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ABSTRACT 

Cochlea removal results in the death of 20-30% of neurons in nucleus magnocellularis 

(NM), a cochlear nucleus of the chick auditory system involved in the precise time-coding of 

acoustic signals. Within 1 hr of deafferentation, intracellular calcium concentration ([Ca2+]i) rises 

by up to 400% while the integrity of ribosomes begins to decline—two potentially cytotoxic 

events. Glutamatergic axons of the auditory nerve have been shown to maintain NM neuron 

health by activating group I and II metabotropic glutamate receptors (mGluRs), maintaining 

normal [Ca2+]i and ribosomal integrity. This study aimed to determine how [Ca2+]i and ribosomal 

integrity are maintained by auditory nerve stimulation by selectively blocking group I mGluRs 

with AIDA and group II mGluRs with LY 341495 during unilateral auditory nerve stimulation. The 

abundance of Ca2+ in NM neurons was quantified using in vitro fura-2 ratiometric calcium 

imaging, while ribosomal integrity was assayed in a subset of the same tissue slices using Y10B 

immunolabeling (Y10B-ir). It was expected that AIDA and LY 341495 would increase [Ca2+]i and 

these increases would occur in parallel with an elimination in stimulation-induced differences in 

Y10B-ir between stimulated and unstimulated neurons of a slice. AIDA caused large increases 

in [Ca2+]i and eliminated differences in Y10B-ir between sides. Surprisingly, LY 341495 failed to 

cause reliable increases in [Ca2+]i compared to stimulated controls, but still eliminated 

differences in Y10B-ir between sides. These results suggest dissociation in how calcium and 

ribosomes are regulated in NM neurons. 

 

Keywords: activity-dependent; group I mGluR; group II mGluR; ribosome; calcium  
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INTRODUCTION 

 

Cochlea removal from the chick during development results in the death of 20-30% of 

neurons in nucleus magnocellularis (NM) (Born & Rubel, 1985), a cochlear nucleus involved in 

the precise time-coding of acoustic signals. How and why this subpopulation of neurons dies is 

not fully understood, though the steps these neurons undergo to meet this fate are well-

documented. The initial stages, occurring within 1-3 hr of deafferentation, are defined by 

increases of up to 400% in intracellular calcium concentration ([Ca2+]i) (Zirpel et al., 1995), as 

well as deficits in the structural integrity of ribosomes that correspond to reduced protein 

synthesis (Garden et al., 1995a; Garden et al., 1995b; Hyson & Rubel, 1995). By 6-12 hr, 

protein synthesis ceases in the dying subpopulation, while the rest of the deafferented NM 

neurons synthesize proteins at low levels in the surviving subpopulation (Steward & Rubel, 

1985). Understanding the activity-dependent mechanisms normally preventing this programmed 

cell death is critical to prevention of neurodegeneration of sensory systems upon peripheral 

insult during development.  

It has been shown that metabotropic glutamate receptor (mGluR) activation by NM 

neurons' sole glutamatergic input, the auditory nerve, can provide trophic support to prevent 

these activity-dependent apoptosis-associated responses, which include modulation of calcium 

homeostasis and ribosome integrity (Zirpel & Rubel, 1996; Nicholas & Hyson, 2004). mGluRs 

are subdivided into three groups (group I, II, and III) based on their protein sequence and 

signaling mechanisms. Although they initiate different pathways, all of these receptors activate 

G-proteins intracellularly to begin complex cascades of events upon binding of glutamate (see 

Rondard & Pin, 2014 for review). In NM neurons mGluRs modulate changes in calcium 

homeostasis via release from intracellular stores or influx from the extracellular environment. 

Group I mGluRs, consisting of mGluR1 and mGluR5, activate PIP3 metabolism, 

generating inositol 1,4,5-triphosphate (IP3) and diacyl-glyercol (DAG). IP3 is a second 

messenger that activates Ca2+-permeable IP3 receptors on the endoplasmic reticulum (ER), 

thereby releasing Ca2+ from the ER lumen into the cytosol. DAG synthesis leads to activation of 

protein kinase C (PKC), which can attenuate this intracellular Ca2+ store release (Kato & Rubel, 

1999). Interestingly, the PKC activity is stronger than IP3 signaling, leading to a net inhibition of 

Ca2+ release from the ER. The molecular mechanisms controlling this unintuitive reversal of 

modulation have yet to be elucidated. Evidence exists for negative feedback by PKC on many 

steps in the IP3 signaling pathway, including attenuation of IP3 production by phospholipase C 

(PLC) (Hepler et al., 1988; Bird et al., 1993; Tintinger et al., 2009). PKC also moderately inhibits 
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high-voltage-activated (HVA) voltage-gated calcium channels (VGCCs) (Lu & Rubel, 2005), 

limiting the amount of Ca2+ entering the cell.  

Group II mGluRs, consisting of mGluR2 and mGluR3, activate the adenylate cyclase 

(AC)-cyclic adenosine monophosphate (cAMP) signaling pathway in NM neurons, which 

attenuates Ca2+
 intake from the extracellular environment via N- and L-type VGCCs through a 

protein kinase A (PKA)-dependent mechanism (Lachica et al., 1995; Zirpel et al., 1998; Lu & 

Rubel, 2005). PKA does not, however, inhibit the IP3-related release of Ca2+ from the ER (Kato 

& Rubel, 1999). 

Group III mGluRs, consisting of mGluR4, mGluR6, mGluR7, and mGluR8, may also 

activate the AC-cAMP signaling pathway in NM neurons, although expression of this group has 

not been observed anatomically to date (see Lu, 2014 for review). However, there exists 

pharmacological evidence using the selective group III mGluR agonist L-AP4 indicating that this 

group strongly inhibits HVA VGCCs (Lu & Rubel, 2005).  

