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ABSTRACT: 

The auditory system is responsible for detecting, encoding, and deciphering hearing. The inferior 

colliculus (IC) is a major relay hub situated in the midbrain, that is subdivided into a central 

nucleus, and surrounding dorsal and lateral cortices. The central nucleus of the inferior colliculus 

(CNIC) is organized tonotopically based on a frequency gradient and strictly processes auditory 

information. In contrast, recent studies show that the lateral cortex of the inferior colliculus 

(LCIC) is actually multimodal, receiving inputs from not just auditory sources, but also 

somatosensory and visual structures. The precise organization of patterned inputs to the LCIC 

and their development has yet to be fully established. Mounting evidence suggests a modular 

LCIC framework with surrounding extramodular zones that provide an anatomical substrate for 

input-output arrays. Previously, a series of histochemical and immunocytochemical stains 

including acetylcholinesterase (AChE), cytochrome oxidase (CO), glutamic acid decarboxylase 

(GAD), nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d), and parvalbumin 

(PV) were identified as discrete markers of LCIC layer 2 modular fields. The present study 

builds upon these findings and establishes calretinin (CR), a calcium binding protein, as a 

complementary extramodular marker. CR-specific labeling was observed in LCIC zones 

surrounding presumptive layer 2 modules at all ages, yet became increasingly more distinct at 

later developmental stages. This finding somewhat contrasts previous results in developing rat in 

which LCIC CR patterns were more evident prior to hearing onset (Lohmann and Friauf, 1996). 

NADPH-d and CR double-labeling confirms a complementary modular/extramodular LCIC 

substrate that is established during the early postnatal period. Similarly organized Eph-ephrin 

guidance expression patterns and developing multimodal projection patterns suggest that this 

arrangement is functionally important. Understanding the neuronal development of the 
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modular/extramodular architecture of the LCIC is crucial in future development of therapeutic 

treatments regarding brain plasticity and tinnitus.  

 

INTRODUCTION: 

The auditory system is involved in detecting and deciphering auditory inputs, and it consists of 

peripheral and central components. The peripheral system begins with sensory receptors and 

includes structures of the ear such as the Organ of Corti, receptor hair cells, the spiral ganglion, 

and the auditory nerve. The brain and spinal cord comprise the central nervous system, and 

central auditory aspects include many complexes in the brainstem and midbrain, beginning with 

the cochlear nucleus. The inferior colliculus (IC) is considered the crossroads of auditory 

processing as it is situated in the midbrain and links lower brainstem centers with higher regions 

of thalamus and cortex.  The IC is subdivided into a central nucleus, lateral cortex, and dorsal 

cortex (CNIC, LCIC, DCIC). The central nucleus is organized tonotopically on a frequency 

continuum, much like most other parts of the ascending system. In contrast, the lateral cortex is 

not strictly tonotopic, but rather exhibits a discontinuous, modular organization (Gruters and 

Groh, 2012; Stebbings et al., 2014).  

The development of this modular or patchy arrangement is not solely dependent on the 

organism’s experience.  The specificity of the synaptic connections within the IC develop largely 

prior to the organism’s ability to process sound.  This is in large part due to the guidance of 

proteins in the brain that help steer developing axonal connections.  For example, Eph-ephrins, a 

family of signaling molecules, instruct specific axonal arrangements and appropriate mapping of 

target regions (Flanagan et al., 1998). Eph-ephrin expressions previously studied in the Gabriele 

laboratory appear similar to terminal field distributions of many tract-tracing studies that hint at a 
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modular LCIC organization (Wallace et al. 2016). Understanding the emergence of the micro-

organization of the LCIC should provide insights regarding multimodal functional 

responsibilities of this structure.  

A variety of staining methods can provide insights concerning the anatomical substrate of 

a given brain structure. A series of neuro- and immunohistochemical approaches have suggested 

a functional compartmentalization of the LCIC (Chernock et al., 2004). One marker, GABA, is 

an inhibitory neurotransmitter synthesized by glutamic acid decarboxylase (GAD) enzymes.  The 

GAD65 isomer is located primarily in axon terminals and membranes, while GAD67 is localized 

in neuronal somata (Burianova et al., 2009).  GAD 65/67 staining reveals a network of discrete 

LCIC modules in a variety of adult species. GABAergic LCIC staining is quite similar to other 

markers including, parvalbumin (PV), cytochrome oxidase (CO), acetylcholinesterase (AChE), 

and nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d). Of these, NADPH-d 

appears to be the most reliable and distinct modular marker in developing mouse (Dillingham 

and Gabriele, 2016).  

PV is one calcium-binding protein that is important for regulating intracellular calcium 

levels. Calretinin (CR) has also been used effectively as stains of specific neuronal 

subpopulations to provide insights regarding distinct organizational features. PV 

immunoreactivity is more prevalent in the CNIC while also expressed in LCIC in a modular 

fashion. In contrast, preliminary findings suggest CR is more prevalent in the lateral cortices of 

rat (Ouda and Syka, 2012). Thus, PV is an effective modular marker, while CR may provide a 

means for highlighting surrounding extramodular regions. In the rat auditory brainstem, PV 

levels increase with age, while CR levels decrease (Lohmann and Friauf, 1996). Specifically, CR 

IC expression is evident as early as E20 with decreased CR labeling up to P20.  
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Figure 7.
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Figure 8. 
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Figure 10. 
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Figure 11.  

 

Figure 12.  


