Leica TCS SP8 confocal microscope or Leica DMR fluorescent microscope (Leica 

Microsystems).
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2.6 Data Analysis

For colocalization analysis, we examined every other 40μm section in the SPF. 

Approximately 4–5 sections were analyzed for each animal. Cells were counted with live 

images. In each section, we counted the number of cells that were retrogradely labeled with 

CTB, and if those cells were also labeled with TH or retrogradely labeled with FG. Because 

the data were not normally distributed, we used Mann-Whitney U tests to determine 

statistical significance between groups. Data are presented as mean +/− SD.

3. Results

To determine if the SPF sends dopaminergic projections to the SOC, we iontophoretically 

injected an anterograde tracer (10K BDA) in the left SPF of 4 mice. The location of these 

deposits was confirmed after tissue processing (Figure 1A). Neurons in the SPF have been 

shown previously to be dopaminergic and not noradrenergic (Takada et al., 1988; Koblinger 

et al., 2014; Nevue et al., 2016). By staining the same brains for TH, we determined if there 

were anterogradely labeled fibers in the SOC, and if they were TH-positive. We found 

anterogradely labeled fibers colocalized with TH in the SPN and MNTB, but not LSO 

(Figure 1B–D). We counted the number of boutons in a 40μm × 40μm square area of each 

SPN (n =4) and MNTB (n =4) and found no statistical difference (p = 0.273) between 

bouton density in the SPN (8.50 ± 2.65) and the MNTB (11.5 ± 4.20).

We confirmed our anterograde results using retrograde tracing. We injected 1% CTB in the 

SPN of 5 mice and the MNTB of 4 mice. One mouse had a CTB deposit that covered parts 

of both the SPN and MNTB, and is represented as such in the figures. Additionally, to 

confirm that the LSO was not receiving dopaminergic projections from the SPF, we injected 

1% CTB in the LSO of 3 mice. We only analyzed data from deposit sites we considered to 

successfully hit the target nucleus. For the purposes of this paper and constraints of working 

in a mouse, we considered a deposit to be in the SPN even if there was small tracer spread 

into other periolivary nuclei, as long as the deposit was primarily in the SPN (Paxinos and 

Franklin, 2001). For MNTB and LSO deposits, we did not analyze data from experiments 

where the tracer spread to other subdivisions of the SOC. We were not concerned if there 

was minimal tracer spread outside of the SOC because there is no evidence that regions 

surrounding the SOC receive projections from the SPF. Representative deposits for the SPN 

and MNTB are shown in Figures 2A and 3A, respectively.

We found retrogradely labeled, TH-positive neurons in the SPF after deposits in the SPN 

(Figure 2B) and MNTB (Figure 3B), confirming the dopaminergic projections from the SPF 

to the SOC. Additionally, we observed retrogradely labeled cells that were not TH-positive 

in these same brains. No retrogradely labeled, TH-positive cells were seen in the SPF after 

retrograde deposits in the LSO, which is in agreement with anterograde tracing data (present 

study, Yasui et al., 1992).

After deposits in either the SPN or MNTB, we found more retrogradely labeled cells in the 

ipsilateral SPF than in the contralateral SPF (ipsilateral, 25.2 ± 4.0; contralateral, 2.6 ± 0.4; 

p < 0.001; Figure 4A). However, there was no difference in the percentage of retrogradely 
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labeled cells that were TH-positive between the ipsilateral and contralateral sides (82.6 

± 2.5% vs. 69.2 ± 8.2%; p = 0.106; Figure 4B).

In six brains we made an additional retrograde deposit of FG in the IC. A representative 

deposit site is shown in Figure 5A. We found that some single cells in the SPF were 

retrogradely labeled with both CTB and FG (from the SOC and IC respectively), and were 

also TH-positive. These triple labeled cells were observed after both SPN and IC deposits, 

and MNTB and IC deposits (Figure 5B). There were more retrogradely labeled cells that 

were TH-positive from IC deposits (51.14 ± 12.35) than from the SOC (9.83 ± 4.75). Of the 

retrogradely labeled cells that project to the SOC, about 40% were TH-positive and also 

project to the IC (Figure 6).