In addition to IP3 receptors on the ER and VGCCs on the plasma membrane, other 

means exist to increase [Ca2+]i. Calcium-induced calcium release (CICR) receptors, which 

release calcium from the ER lumen into the cytosol in presence of Ca2+, have been identified in 

NM (Kato & Rubel, 1999), and have been shown to have a significant role during development  

of the mammalian auditory system (Iosub et al., 2015), and exhibit changed activity upon 

neuronal injury (Weber et al., 2002). However, evidence of how this type of channel is regulated 

by mGluRs in NM neurons is inconclusive (Kato & Rubel, 2005). Furthermore, how Ca2+ 

currents through these receptors contribute to the deafferentation-induced rise in [Ca2+]i is 

lacking.  

In addition to CICRs, ionotropic glutamate receptors (iGluRs) are permeable to Ca2+ 

when activated by glutamate. Some evidence points to these and other iGluRs as being 

substrates for kinase phosphorylation. The alpha-amino-3-hydroxy-5-methylisoxazole-4-

propionic acid (AMPA) receptor GluR2 subunit, for example, can be phosphorylated upon group 

I mGluR activation (Ahn & Choe, 2010), while group I and group II receptors may be capable of 

inhibiting N-methyl-D-aspartate (NMDA) receptor responses (Haak, 1999; Skeberdis et al., 

2001). At this point, however, no conclusive evidence for this modulation by mGluRs in NM 

exists. 

Like [Ca2+]i ribosome structure and function are also tightly regulated by mGluRs. 

Without afferent activity, NM neurons' protein synthesis fades within one hour of deafferentation 

(Hyson & Rubel, 1989; Born & Rubel, 1988). Stimulation of group I and II mGluRs with DHPG 

and LY 354740, respectively, both rescued the negative effect of deafferentation on ribosome 
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structure based on Y10B immunolabeling (Y10B-ir) (Carzoli & Hyson, 2014), indicating a trophic 

role of both groups of mGluRs on regulating ribosome structural integrity in NM neurons. 

Conversely, application of the group I and II mGluR antagonists AIDA and LY 341495, 

respectively, reversed the positive effect of auditory nerve stimulation, further confirming the 

positive role of mGluRs. It has not yet been determined whether group III mGluRs have a 

regulatory role in ribosome maintenance.  

  Previous research implies that the dysregulation of both calcium concentration and 

ribosome integrity occur in parallel, such that calcium ions induce changes in the ribosomes' 

structure via calcium-signaling mechanisms (Hyson & Rubel, 1995; Nicholas & Hyson, 2004; 

Carzoli & Hyson, 2014). However, these two supposedly linked processes have not been 

observed to occur concurrently in the same tissue to date, nor is it well-understood how mGluR 

activation intracellularly controls these two processes.  

Given the seemingly additive and mostly separate effects of mGluR groups I and II, it 

was hypothesized that their effects on calcium homeostasis were additive. To document for the 

first time the connections between mGluR group, [Ca2+]i, and ribosome integrity, the selective 

mGluR antagonists (RS)-1-aminoindan-1,5-dicarboxylic acid (AIDA, group I) and LY 341495 

(group II) were used separately during electrophysiological stimulation of the auditory nerve in 

vitro. If calcium concentration is a major component responsible for manipulating ribosome 

structural integrity, then increases in calcium due to receptor antagonism should correlate with 

deficits in ribosome integrity.  

 

METHODS 

 

Slice Preparation 

Coronal brainstem slices were prepared from chick (Gallus gallus) embryos aged E17-

E19 (N=37). Embryos were anesthetized by numbing while inside the egg by submersion in ice 

for 5-10 min. Eggs were then punctured and the embryo was swiftly decapitated with surgical 

scissors. A thick section of brain and skull containing the entire brainstem was then removed via 

razor blade. This section was transferred to a bath of artificial cerebrospinal fluid (ACSF) 

bubbled with a gas mixture containing 95% O2 and 5% CO2. The brainstem was dissected from 

the skull and the remainder of the cerebellum and forebrain was removed. The remaining 

brainstem was glued onto a plastic slide, which was glued onto a microtome stage using 

cyanoacrylate glue. This apparatus was subsequently placed into a second bath of oxygenated 
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ACSF and 300 µm coronal slices containing the middle portion of NM were taken with a 

microtome (Campden Instruments, Lafayette, IN, USA). 

  Slices were then transferred to a third bath of oxygenated ACSF and allowed to incubate 

for 35-45 min before being transferred to an oxygenated bath of 2.5 ml ACSF, 2% fura-2 AM 

ester in DMSO, and 0.25% F-127 pluronic  in DMSO for an additional 25-30 min to bulk load 

cells with fura-2.  

  Slices were then transferred to the imaging chamber of an Olympus IX51 inverted 

microscope, which was perfused with 50 µl ACSF, or LY 341495 or AIDA working solutions, 

which circulated between the chamber and an oxygenated reservoir. Slices incubated in this 

chamber for 15-25 min prior to data acquisition as setup occurred.  

  

Stimulation and Field Potential Recording 

Slices rested on the floor of a custom-made chamber—a 1 mm-thick glass coverslip—

and were held down by a custom-made harp consisting of a bent bar of platinum with parallel 

braided strings strung across. The tip of a stimulation electrode made of twisted teflon-coated 

platinum wire was gently rested on the dorsolateral "corner" of the slice, where auditory nerve 

afferents to NM are thickest. This positioning allowed sufficient distance between the nucleus 

and the tip of the electrode to allow the neurons to be excited only by neurotransmitter release 

by the nerve terminals, and not stimulated directly by the electrode. 20 µsec pulses were 

delivered at 5 Hz from a digital stimulator (PG 4000, Neuro Data Instruments Corp., New York, 

NY, USA) and amplitude and polarity were controlled by a constant current isolator (SIU 90, 

Neuro Data Instruments Corp., New York, NY, USA). Amplitude was maintained at 0.3 mA for 

all experiments. 

