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Abstract
Glycinergic synaptic inhibition is part of acoustic information processing in brain stem auditory
pathways and contributes to the regulation of neuronal excitation. We found previously that unilateral
cochlear ablation (UCA) in young adult guinea pigs decreased [3H]strychnine binding activity in
several brain stem auditory nuclei. This study determined if the UCA-induced deficit could be
regulated by protein kinase C (PKC), protein kinase A (PKA) or Ca2+/calmodulin-dependent protein
kinase II (CaMKII). The specific binding of [3H]strychnine was measured in slices of the dorsal
(DCN), posteroventral (PVCN) and anteroventral (AVCN) cochlear nucleus (CN), the lateral (LSO)
and medial (MSO) superior olive, and the inferior colliculus (IC) 145 days after UCA. Tissues from
age-matched unlesioned animals served as controls. UCA induced deficits in specific binding in the
AVCN, PVCN and LSO on the ablated side and in the MSO bilaterally. These deficits were reversed
by 3 μM phorbol 1,2-dibutyrate, a PKC activator, or 0.2 mM dibutyryl-cAMP, a PKA activator.
However, 50 nM Ro31-8220, a PKC inhibitor, and 2 μM H-89, a PKA inhibitor, had no effect in
unlesioned controls and after UCA. In contrast, 4 μM KN-93, a CaMKII inhibitor, relieved or
reversed the UCA-induced binding deficits and elevated binding in the IC. These findings suggest a
UCA-induced down regulation of glycine receptor synthesis may have occurred via reduced
phosphorylation of proteins that control receptor synthesis; this effect was reversed by diminishing
CaMKII activity or increasing PKC and PKA activity.
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Introduction
Glycinergic synaptic inhibition in brain stem auditory pathways is an important component of
acoustic information processing and, together with GABAergic inhibition, contributes to the
regulation of neuronal excitation (Caspary et al., 1994; Faingold et al., 1991; Grothe and Sanes,
1994; Backoff et al., 1999; Davis and Young, 2000). Glycinergic inhibition, however, may
become impaired after sensorineural hearing loss, which usually involves damage to the
cochlea and degeneration of the cochlear nerve. Destruction of the cochlear nerve in young
adult guinea pigs reduces [3H]strychnine binding in several auditory brain stem nuclei on the
ablated side without affecting glycine transmitter release (Suneja et al., 1998a,b; Potashner et
al., 2000). This implies a decline in glycine receptor activity, which may contribute to additional
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pathological symptoms that often accompany sensorineural hearing loss, such as tinnitus,
loudness misperceptions and poor isolation of important sounds in a background of noise
(Olson et al., 1975; Jastreboff, 1990; Salvi et al., 2000). Several protein kinases are associated
with postsynaptic sites (Liu and Jones, 1996; Ramakers et al., 1997; Colbran, 2004) and
phosphorylation of the glycine receptor alters its properties (Smart, 1997; Gentet and Clements,
2002). It is conceivable, therefore, that the actions of protein kinases might be involved in the
change of glycinergic receptor activity after UCA. To assess this possibility, we quantified the
specific binding of [3H]strychnine, using microdissected slices of brain stem auditory nuclei
145 days after UCA, when the deficit in glycine receptor activity is fully developed (Suneja et
al., 1998a; Potashner et al., 2000). We compared this binding activity to that in tissues of age-
matched, unlesioned control animals. A proportion of the tissues from both the controls and
the ablated animals were treated with activators or inhibitors of PKC, PKA or CaMKII to
determine their effects on [3H]strychnine binding. Some of the findings have been reported in
an abstract (Yan et al., 2004).