4. Discussion

Dopamine has widespread effects on neurons, including altering how auditory neurons 

respond to sound (Gittelman et al., 2013). Surprisingly, the source(s) of dopamine in 

auditory nuclei has not been well studied. Recently, we described dopaminergic projections 

from the subparafascicular thalamic nucleus (SPF) to the inferior colliculus (IC) (Nevue et 

al., 2016). The purpose of this study was to determine if the SPF also provides dopaminergic 

input to the superior olivary nuclei (SOC). The SOC contains TH-positive fibers and 

terminals (Mulders and Robertson, 2001; 2005) and receives projections from the SPF 

(Yasui et al., 1992), but, to our knowledge, this is the first study to examine whether the SPF 

to SOC projections are dopaminergic. In addition, we examined whether dopaminergic cells 

in the SPF project to both the IC and the SOC. We used tract tracing combined with 

immunofluorescence for TH and found that the SOC, specifically the SPN and MNTB, 

receives dopaminergic input from the SPF. Additionally, we found that TH-positive cells in 

the SPF project to both the IC and SOC. These results suggest that the dopaminergic 

neurons in the SPF are involved in modulating auditory responses at multiple levels 

throughout the auditory pathway.

Prior to this study, the IC was the only location within the central auditory pathway that was 

known to receive dopaminergic projections from the SPF (Nevue et al., 2016). Mulders and 

Robertson (2001, 2005) showed that the locus coeruleus sends noradrenergic projections to 

the SOC and made the claim that this was the only catecholaminergic innervation of the 

SOC. However, they did not examine any regions rostral to the superior colliculus, thus 

missing many major dopaminergic cell groups, including the dopaminergic cells in the SPF. 

Our more extensive examination clearly shows that the SPF has a large number of TH-

positive cells that project to the SPN and MNTB. The finding that the SPF possesses 

markers of dopaminergic neurons and is DBH-negative (Koblinger et al., 2014; Nevue et al., 

2016) provides strong evidence that the SPF cells that project to the SOC are dopaminergic 

rather than noradrenergic.

We also found TH-positive fibers in the SPN and MNTB that were not anterogradely labeled 

from SPF deposits. This could be because some neurons in the SPN that project to the SOC 

were not labeled by our injections, or more likely since our SPF deposits tended to be large, 

that the SPN and MNTB also receive noradrenergic inputs, most likely coming from the 
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locus coeruleus. This is most certainly the case for the LSO, as we showed here that the LSO 

does not receive any input from the SPF and it is known to receive input from the locus 

coeruleus (Mulders and Robertson, 2001; 2005). It is highly likely that the LSO does not 

receive any dopaminergic input.

4.1 Functional implications of dopaminergic input to the SOC

Our findings here provide the first evidence that the SPF sends dopaminergic inputs to the 

nuclei of the superior olivary complex, but it is not clear what effect these inputs have on 

auditory processing. The LSO sends inhibitory inputs to the ipsilateral IC and excitatory 

inputs to the contralateral IC whereas the SPN sends predominantly inhibitory inputs to the 

ipsilateral IC (Loftus et al., 2004; Saldaña et al., 2009). While the LSO has been firmly 

implicated in the binaural processing of sound localization cues (Grothe, 2010; Tollin, 

2003), less is known of SPN function. Neurons in the SPN possess both intrinsic (Felix et 

al., 2011) and synaptic (Kulesza et al., 2007) properties that make them well suited for 

encoding coarse temporal information important for vocalization processing (Eggermont, 

2010). Thus, the LSO may be an early locus for the representation of “where” information of 

incoming sounds, while the SPN likely has a role in encoding “what” information necessary 

for sound identification. If the SPN has a role in the identification of salient sounds such as 

vocalizations at the level of the IC, both nuclei may be targets of SPF-derived dopaminergic 

inputs capable of modulating auditory processing based on the behavioral state of the 

animal. In contrast, if the primary function of the LSO is sound localization, modulation by 

dopamine that contributes to establishing social context may not be necessary. Unlike the 

LSO and SPN, the MNTB is not a major source of input to the IC (Adams, 1979; Kelly et 

al., 1998), but it does provide major projections to both the ipsilateral LSO and SPN (Banks 

and Smith, 1992; Sommer et al., 1993). Thus, the MNTB likely is a major part of both 

binaural “where” processing pathways that include the LSO and monaural “what” pathways 

of which the SPN is a part (Schofield, 2005). Future studies are necessary to determine 

whether other monaural areas implicated in auditory object identification such as the octopus 

cells of the cochlear nucleus (Felix et al., 2013) also receive dopaminergic inputs. 

Conversely, regions like the bushy cell area of the cochlear nucleus that give rise to binaural 

pathways (Cant and Benson, 2003) may be devoid of dopaminergic input. By establishing 

which nuclei share modulatory SPF connections, we can begin to explore the functional 

implications of dopamine modulation on binaural and monaural auditory processing.