  A recording electrode was a borosilicate glass micropipette pulled using a Flaming 

Brown Micropipette Puller (model P80/PC, Sutter Instrument Co., Novato, CA, USA) and filled 

with ACSF.  The electrode was broken slightly at the tip to reduce resistance. After the 

stimulating electrode was in place, the tip of the recording electrode was placed into the center 

of the ipsilateral NM. Signals were amplified (P15 A.C. preamplifier, Grass Instrument Co., 

Quincy, MA, USA) and viewed on an oscilloscope (TDS 340, Tektronix, Beaverton, OR, USA). 

Positions of the stimulating and recording electrode were adjusted until clear, pre- and 

postsynaptic potentials were observed on the oscilloscope, indicating sufficient driving of NM 

neurons by auditory nerve stimulation. Once adequate stimulation of NM neurons was 

confirmed, the recording electrode was removed from the bath and the stimulating electrode 

was left in position and remained on throughout the entire duration of the experiment. 
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Pharmacology 

For mGluR antagonist experiments, stimulated slices were perfused with either 50 ml 

solutions of 100µM AIDA + ACSF (n=11 slices) or 10 nM LY 341495 + ACSF (n=8 slices). An in-

flow line placed 2 cm from the slice provided the drug solution via ramp to the chamber at a rate 

of about 2.5 ml/min and an outflow line placed 2 cm from the slice removed liquid from the 

chamber. A peristaltic pump (Masterflex, Vernon Hills, IL, USA) provided force for both lines and 

circulated fluid between an oxygenated reservoir and the chamber. During stimulation setup and 

up to 9 min into imaging, the slice was perfused with ACSF. At 6-9 min, a stopcock was turned 

and switched the inflow from ACSF to the drug solution in a second reservoir. After 10 additional 

minutes, the drug solution reached the end of the outflow line, and the return tubing was moved 

from the ACSF reservoir to the drug reservoir. Drug solution continued to recirculate through the 

system until the end of the experiment. Stimulated controls (n=7 slices) and unstimulated 

controls (n=11 slices) did not receive drug and were perfused with circulating normal ACSF for 

the entire experiment.  

  

Fluorescent Ratio Imaging 

Using a 40X water-immersion objective, a group of 5-20 brightly-labeled, in-focus NM 

neurons, identified based on their large, round cell bodies, were selected for imaging. Glia were 

also loaded with the fura-2 acetoxymethyl ester dye, but were much smaller and easily 

discernible from NM neurons and excluded from subsequent analysis. Neurons from the medial 

portion of NM were chosen when possible for consistency, asmedial neurons were used for 

subsequent immunohistochemical data analysis. Regions of interest were drawn around these 

neurons and their 340/380 ratios were tracked for the duration of the experiment (60 min). One 

image each at excitation with 340 nm and 380 nm of light from a xenon source were acquired 

every 3 min and the relative intensities were recorded by MetaFluor imaging software 

(Molecular Devices, Sunnyvale, CA, USA). Exposure times ranged from 100-300 ms for the 340 

nm wavelength and 10-50 ms for the 380 nm wavelength. The 380 nm intensity was divided by 

the 340 nm intensity at each timepoint to generate a 340/380 ratio, serving as a direct 

measurement for [Ca2+]i at that time.  

  

Tissue Preparation 

A subset of slices that underwent fluorescent imaging and stimulation were chosen for 

immunohistochemistry and snipped on the ventrolateral area of the stimulated side of the slice 
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to differentiate stimulated versus unstimulated side for data analysis. Slices were fixed for 30-90 

min in 4% paraformaldehyde and then cryoprotected in a 30% sucrose in phosphate-buffered 

saline (PBS) solution for less than 1 week. A 1 cm-thick frozen slab of tissue freezing medium 

(Triangle Biomedical Sciences, Durham, NC, USA) was built on a cryostat chuck. Slices were 

placed on a glass slide, excess sucrose-PBS was cleared with a tissue wipe, and a small drop 

of freezing medium was applied on top of the slice. The glass slide was evenly placed tissue 

side-down on the frozen slab and a small block of solid CO2 was placed on top of the slide to 

rapidly freeze the tissue to the chuck. Slices were sectioned to 25 µm and symmetry between 

sides was preserved as much as possible.  

  

Immunohistochemistry 

Throughout the following steps, slices were continuously agitated on a rotator at 70 rpm. 

Immediately after cryostat sectioning, slice sections were quenched with 0.015% H2O2 in 

methanol for 20 min then rinsed 3x 10 min in PBS. Sections were blocked with 9% normal goat 

serum (NGS) in PBS for 10 min and subsequently incubated with 1:500 Y10B monoclonal 

antibody in PBS overnight. Y10B reliably marks changes in a ribosomal RNA epitope, labeling 

free ribosomes, polysomes, and endoplasmic reticulum-associated ribosomes in NM neurons, 

as confirmed by electron microscopy (Garden et al., 1995a).  

  The second day, sections were rinsed 3x 10 min in PBS. Next, 1:200 secondary 

antibody (biotinylated anti-mouse, purified in goat) and 9% NGS in PBS was applied for 1 hr and 

then rinsed again 3x 10 min in PBS. Sections were next incubated in avidin-biotin-peroxidase 

complex (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA, USA), then rinsed 2x 10 

min in PBS and 1x 10 min in 0.1 M PO4 buffer. Sections were finally incubated in a solution of 

0.015% H2O2 and 2% 3,3'-Diaminobenzidine (DAB) in 0.1 M PO4 buffer for 5-10 min, before 2x 

10 min rinses in 0.1 M PO4 buffer.  

  Sections were mounted onto glass slides out of dH2O, allowed to dry for 24 hr, then 

cleared through a series of graded ethanols and xylenes and coverslipped with DPX.  