Materials and Methods
Procedures involving animals were approved by the University Animal Care Committee in
accordance with federal and state policies. Hartley albino guinea pigs of either sex were 50
days of age when they received a UCA and then survived an additional 145 days. Unlesioned
age-matched animals served as intact controls. Animals receiving the UCA were anesthetized
with pentobarbital (Nembutal, 32 mg/kg, i.p.; Abbott Laboratories, North Chicago, IL ) before
the left cochlea was ablated mechanically, as described previously (Potashner, 1983).
Postoperatively, animals received subcutaneous injections of 0.9% saline (10 ml), to prevent
dehydration, and buprenorphine (0.05mg/kg,), as an analgesic. After 145 days, and an
equivalent period for unlesioned controls, the brain stem was removed from the anesthetized
animal and immersed in ice-cold high-Na+-Ringer, containing 122 mM NaCl, 3.1 mM KCl,
1.2 mM MgSO4, 1.3 mMCaCl2, 0.4 mM KH2PO4, 25 mM NaHCO3, 10 mM D-glucose (pH
7.4), and bubbled with 95% O2 - 5% CO2. The brain stem was cut transversely into 400 μm
thick slices, using a tissue chopper. As described previously (Potashner, 1983; Suneja et al.,
1995), microdissection and micropunching of the slices provided samples from both sides of
the brain stem of the DCN, PVCN and AVCN; the LSO and MSO; and the central nucleus of
the inferior colliculus (ICc).

To assess the actions of protein kinase reagents on strychnine binding, some of the tissue
samples were treated with one of these compounds before binding was assessed. Treated tissues
were incubated for 30 min in high-Na+-Ringer (0.5 ml, 37 °C) containing one of the following:
3μM phorbol 1,2-dibutyrate (PDBu), a PKC activator; 50 nM Ro31-8220, a PKC inhibitor, 0.2
mM dibutyryl-cAMP (DBcAMP), a PKA activator; 2 μM H-89, a PKA inhibitor; or 4μM
KN-93, a CaMKII inhibitor. These compounds were dissolved in DMSO, which exposed
tissues to 1.4 mM DMSO (PDBu and Ro31-8220) or 4.3 mM DMSO (H-89 and KN-93).
Untreated controls received the same incubation as above, with the appropriate concentration
of DMSO.

After the incubations above, tissues were rinsed twice with ice-cold 0.9% saline, buffered with
20mM sodium phosphate, pH 7.4, (PBS: 0.5 ml, 5 min each) and weighed. To measure total
strychnine binding, tissue samples were incubated for 90 min at 0 °C in 0.75 ml PBS containing
10 nM [3H]strychnine (23.7Ci or 8.7 × 108 Bq/mmol). Nonspecific binding was measured by
adding 20 mM glycine to the radioligand. After incubation, the tissues were washed and
decanted onto glass microfiber filter paper under a vacuum. Tissues and filters were washed
once and transferred into scintillation vials. The tissues were solubilized in 1 ml of 3.5% KOH
at 50 °C for 1 h, cooled to room temperature and neutralized with HCl. Radioactivity was
measured by liquid scintillation counting and converted to fmoles of strychnine bound per mg
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of tissue protein. The specific binding, expressed as fmoles bound per mg protein, was
computed as the total binding minus the mean non-specific binding. The specific binding after
UCA or treatment with a protein kinase reagent was expressed as a percentage of that from the
unlesioned, untreated control. These percentage data were finally expressed as means ± the
standard error of the mean.

Control groups consisted of tissues from unlesioned age-matched controls that were untreated
with protein kinase reagents (8 animals), and tissues from unlesioned controls treated with
PDBu, Ro31-8220, DBcAMP, H-89 or KN-93 (4 animals per treatment group). UCA groups
consisted of UCA animal tissues that were untreated with protein kinase reagents (4 animals),
and UCA animal tissues treated with PDBu, Ro31-8220, DBcAMP, H-89 or KN-93 (4 animals
per treatment group). Each animal usually provided a single sample of an auditory nucleus
from the left and right sides of the brain stem. Changes in specific binding relative to the
appropriate control were assessed using analyses of variance (ANOVA) (SPSS, Chicago, IL).
Significant main effects and interactions were analyzed further with Duncan's multiple
comparison test. Significant differences were those for which P ≤ 0.05.

Results
The auditory nuclei from unlesioned controls exhibited two levels of binding activity. The CN
subdivisions and the LSO bound 0.12 - 0.18 fmols of strychnine per mg of tissue protein, while
the MSO and IC bound approximately 0.08 fmols per mg protein (Fig. 1, white bars).The
relative levels of binding activity determined in the present 400 μm-thick samples of the
auditory nuclei, quantified with liquid scintillation spectrometry, were similar to those
observed in 15 μm-thick samples, quantified autoradiographically (Suneja et al., 1998a). The
autoradiographic study indicated that the distribution of binding activity was similar to that of
high glycine concentrations, suggesting a corresponding distribution of receptors and glycine
presumed to be in presynaptic endings.