Because we conducted this study in mice, we did not examine the medial superior olive 

(MSO). In mice, the MSO is small in number of neurons, and compared to the size of the 

SPN, MNTB, and LSO (Irving and Harrison, 1967; Ollo and Schwartz, 1979). It is even 

debatable if small animals with high frequency hearing even have a MSO (Ollo and 

Schwartz, 1979). Although they do not clearly identify the MSO, Yasui et al. (1992) did not 

find any anterograde labeling in the presumed MSO region after SPF deposits. In addition, 

Mulders and Robertson (2001, 2005) claimed there are no dopaminergic fibers in the MSO 

of the rat and guinea pig. Thus, it is likely that the MSO is not a target of dopaminergic 

modulation. Neuromodulation is still of interest in the MSO however, as it has recently been 

shown that serotonin modulates firing probability in MSO neurons (Ko et al., 2016).
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4.2 The role of the SPF in auditory processing

The function of the SPF in auditory processing is not clear, but its afferent and efferent 

connections provide some indication of its potential role. The SPF receives input from a 

variety of auditory nuclei, including the auditory cortex, auditory thalamus, the SOC, and 

the external and dorsal cortices of IC (LeDoux et al., 1985; Wang et al., 2006; Yasui et al., 

1990; Yasui et al., 1992). It is not known what causes a response from these SPF neurons but 

the connectivity with auditory structures suggests dopamine release from SPF cells may be 

triggered by input from other auditory neurons. Examining the neurophysiological response 

properties of SPF neurons to auditory stimuli will be an important step in understanding how 

the SPF modulates auditory processing with dopamine. While it is known that neural 

responses to auditory stimuli are modulated by dopamine in the IC (Gittelman et al., 2013) 

likely via the SPF (Nevue et al., 2016), it is not known how dopamine modulates responses 

in the SPN and MNTB. Future experiments should address the specific role of the SPF in 

modulating responses properties in the IC and SOC.

The neurons in the SPF that project to the spinal cord are likely separate from those that 

project to the IC (Takada, 1993) and the SOC. This combined with the data in the present 

paper, showing that single dopaminergic neurons in the SPF are innervating the auditory 

brainstem and midbrain, suggest that there is an auditory specific group of SPF neurons and 

these neurons play a role in global dopaminergic modulation of auditory processing

As we and others have shown, not all neurons in the SPF are TH positive (Moriizumi and 

Hattori, 1992; Nevue et al., 2016). The phenotype of the TH-negative neurons in the SPF is 

unknown but they are likely the same GABAergic neurons that project to the IC (Moriizumi 

and Hattori, 1992), which would contribute to the overall inhibition in the auditory midbrain 

and brainstem. In the IC, inhibition plays a variety of roles including shaping selectivity to 

vocalizations (Mayko et al., 2012; Klug et al., 2002) and it is possible that the SPF plays a 

role in this modulation.

Other neuropeptides like substance P, enkephalin, and somatostatin are also present in the 

SPF, but it is unknown if they exist in neurons that project to auditory nuclei. Wang and 

Robertson (1997) investigated the effect of various neuromodulators on SOC neurons and 

found that substance P had excitatory effects and enkephalin had inhibitory effects. These 

modulatory effects could either arise from the SPF or via other projections to the SOC. 

Somatostatin did not have any effect on SOC neurons so it is unlikely that SPF neurons 

projecting to the SOC are using somatostatin as a neuropeptide.

5. Conclusion

Neuromodulation via dopamine is of interest throughout the auditory system from the inner 

ear to the cortex. In the inner ear, dopamine acts via D1 receptors at ribbon synapses to 

increase neurotransmission in sensory hair cells (Toro et al., 2015; Darrow et al., 2007). In 

the DCN, dopamine can modulate currents that mediate neuronal excitability (Bender et al., 

2010), and it has heterogeneous (although largely depressive) effects on extracellular 

response properties in the IC (Gittelman et al., 2013) and auditory thalamus (Tebecis, 1970). 