  

Imaging Data Analysis 

Fluorescent ratio imaging data was analyzed with MetaFluor imaging software. Raw 340 

and 380 nm wavelength intensities and 340/380 ratios from each region of interest (NM neuron 

soma) for each timepoint were imported into Microsoft Excel. Some cells were excluded from 

analysis for the following reasons: 1) unhealthy. Cells with no 380 fluorescence (i.e. extremely 

high ratios) at the beginning of the experiment and cells that lysed prior to the experiment's 
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completion, 2) photobleaching. Cells that lost their fluorescence to the point of a very low signal-

to-noise ratio.   

  For each timepoint of an experiment, the ratios of all cells were averaged, then 

normalized by dividing the population average at a given timepoint by the population average at 

t=0 to provide a common starting point. Calcium responses were thus represented as 

normalized 340/380 ratio over time. Using SPSS, two-way mixed ANOVA was calculated 

between experimental conditions to determine differences in the calcium responses between 

groups. Newman-Keuls post-hoc pairwise comparisons determined at which time points there 

existed significant differences in calcium response between stimulated and unstimulated groups 

and between stimulated and drug + stimulation groups.   

  

Immunohistochemical Data Analysis 

Bright field photomicrographs of neurons in NM on both sides of each slice were taken at 

40X using SPOT imaging software (Diagnostic Instruments, Inc., Sterling Heights, MI, USA). 

Intensity of Y10B immunolabeling (Y10B-ir) was measured by outlining 40 NM neurons, 

beginning with the most medial cells and working laterally. The brightness of these regions of 

interest was quantified using ImageJ software (NIH, Bathesda, MD, USA), with 8 bit resolution 

(256 bins). The average intensity of Y10B-ir was found for cells in 3-4 sections of each slice. 

This average intensity was compared between sides within each section to find a percent 

difference using the following formula: (stimulated side - unstimulated side) / unstimulated side * 

100%. Then, the percent differences for the 3-4 sections were averaged to create an average 

percent difference for the slice. A one-way ANOVA was performed to compare Y10B-ir percent 

differences between unstimulated and stimulated sides of the slice to determine an effect of 

drug treatment. Newman-Keuls post-hoc pairwise comparisons determined which groups 

differed from each other.  Independent one-sample t-tests were used to determine whether the 

within-group differences between sides of a slice differed reliably from zero.  

  

Materials 

During all experiments and slice preparation, ACSF consisted of (in mM) 130 NaCl, 3 

KCl, 2 CaCl2, 2 MgCl2, 26 NaHCO3, 1.23 NaH2PO4, and 10 dextrose. For drug manipulations, 

antagonists were purchased from Tocris (LY 341495) or Enzo Life Sciences (AIDA). Drugs were 

dissolved first in DMSO and ACSF to make a stock solution, then aliquotted and stored at -18° 

C. Working concentrations were made by diluting stocks to 50 ml with ACSF. LY 341495 

working solution consisted of 10 nM LY 341495 in 50 ml ACSF. AIDA working solution consisted 
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of 100 µM AIDA in 50 ml ACSF. Fura-2 AM ester and F-127 pluronic 20% in DMSO were 

obtained from VWR. All working solutions were used within 24 hr of creation. 

 

RESULTS 

 

Stimulation maintains both [Ca2+]i and Y10B-ir  

Unstimulated NM neurons underwent larger [Ca2+]i increases compared to stimulated 

NM neurons (Fig. 1). A two-way mixed ANOVA (Stimulation X Time) showed a reliable effect of 

Time [F(19,304)=16.1, p<0.001], a marginal effect of Stimulation [F(1,16)=3.4, p=0.08], as well  

Fig. 1 Stimulated NM neurons maintain lower [Ca
2+

]i  compared to unstimulated NM neurons 

Average change in normalized 340/380 ratio over time for stimulated (n=7 slices; 106 neurons) and 

unstimulated (n=11 slices; 159 neurons) NM neurons. Unstimulated NM neurons increase in [Ca
2+

]i 

more than stimulated NM neurons over the course of 1 hr. Insets depict pseudocolor images of 

340/380 ratios for NM neurons from an unstimulated control experiment at t=0 (bottom-left) and 

t=60 (top-right). Error bars represent SEM for each timepoint. * indicates a statistically significant 

difference in average normalized 340/380 ratio for a given timepoint between groups. t=0 is 

approximately 90 min following decapitation.  
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as a reliable Stimulation X Time interaction [F(19,304)=2.5, p<0.001]. Post-hoc Newman-Keuls 

pairwise comparison revealed that the difference between groups was reliable (p<0.05) at 

timepoints 15, 18, and 27 through 60 min. By 1 hr of the start of imaging (approximately 90 

minutes from decapitation), the average unstimulated NM neurons' normalized ratio increased 

to 1.39 (SEM=0.09, n=11 slices), while stimulated neurons' average normalized ratio only rose 

to 1.16 (SEM=0.03, n=7 slices), a 23% difference.  

Fig. 2 The mGluR antagonists AIDA and LY 341495 have different effects on [Ca
2+

]i during stimulation 

Average change in normalized 340/380 ratios for stimulated neurons in the presence of 100 µM 

AIDA (purple trace; n=11 slices; 124 neurons) and 10 nM LY 341495 (green trace; n=8 slices; 90 

neurons). Traces are overlaid upon highlighted areas representing the range of standard error of 

unstimulated control (blue) and stimulated control (red) 340/380 ratio changes over time from Fig. 1. 

Antagonist reached the slice at t=6-9 min. Error bars represent SEM for each timepoint. * indicates 

a statistically significant difference in average normalized 340/380 ratio for a given timepoint 

between the AIDA condition, and both the stimulated and LY 341495 conditions. The LY 341495 

condition and stimulated controls did not differ statistically. t=0 is approximately 90 min following 

decapitation. 
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Stimulated NM neurons had denser Y10B-ir than the contralateral unstimulated NM 

neurons of the same slice (Fig. 2). The difference in labeling between sides was on average 

14.4% (SEM=4.4%, n=7 slices), favoring the stimulated side. A paired two-tailed t-test found this 

difference between sides for the stimulated controls to be significant (p<0.0001). These control 

experiments indicate successful stimulation and replication of past results from our lab (Nicholas 

& Hyson, 2004; Carzoli & Hyson, 2011), suggesting a loss in ribosome structural integrity upon 

deafferentation.  