One hundred and forty five days after UCA, binding declined in the PVCN, AVCN and LSO
on the ablated side by 53%, 49% and 37%, respectively (Fig. 1, vertically hatched bars).
Binding also declined bilaterally in the MSO by 40%. Apparent declines of 15-24% in the
DCN and IC did not achieve statistical significance. The magnitudes of these postablation
deficits resembled those observed in the autoradiographic material.

Treatment with activators or inhibitors of PKC (Fig. 2), PKA (Fig. 3) and CaMKII (Fig. 4) did
not alter strychnine binding in tissues taken from unlesioned controls (see Unlesioned, compare
white bars to diagonally hatched and black bars). By contrast, in tissues taken from UCA
animals, both the PKC activator, PDBu (Fig. 2), and the PKA activator, DBcAMP (Fig. 3),
reversed nearly all the deficits in strychnine binding (see UCA-ipsi and -contra, compare
vertically to diagonally hatched bars) but had no significant effects where binding levels were
normal. A unique exception to this pattern was the failure of DBcAMP to elevate the deficient
binding in the LSO on the ablated side (Fig. 3, LSO, UCA-ipsi, compare vertically to diagonally
hatched bars).

In tissues taken from UCA animals, both the PKC inhibitor, Ro31-8220 (Fig. 2), and the PKA
inhibitor, H-89 (Fig. 3), did not alter the deficient strychnine binding (see UCA-ipsi and -contra,
compare vertically hatched to black bars). In contrast, the CaMKII inhibitor, KN-93 (Fig. 4),
reversed most of the deficits in strychnine binding (see UCA-ipsi and -contra, compare
vertically hatched to black bars). The exception was the failure of KN-93 to elevate
significantly the deficient binding in the PVCN on the ablated side (Fig. 4, PVCN, UCA-ipsi,
compare vertically hatched to black bars). KN-93 usually had no significant effects where
binding levels were normal, except in the IC, where it elevated binding activity.
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Discussion
The findings indicate that UCA reduced [3H]strychnine binding in tissue samples of several
of the auditory nuclei (Fig. 1). The glycine receptor of mature animals is thought to consist of
two α and three β subunits (Grudzinska et al., 2005). Since glycine and strychnine bind to the
interface between these subunits (Grudzinska et al., 2005), [3H]strychnine binding depends on
the presence of both these proteins in the receptor. In addition, the receptor of mature animals
typically contains α1, α3 and β subunits (Sato et al., 2000;Legendre, 2001). Receptor subunit
composition, however, may change with age (Milbrandt and Caspary 1995; Krenning et al.,
1998) and after cochlear lesions (Holt et al., 2005;Sassu et al., 2005). Since receptors containing
α1, α2 and α3 subunits exhibit similar sensitivities to strychnine (Kuhse et al., 1990;Legendre,
2001;Gisselmann et al., 2002;Han et al., 2003), it is unlikely that changes in receptor subunit
composition, if they occurred, directly reduced the [3H]strychnine binding activity after UCA
in the present study. It is more likely that the present declines in binding reflect a net loss of
whole receptors or a reduced affinity for strychnine caused by a mechanism other than a change
in subunit composition.

As proposed previously (Suneja et al., 1997), a decline of excitatory synaptic input may induce
the down regulation of glycine receptor binding after UCA. The degeneration of the cochlear
nerve after UCA (Benson et al., 1997) ends cochlear excitation of the ipsilateral CN and
produced [3H]strychnine binding deficits in the CN subdivisions (Fig. 1; Suneja et al., 1997).
The deafferented CN, in turn, presumably no longer excites the ipsilateral LSO and both the
ipsi- and contralateral MSO; binding deficits also appeared in these nuclei (Fig. 1; Suneja et
al., 1997). Thus, the loss of excitatory transmission after UCA may be responsible for the
induction of mechanisms that regulate glycine receptors.