In auditory cortex, dopamine modulation has been shown to help detect salient stimuli 
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(Happel et al., 2014), auditory memory (Schicknick et al., 2012), and synaptic plasticity 

(Bao et al., 2001). Thus, it is important to fully understand the mechanisms of dopaminergic 

modulation in the auditory system. Future studies should explore the specific mechanisms 

by which the SPF regulates dopaminergic modulation in the auditory system.
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Research Highlights

• The subparafascicular thalamic nucleus (SPF) sends dopaminergic 

projections to the superior olivary complex (SOC)

• The same cells in the SPF that project to the SOC also are projecting to 

the inferior colliculus

• The SPF likely acts as a global modulator of auditory processing via 

dopamine
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Figure 1. Dopaminergic cells in the SPF project to the SPN and MNTB but not the LSO
A: Coronal section showing a BDA deposit (green cell bodies) in the SPF. TH-positive cells 

are shown in magenta. B: Fibers in the SPN were anterogradely labeled and TH-positive. 

B1: BDA labeled fibers. B2: TH-positive fibers. B3: Overlay. C: Fibers in the MNTB were 

anterogradely labeled and TH-positive. C1: BDA labeled fibers. C2: TH-positive fibers. C3: 

Overlay. D. There were no anterogradely labeled fibers in the LSO. B–D: Arrows point to 

examples of anterogradely labeled fibers colocalized with TH, asterisks mark TH-negative 

anterogradely labeled fibers. Coronal section modified from Paxinos and Franklin (2001). 

Scale bar: A, D 100μm; B, C 25μm. Abbreviations: SPF, subparafascicular thalamic nucleus; 

SPN, superior paraolivary nucleus; MNTB, medial nucleus of the trapezoid body: LSO, 

lateral superior olive.
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Figure 2. Retrograde tracing confirmed dopaminergic projections from the SPF to the SPN
A: Cholera toxin subunit B (CTB) deposit in the SPN. SOC nuclei outlines based off of 

Paxinos and Franklin (2001). B1: Retrogradely labeled cells in the SPF. B2: TH-positive 

cells in the SPF. B3: Overlay showing colocalized cells. Arrow points to an example of a 

retrogradely labeled cell colocalized with TH, asterisk marks a retrogradely labeled, TH-

negative cell. Scale bar: A 100μm; B 40μm.
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Figure 3. Retrograde tracing confirmed dopaminergic projections from the SPF to the MNTB
A: Cholera toxin subunit B (CTB) deposit in the MNTB. SOC nuclei outlines based off of 

Paxinos and Franklin (2001). B1: Retrogradely labeled cells in the SPF. B2: TH-positive 

cells in the SPF. B3: Overlay showing colocalized cells. Arrow points to an example of a 

retrogradely labeled cell colocalized with TH, asterisk marks a retrogradely labeled, TH-

negative cell. Scale bar: A 100μm; B 40μm.
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Figure 4. The majority of retrogradely labeled cells in the SPF following deposits in either SPN 
or MNTB were TH-positive
A: Average number of retrogradely labeled cells and retrogradely labeled cells that were 

TH-positive on each side (ipsilateral, circles; contralateral, squares) in the SPF following 

deposits in either the SPN (closed) or MNTB (open). Each symbol represents data from one 

deposit. One deposit spread to both SPN and MNTB, and is denoted by the half closed 

symbol. B: The average percentage of retrogradely labeled cells that were TH-positive in the 

ipsilateral and contralateral SPF was not significantly different. Each symbol represents data 

from one deposit.
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Figure 5. Single neurons in the SPF project to both the IC and SOC
A: Fluorogold deposit in the IC, with an overlaid schematic coronal section based off of 

Paxinos and Franklin (2001). B1: Retrogradely labeled cells in the SPF after CTB deposit in 

the MNTB (deposit site shown in Fig. 3A). B2: Retrogradely labeled cells in the SPF after 

IC deposit. B3: TH-positive cells in the SPF. B4: Merged view showing colocalization of 

tracer and TH. Arrows show a TH-positive cell retrogradely labeled from IC and MNTB 

deposits. Asterisk marks a TH-positive cell that is retrogradely labeled from only the 

MNTB. Pound sign marks a TH-positive neuron that is retrogradely labeled only from the 

IC. Scale bar: A 250μm; B 40μm. Abbreviations: CNIC, central nucleus of inferior 

colliculus; ECIC, external cortex of inferior colliculus; DCIC, dorsal cortex of inferior 

colliculus; PAG, periaqueductal gray; Aq, aqueduct.
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Figure 6. Some cells in the SPF project to both the SOC and the IC
FG deposits were made in the IC and CTB deposits were made in the SPN (closed circles) or 

MNTB (open circles). First bar shows average number of TH-positive cells that were both 

FG and CTB positive indicating that individual cells in SPF project to both nuclei. 

Subsequent bars show TH positive cells that only project to SOC or IC. Each symbol 

represents data from one brain.
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