 

Fig. 3 The mGluR group I antagonist AIDA and group II antagonist LY 341495 reduce the trophic effect of 

stimulation as observed by Y10B-ir  

Example photomicrographs of Y10B-immunolabeled NM neurons from the following conditions: 

stimulated controls (A,B); stimulated + 100 µM AIDA (C,D); and stimulated + 10 nM LY 341495 (E,F). 

NM neurons receiving stimulation in the stimulated control condition (A) show darker labeling than 

unstimulated neurons on the opposite side of the same slice (B). Stimulated neurons in presence of 100 

µM AIDA (C), or 10 nM LY 341495 (E), showed no difference in labeling density compared to the 

unstimulated neurons on the opposite side of the respective slice (D and F).  

 

F E 

D C 

A B 
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AIDA and LY 341495 have different effects on [Ca2+]i 

In presence of stimulation, the group I mGluR antagonist, AIDA, prevented stimulated 

NM neurons from maintaining [Ca2+]i  at normal levels and resulted in overall increases similar to 

unstimulated controls (Fig. 2). The averaged normalized 340/380 ratio at 1 hr was 1.39 

(SEM=0.05, n=11 slices) for the AIDA condition. 

The group II mGluR antagonist, LY 341495, failed to prevent stimulated NM neurons 

from maintaining [Ca2+]i  at normal levels (Fig. 2). LY 341495-treated stimulated NM neurons 

maintained stable fluorescence ratios, similar to the stimulated controls. This group reached an 

average normalized 340/380 ratio of 1.20 by 1 hr (SEM=0.03, n=8 slices).  
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Fig 4. Quantitative assessment of the antagonist-induced reduction of Y10B-ir shown in Fig. 3 

Stimulated NM neurons show a significantly larger percent difference between sides compared to the two 

antagonist conditions as assessed by gray-scale density measurements of individual NM neurons on each 

side of a slice. Positive values indicate darker labeling in NM neurons on the stimulated side of a slice 

compared to the unstimulated side. Error bars represent SEM. *** indicates a statistically significant 

difference between stimulated and unstimulated sides of the slice within subjects of the stimulated control 

group. ‡ indicates a statistically significant difference in Y10B-ir average percent difference between the 

drug-treated group and the stimulated control group.  
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A two-way ANOVA (Drug X Time) revealed a reliable effect of Time [F(19,437)=39.7, 

p<0.001], a reliable effect of Drug treatment [F(2,23)=7.2, p<0.01], and a reliable Drug X Time 

interaction [F(38,427)=2.4, p<0.001]. Post-hoc Newman-Keuls pairwise comparison on the 

overall Drug effect revealed that the difference between groups was reliable (p<0.05) at 

timepoints 18 and 27 through 60 min. The AIDA group differs reliably from both the stimulated 

ACSF control and LY 341495 group, which do not differ from each other. 

 

AIDA and LY 341495 both eliminated differences in Y10B-ir 

In addition to increasing [Ca2+]i  AIDA also eliminated the difference in Y10B-ir between 

stimulated and unstimulated NM neurons on opposite sides of the same slice. The average 

percent difference in labeling density between stimulated and unstimulated sides in the AIDA 

condition was -0.02% (SEM=3.42%, n=6 slices), showing no difference in Y10B-ir between 

sides (Figs. 3, 4). Although having no reliable effect on [Ca2+]i, LY 341495 eliminated the 

difference in Y10B-ir between stimulated and unstimulated NM neurons. The average percent 

difference in labeling density between stimulated and unstimulated sides of the same slice in the 

LY 341495 condition was -0.98% (SEM=2.22%, n=4 slices), showing no difference in Y10B-ir 

between sides (Figs. 3, 4). 

A one-way ANOVA on the percent difference scores reveals a reliable effect of drug 

treatment [F(2,15)=5.85, p<0.05)]. Post-hoc Newman-Keuls pairwise comparison revealed that 

the stimulated control group differs from both the AIDA and LY 341495 groups (p<0.05), which 

did not differ from each other. Independent one-sample t-tests revealed that only the percent 

difference for the control group differs reliably from zero (p<0.05). 

 

DISCUSSION 

 

The results described in this report shed new light on the interactions between mGluRs, Ca2+, 

and ribosomes in neurons of the chick cochlear nucleus, nucleus magnocellularis. Ultimately 

these experiments challenge long-held assumptions that the activity-dependent trends in large 

intracellular calcium loads and changes in ribosome structure and function have a necessary 

causal relationship by showing dissociation between changes in 340/380 ratio and Y10B-ir in 

the same tissue. In fact, large increases in [Ca2+]i may not be required for disruption of ribosome 

integrity.  
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Control experiments confirm a relationship between deafferentation, [Ca2+]i, and Y10B-ir 

The control experiments reported here successfully replicated past work showing the 

trophic effects of auditory nerve stimulation on [Ca2+]i and ribosome structural integrity in NM 

neurons, and for the first time confirmed that these two processes occur concurrently in the 

same neurons. Stimulated NM neurons were found to have both lower [Ca2+]i compared to 

unstimulated controls as well as greater Y10B-ir compared to unstimulated NM neurons on the 

opposite side of the same slice. From Figure 1, it became clear that a lack of auditory nerve 

stimulation caused highly variable effects on [Ca2+]i. The much larger variability in the 

unstimulated condition derives from many cells across slices that did not undergo increased 

[Ca2+]i. While not all unstimulated NM neurons undergo a robust increase, nearly every 

stimulated neuron maintains low [Ca2+]i (data not shown). 