In most auditory nuclei that exhibited post-UCA deficits in [3H]strychnine binding, binding
was restored by a PKC or PKA activator or a CaMKII inhibitor (Figs. 2 - 4). Since these
compounds did not affect binding in tissues taken from unlesioned animals, the findings suggest
that regulation of ligand binding was induced or increased after UCA, presumably through
changes in the phosphorylation level of proteins that may include the glycine receptor itself
(Smart, 1997;Legendre, 2001;Caraiscos et al., 2002). With this regulation in place, it is possible
that the elevation of PKA and PKC activity by exogenous activators and the inhibition of
CaMKII increased receptor synthesis. For example, receptor protein synthesis might be up
regulated by the phosphorylation of several mRNA translation initiation factors by PKC and
PKA (Mathews at al., 2000;Raught et al., 2000). In addition, a phosphorylated binding protein,
which may be phosphorylated by CaMKII, blocks the action of one of the initiation factors
(eIF4E), and requires either dephosphorylation or a block of its phosphorylation to release the
initiation factor and allow it to function. In addition, glycine receptor subunit phosphorylation
levels may have altered glycine receptor clustering and trafficking (Meier et al., 2001). Thus,
one explanation of the present deficits after UCA would include a diminished expression of
glycine receptor subunit expression and trafficking through an induced down regulation of
protein phosphorylations (proposed in Suneja et al., 1997). If so, the recovery of ligand binding
activity after reducing CaMKII activity or increasing PKC and PKA activity implies that
exogenous control of protein phosphorylations may alleviate these deficits. However, not every
auditory nucleus conformed to this presumed regulatory scheme. For example, PKA-dependent
regulation of glycine receptors probably did not develop in the LSO after UCA, as deficient
binding in that nucleus was not elevated by the PKA activator (Fig. 3). Thus, other mechanisms
may contribute to the regulation of glycine receptors in the LSO.
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Abbreviations
ANOVA, analyses of variance
AVCN, anteroventral cochlear nucleus
CaMKII, Ca2+/calmodulin-dependent protein kinase II
CN, cochlear nucleus
DBcAMP, dibutyryl-cAMP
DCN, dorsal cochlear nucleus
DMSO, dimethyl sulfoxide
FMRP, fragile X mental retardation protein
GABA, gamma-amino buytric acid
IC, inferior colliculus
ICc, central nucleus of the inferior colliculus
i.p., intraperitoneal
LSO, lateral superior olive
MSO, medial superior olive
PBS, phosphate buffer saline
PDBU, phorbol 1,2-dibutyrate
PKA, protein kinase A
PKC, protein kinase C
PVCN, posteroventral cochlear nucleus
s.c., subcutaneous
UCA, unilateral cochlear ablation
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Fig. 1.
Effects of UCA on specific binding of [3H]strychnine in several of the brain stem auditory
nuclei. [3H]strychnine binding was measured 145 days after UCA, as described in the Methods;
the number of animals in each group is provided in the Statistics subsection. Asterisks denote
significant differences from unlesioned controls (Duncan's multiple comparison test; P≤ 0.05).
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Fig. 2.
Actions of PDBu, a PKC activator, and Ro31-8220, a PKC inhibitor, on the specific binding
of [3H]strychnine. Values from Fig. 1 for binding in unlesioned controls and animals that
received the UCA are reproduced here for convenience. PDBu elevated binding that was
deficient after UCA but had little or no effect where binding was normal. Ro31-8220 did not
alter binding. Asterisks denote significant differences from unlesioned controls (Duncan; P ≤
0.05). A lower case letter above a bar denotes a significant difference from the bar containing
the same letter (Duncan; P ≤ 0.05).
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Fig. 3.
Actions of DBcAMP, a PKA activator, and H-89, a PKA inhibitor, on the specific binding of
[3H]strychnine. Values from Fig. 1 for binding in unlesioned controls and animals that received
the UCA are reproduced here for convenience. DBcAMP elevated binding that was deficient
after UCA but had little or no effect where binding was normal. H-89 did not alter binding.
Asterisks and lower case letters above bars were defined in the legend to Fig. 2.
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Fig. 4.
Actions of KN-93, a CaMKII inhibitor, on the specific binding of [3H]strychnine. Values from
Fig. 1 for binding in unlesioned controls and animals that received the UCA are reproduced
here for convenience. KN-93 usually elevated binding that was deficient after UCA but had
little or no effect where binding was normal. Asterisks and lower case letters above bars were
defined in the legend to Fig. 2.
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