The significant effect of stimulation on [Ca2+]i becomes consistent after 24 min from the 

start of auditory nerve stimulation (Fig. 1), eventually reaching a difference of 23% between the 

unstimulated and stimulated groups at 1 hr. Within this timeframe, the significant within subject 

difference in Y10B-ir occurred. Stimulated side averages were more than 3 standard deviations 

above the average on the unstimulated side, indicating a strong effect of stimulation (Fig. 4). 

Although the effect was significant, these averages were about half the magnitude of those 

previously recorded by our lab (Nicholas & Hyson, 2004). This discrepancy could be caused by 

a variety of procedural differences that were required in order to measure changes in [Ca2+]i in 

the present set of experiments. 

A primary cause of this difference could be due to the extended time between 

decapitation and artificial stimulation. Stimulation experiments began close to 90 minutes 

following decapitation. Previous Y10B assays that used stimulation began immediately after 

slices were taken from the microtome without incubation times (Nicholas & Hyson, 2004), 

putting the time in between decapitation and artificial stimulation closer to 15-20 minutes. 

Because these effects can be seen so soon (less than one hour), the stimulated controls were 

without stimulation for an extra thirty minutes after robust losses in ribosome structural integrity 

are known to occur (Hyson & Rubel, 1995). The stimulation protocol used in these experiments 

could thus be rescuing the Y10B-ir more than it is preventing the loss of it. However, this 

provides interesting implications in itself, specifically that NM neurons that become restimulated 

soon enough after initial deafferentation are capable of rescuing at least a portion of their 

ribosomes' structural integrity as well as reestablishing relatively normal intracellular calcium 

homeostasis in vitro.  
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An effect of age could also be factor to consider. Previous Y10B assays utilized hatched 

chicks, rather than embryos. Differential expression of group I mGluRs and their effects on 

calcium homeostasis in NM have been investigated up to age E18 (Zirpel et al., 2000), where it 

is thought to have reached peak or final expression levels by this later age. Group II mGluR 

expression postsynaptically as well as presynaptically on GABAergic terminals in NM has been 

identified in ages ranging from E13 to P19 (Tang et al., 2013), although the relative intensities of 

expression across these ages were not quantified. Group III mGluR expression in NM has not 

been investigated. Ultimately, the lack of developmental expression information makes it 

possible that differential expression of mGluRs in NM between embryonic and posthatch birds 

could contribute to the differences in the magnitude of the Y10B effect between this report and 

others previously. 

A third possibility is that calcium is involved in pathways that affect the structure of 

ribosomes, but fura-2 is buffering free calcium available for signaling and reducing the amount 

of trophic support available that protects the ribosomes. Due to the inherent necessity of fura-2 

to bind to calcium in order to determine a ratio, fura-2 naturally acts as a calcium chelator. The 

availability of free calcium within the cell can be significantly changed by the buffering capacity 

of the indicator, speeding diffusion of Ca2+ throughout the cytosol (for review, Neher, 2013).  

This depends on the concentration of the indicator creating a Ca2+ binding ratio that is 

significantly higher than that of the cytoplasm, including mobile and fixed endogenous buffers. In 

the experiments reported here, the concentration of fura-2 during bulk loading incubation was 

10 µM. Although the exact cytoplasmic Ca2+ binding ratio of NM neurons is unknown, high 

expression of calcium binding proteins, especially calretinin, has been observed in avian NM 

neurons (Parks et al., 1997; Li et al., 2013). Neuronal calcium sensor 1 (NCS-1) expression has 

also been observed in chick NM neurons, and its distribution in the cytoplasm is sensitive to 

deafferentation, although the quantity does not seem to change (Wilkinson et al., 2003). 

Cytoplasm binding ratios of typical neurons are placed at 40-200 (Neher, 1995), and ratios of up 

to 1000 are observed in some neurons, like Purkinje cells, with high expression of Ca2+ binding 

proteins (Fierro & Llano, 1996). Given this information, it seems unlikely for NM neurons to have 

ratios much lower than average. This would indicate that a bath concentration of 10 µM would 

probably result in a Ca2+ binding ratio less than an NM neuron's cytoplasmic binding ratio, 

making a confound of fura-2 chelation less likely. 
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AIDA and LY 341495 have different effects on [Ca2+]i 

To determine what specific roles group I and group II mGluRs have NM neuron [Ca2+]i, 

selective mGluR antagonists were applied during stimulation. The group I mGluR antagonist, 

AIDA (100 µM), prevented auditory nerve stimulation from maintaining lower [Ca2+]i (Fig. 2). The 

large increases in [Ca2+]i reached a point identical to the unstimulated control level of [Ca2+]i 

reached by 1 hr of experimentation (i.e. a 340/380 ratio of 1.39). Surprisingly, the group II 

mGluR antagonist, LY 341495 (10 nM), did not have a significant effect on stimulated NM 

neurons’ [Ca2+]i. Since blocking group I mGluRs resulted in an increased 340/380 ratio that 

represented the entire difference between unstimulated and stimulated control levels of [Ca2+]i, 

and blocking group II mGluRs caused no reliable change from stimulated levels of [Ca2+]i, it 

seems to indicate  that group I mGluRs are the largest player, if not the only player, involved in 

regulating [Ca2+]i in NM neurons. Seemingly, losing the inhibition provided by group II mGluRs 

on plasma membrane calcium-permeable channels (VGCCs and iGluRs) may not be a 

significant source of the rise in [Ca2+]i observed upon deafferentation.  

One possibility is that group II mGluR-related cAMP signaling and PKA activation may 

not play as large of a role on maintaining calcium homeostasis as originally thought. Lachica et 

al. (1995) found AC-dependent pathways (e.g. those involving PKA) attenuate Ca2+ taken into 

the cell through L-type VGCCs. Yet, Lu and Rubel (2005) found contradicting evidence that N-

type VGCCs dominated the Ca2+ current in NM neurons, suggesting that the N-type channels 

could be substrates for PKA phosphorylation. Indeed, this group found that group III mGluR 

activation by the selective agonist L-AP4 robustly inhibited this Ca2+ current through N-type 

channels. Regardless of the channel type, given that the group III mGluRs activate the AC 

cascade, their results corroborate with the idea that PKA is in fact a modulator of VGCC 

currents.  

In the same study, Lu and Rubel also showed that the group I and II mGluR antagonist, 

MCPG, failed to inhibit the Ca2+ current. This may indicate that while PKA is activated by both 

group II and group III mGluRs and PKA inhibits the VGCC current, the group III effect is either 

more robust, or a secondary factor initiated by group III works alongside PKA to manipulate the 

VGCCs. Beta-gamma subunits of mGluRs, for example, have been shown to affect membrane 

receptor activity directly. In the rat nucleus of the solitary tract, mGluR1 has been shown to 

facilitate calcium currents through L-type VGCCs by PKC activation while also inhibiting N-type 

VGCCs directly via its G-protein's beta-gamma subunits (Endoh, 2004). This type of direct G-

protein effect could be taken on by group III mGluRs in NM neurons.  
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A second possibility is that the increase in calcium observed after deafferentation is not 

due largely to VGCC influx, and may instead rely more heavily on release from intracellular 

stores. Based on this report's data on the effects on [Ca2+]i of selectively blocking of group I 

mGluRs. The ER provides a large reservoir of usable Ca2+ in the lumen. Free Ca2+ 

concentration within the lumen has been analyzed using a large variety of methods, and have 

produced estimates with similarly large variability, though the more advanced technologies 

provide numbers in the low millimolar range, out of 5-10 mmol/L total ER Ca2+ for an average 

cell. (see Meldolesi & Pozzan, 1998 for review). This concentration is several orders of 

magnitude higher than the cytosol concentration, found to be roughly 113 nM for normal, intact 

NM neurons receiving afferent input from the auditory nerve (Zirpel et al., 1995), and similar to 

the external environment's (ACSF) concentration of 2 mmol/L. While there is no large difference 

between the calcium concentration within the ER and outside the cell, NM neurons may be 

more inclined to tap into internal stores by default, or in pathological situations like 

deafferentation, internal store regulation is the first or easiest process to become disrupted. 

Another explanation for the lack of effect of LY 341495 on [Ca2+]i could be that group I 

mGluR activation is able to compensate fully for any deficits that occur when group II mGluRs 

are inactivated. One possibility for this compensation is an overlap of the pathways each group 

of mGluRs initiates upon activation. For example, a target of PKC (as activated by group I 

mGluRs) could also be the target of PKA (as activated by group II mGluRs), but the target’s 

affinity to PKC may be much higher than to PKA. Hence, removing group II activity, and thus 

PKA activity, would have little effect, but removing group I activity, and thus PKC activity, would 

have a much larger effect. This type of potential crosstalk between groups could occur at the 

level of the HVA VGCCs, as they have been shown to be substrates for both PKC and PKA 

phosphorylation in NM neurons (Lachica et al., 1995; Zirpel et al., 1998; Lu & Rubel, 2005). 

 

AIDA and LY 341495 both eliminate stimulation-induced differences in Y10B-ir 

In addition to causing increased [Ca2+]i, AIDA also eliminated the difference in Y10B-ir 

between stimulated and unstimulated sides of a slice. Notably, although LY 341495 failed to 

cause increases in [Ca2+]i, the slices that were also immunolabeled with Y10B showed no 

difference in Y10B-ir between the stimulated and unstimulated sides of the slice (Figs. 3, 4). 

This result indicates that blocking group II mGluRs during auditory nerve stimulation removed 

the trophic effects of stimulation and caused reduced ribosomal integrity, without an 

accompanying increase in [Ca2+]i. This dissociation between regulation of [Ca2+]i and ribosome 

integrity does not support the original hypothesis that Ca2+ is an effector for ribosomal structural 
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changes. Instead, it implies that group II mGluRs are capable of affecting ribosome antigenicity 

through a pathway that is independent of Ca2+.  

However, these results do not rule out the possibility that Ca2+ is sufficient to induce 

deficits in ribosome integrity. For example, since AIDA caused both high [Ca2+]i as well as 

deficits in Y10B-ir, it is still possible that the high concentration of Ca2+ instigated the changes in 

Y10B-ir to some extent. Essentially, the same outcome of reduced Y10B-ir between the two 

antagonist groups could be a shared product of two separate pathways, each controlled by a 

specific group of mGluRs: one involving a Ca2+-dependent mechanism (group I), and the other a 

Ca2+-independent mechanism (group II).  

 

Potential mechanisms for mGluR-induced ribosome changes 

 The possibility for a Ca2+-independent mechanism for modulating ribosomal integrity is 

intriguing. A mediator would likely be post-transcriptionally modified by phosphorylation by an 

mGluR-activated kinase, such as PKA or PKC, activated directly by G protein subunits, or 

induced to be translated at the synapse by mGluRs, and cause physical changes to ribosomes 

that have significant effects on protein synthesis. A few known proteins meet these criteria.  

When activated, group I mGluRs have been shown to increase polyribosomal 

aggregation postsynaptically (Weiler & Greenough, 1993). More recently, a line of research 

investigating the molecular mechanisms involved in Fragile X syndrome has shown that fragile 

X mental retardation protein (FMRP) is part of this mechanism as both a product and an effector 

of mGluR-induced translation (Weiler et al., 1997). Activating the group I mGluR subtype, 

mGluR1, can shuttle FMRP mRNA into polyribosomes and allow accelerated translation at the 

synapse (Liberto et al., 2011). Although traditionally known as an mRNA-binding protein, FMRP 

has been shown recently to bind directly to the L5 protein on the large ribosome subunit in a 

way that inhibits protein synthesis and blocks binding of elongation proteins, including eEF-2 

(Chen et al., 2014). It is unknown whether group II mGluRs are capable of regulating this FMRP 

pathway, although FMRP is known to be strongly expressed in dendrites of the avian auditory 

nucleus, nucleus laminaris (Wang et al., 2014), as well as in dendrites of the neurons in human 

cochlear nucleus (Beebe et al., 2014). FMRP expression and function in chick NM has yet to be 

determined. 

 Another potential regulator of ribosomes in NM is extracellular signal-regulated kinase 2 

(ERK-2) , a member of the mitogen associated protein kinases that is a transducer of signals 

from the plasma membrane to inside the cell that can initiate a wide variety of important cellular 

processes (for review, Roskoski, 2012). In a PKC-dependent manner, group I mGluR activation 
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has been shown to recruit the kinase p90rsk to polyribosomes, which is associated with the 

phosphorylation of a variety of polyribosome binding proteins, including ERK-2 (Angenstein et 

al., 1998). ERK-2 is also associated with group II mGluR-mediated synaptic trafficking of AMPA 

receptors to the plasma membrane (Wang et al., 2013), as well as group I mGluR-induced 

phosphorylation (and activation) of the ribosomal protein S6 (Antion et al., 2008), a part of the 

small ribosomal subunit which interacts with mRNA as well as translation factors (for review, 

Nygård & Nilsson, 1990). Given this crosstalk between mGluR groups I and II in its activation, 

ERK-2 may therefore be another potential Ca2+-independent mechanism at play in NM neurons 

that regulates protein synthesis and protein masking of ribosomes, while at the same time 

potentially reducing the number of Ca2+-permeable channels in the plasma membrane to reduce 

influx of extracellular Ca2+.  

 Eukaryotic elongation factor-2 (eEF-2), a protein involved in the elongation of 

polypeptides during translation, is important for dendritic mRNA translation and is strongly 

regulated by the eEF-2 kinase (eEF-2K) (for review, Kaul et al., 2011). eEF-2K itself is regulated 

by a variety of factors including Ca2+ and calmodulin (Heise et al., 2014), as well as in a Ca2+-

independent manner by PKA (Redpath & Proud, 1993). Notably, reduced phosphorylation of 

eEF-2 has been observed in NM neurons within 1 hr of deafferentation in vivo (McBride et al., 

2013). Hence, eEF-2K could be a strong candidate for an effector in mGluR-mediated changes 

in ribosomes and protein synthesis in NM, since its two primary regulators, Ca2+ and PKA, are 

regulated by group I and group II, respectively. Due to this alternative Ca2+-independent manner 

of activation involving PKA, it corroborates nicely with the data presented in this report.   

 Group II mGluRs are also known to be expressed presynaptically in NM on GABA-ergic 

terminals of the superior olivary nucleus (SON) and suppress GABA release onto NM neurons 

(Tang et al., 2013). Glutamate “spillover” from the large auditory nerve terminals seems to be 

activating these group II mGluRs (Lu, 2007). In the chick NM, GABA can depolarize NM 

neurons (Hyson et al., 1995; Lu & Trussell, 2001) and lead to increases in [Ca2+]i from VGCCs 

as well as intracellular stores by activating the ionotropic GABAA receptor postsynaptically 

(Lachica et al., 1998). The link between this ionotropic receptor activation and IP3-dependent 

release of Ca2+ is unknown, although extracellular influx of Ca2+ could induce CICR channels on 

the ER to release Ca2+ (Kato & Rubel, 1999). In addition to increasing [Ca2+]i, our lab has 

preliminary data showing that after deafferentation, GABAA receptor activation by ambient 

GABA release also leads to deficits in Y10B-ir in NM neurons (Carroll & Hyson, 2015). Hence, it 

is likely that in the intact system, glutamate released by the auditory nerve activates group I and 

II mGluRs postsynaptically as well as group II mGluRs presynaptically. Upon deafferentation, 
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removing the activation of group II mGluRs presynaptically could cause increased ambient 

GABA release from the SON terminals, potentiating the changes in ribosome integrity and 

increases in [Ca2+]i observed in deafferented neurons.  

 

Summary 

Although conditions of deafferentation and auditory nerve stimulation in presence of 

AIDA both resulted in parallel effects of increased [Ca2+]i and decreased Y10B-ir in NM neurons, 

this parallelism was not observed in the LY 341495 condition, in which [Ca2+]i remained at levels 

comparable to the stimulated condition while Y10B-ir was considerably reduced. These results 

indicate there is dissociation in the interactions between mGluRs, Ca2+, and ribosome integrity 

in NM. First, there are major differences between how each group of mGluRs regulates [Ca2+]i, 

with group I mGluRs having a large role in maintaining stable levels and group II mGluRs having 

a minimal, or redundant role. Second, large increases in [Ca2+]i are not required for disruption of 

ribosome integrity.  

Potential means for mGluRs to modulate ribosome integrity through Ca2+-independent 

intracellular pathways have been identified, including mechanisms involving FMRP, ERK-2, and 

eEF-2K, although the results reported here still do not rule out high concentrations of Ca2+ being 

a sufficient mechanism to reduce ribosome integrity. The mechanisms for ribosome control 

discussed above also largely focus on postsynaptic pathways, but presynaptic group II mGluR 

regulation of GABA release from the SON also seems to play an important role in maintaining 

calcium and ribosome homeostasis. This would indicate the mechanisms involved in 

maintaining cell survival in NM are very complicated and likely involve multiple synapses, 

receptors, and intracellular pathways. However, future work that identifies these factors will 

allow for a stronger understanding of activity-dependent cell death and mGluR-induced 

pathways regulating calcium homeostasis and protein synthesis, hopefully identifying new 

targets for therapies aimed at stalling neurodegeneration.   
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