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We have shown previously that auditory experience regulates the
maturation of excitatory synapses in the auditory cortex (ACx). In
this study, we used electron microscopic immunocytochemistry to
determine whether the heightened excitability of the ACx following
neonatal sensorineural hearing loss (SNHL) also involves pre-
or postsynaptic alterations of GABAergic synapses. SNHL was
induced in gerbils just prior to the onset of hearing (postnatal day
10). At P17, the gamma-aminobutyri acid type A (GABAA) receptor’s
b2/3-subunit (GABAAb2/3) clusters residing at plasma membranes
in layers 2/3 of ACx was reduced significantly in size (P < 0.05) and
number (P < 0.005), whereas the overall number of immunoreactive
puncta (intracellular 1 plasmalemmal) remained unchanged. The
reduction of GABAAb2/3 was observed along perikaryal plasma
membranes of excitatory neurons but not of GABAergic interneur-
ons. This cell-specific change can contribute to the enhanced
excitability of SNHL ACx. Presynaptically, GABAergic axon
terminals were significantly larger but less numerous and contained
47% greater density of glutamic acid decarboxylase immunoreac-
tivity (P < 0.05). This suggests that GABA synthesis may be
upregulated by a retrograde signal arising from lowered levels of
postsynaptic GABAAR. Thus, both, the pre- and postsynaptic sides
of inhibitory synapses that form upon pyramidal neurons of the ACx
are regulated by neonatal auditory experience.

Keywords: b2/3 subunits, deafness, development, electron microscopy,
immunocytochemistry

Introduction

Synapse function is regulated homeostatically by an ongoing

level of network activity (Turrigiano 2007). In the auditory

system, deafferentation leads to enhanced excitability of

subcortical regions (Kitzes 1984; Kitzes and Semple 1985;

McAlpine et al. 1997; Mossop et al. 2000; Salvi et al. 2000). Brain

slice experiments in the auditory brainstem as well as in the

auditory midbrain demonstrate that significantly weaker in-

hibitory transmission may contribute (Kotak and Sanes 1996;

Vale et al. 2004). At the postsynaptic side, this has been

correlated with dysfunction of the chloride cotransporter,

KCC2 (Vale et al. 2003). In the inferior colliculus, gamma-

aminobutyric acid (GABA) synthesis and release may also be

regulated in an activity-dependent manner (Abbott et al. 1999;

Milbrandt et al. 2000; Mossop et al. 2000).

Recently, we turned our attention to the auditory cortex

(ACx), as this region is also reported to respond to peripheral

organ damage (Rajan 1998). In layer 2/3 (L2/3) pyramidal cells

of developing gerbil ACx, total sensorineural hearing loss

(SNHL) raised cortical excitability, and this was associated with

an increased immunoreactivity of N-methyl-D-asparate recep-

tor’s NR2B subunits at excitatory synapses (Kotak et al. 2005).

This study also showed diminished intracortically evoked

inhibitory potentials in the same region. However, the

mechanisms and loci of change at inhibitory synapses of the

ACx remain unknown. To address these questions, we

examined functional markers at pre- and postsynaptic loci of

inhibitory synapses in L2/3 of ACx following SNHL. Specifically,

we examined the subcellular localization of the b2 and b3
subunits of the gamma-aminobutyric acid type A (GABAA)

receptor (GABAAb2/3) in relation to inhibitory synapses. We

chose to analyze these subunits because they are expressed

most consistently in mammalian cortex and play an obligatory

role in agonist binding (Wisden et al. 1992; Amin and Weiss

1993; McKernan and Whiting 1996; for review see, Möhler

2006). At the presynaptic locus, we evaluated the levels of

glutamic acid decarboxylase (GAD), the rate-limiting enzymes

in GABA synthesis.

Our study reveals that SNHL induces changes to both sides

of GABAergic synapses: postsynaptically, GABAAb2/3 are

displaced from the plasma membrane, while presynaptically,

the level of GAD is increased within the terminals. These

results are in agreement with the electrophysiological evidence

showing reductions in GABAAb2/3 function and a greater

release of GABA in ACx of SNHL animals (Kotak et al. forth-

coming). The unexpected increase of presynaptic GAD may

reflect a compensatory response either to the postsynaptic

removal of GABAA receptors from the plasma membrane or

a failure of proper trafficking to the plasma membrane.

Methods

The Rationale for SNHL
The auditory system is unlike other sensory systems in having bilateral

convergence at subcortical levels. This property of the auditory

pathway precluded comparisons of monaural versus binaural regions

within the cerebral cortex and led us to make comparisons across

bilaterally deprived and nondeprived animals.

Surgery for SNHL
All protocols were reviewed and approved by New York University

Institutional Animal Care and Use Committee. Bilateral cochlear

ablations were performed on gerbil (Meriones unguiculatus) pups at

P10, just prior to the onset of response to airborne sound. Details were

as described previously (Sanes et al. 1992; Vale and Sanes 2002). In

brief, gerbil pups were anesthetized (methoxyflurane), and each

cochlea was rapidly removed with forceps. Animals were reared for

7 days with their parents under conditions identical to those of control

pups. The age of surgery was chosen based on evidence that

anteroventral cochlear nucleus cell number is unaffected by cochlear

ablation after P9 (Tierney et al. 1997). Cochlea removal was confirmed

post mortem by opening each cochlea under a dissecting microscope

and finding the absence of cochlear tissue but gelfoam in its place.
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Tissue Preparation
Three normal and 3 SNHL animals were anesthetized at P17 with 5%

chloral hydrate (i.p.) and perfused transcardially with 4% paraformal-

dehyde, buffered with 0.1 M phosphate buffer (PB) to pH 7.4.

Glutaraldehyde was omitted from the perfusate so as to preserve

antigenicity. Brains were removed from skull and postfixed in the

same fixative until sectioning. On the day of sectioning, the brains

were transferred to PB. Eighty-micrometer-thick horizontal sections

were prepared from the left hemisphere using a vibratome (Leica

Microsystems, Nussloch, Germany), with the lateral side elevated 15�.
These angles were the settings used for the physiological experiments

(Kotak et al. 2005, forthcoming) and have the advantage of preserving

the thalamo-cortical tracts and, thus, allowing for electrophysiological

verification of the thalamo-recipient zone of ACx. Sections containing

the thalamo-cortical tracts appeared at about 2--3 mm from the ventral

surface. These sections were stored free-floating in a buffer of PB (pH

7.4) with 0.9% sodium chloride and 0.05% sodium azide (PBS-azide) at

4�C until antibody incubation.

Source and Specificity of Primary Antibodies
The anti-GABAAb2/3 was purchased from Chemicon (Temecular, CA;

catalog no. MAB341, formerly Roche’s 1381458). This is a monoclonal

antibody from clone BD17. Specificity of this antibody has been

characterized extensively by a number of groups. Specifically, the

antibody immunoprecipitates the GABAA/benzodiazepine receptor

complex purified from homogenates of bovine cortex and rodent

cerebellum (Häring et al. 1985) and exhibits immunoreactivity to HEK

cells transfected with the GABAAb2/3 subunits but not those trans-

fected with a1--6, b1, c1, c2, d, or gly 48k subunits (Ewert et al.

1990). Electron microscopic immunocytochemistry has shown that this

antibody recognizes symmetric synapses formed by GABA-enriched axon

terminals, as well as intracellular membranous organelles (Richards et al.

1987; Fujiyama et al. 2002; Charara et al. 2005). In our hands, light

microscopy revealed that this antibody immunolabels puncta surround-

ing unlabeled perikarya in L2/3 of gerbil ACx, (Fig. 1A,B) which, by

electron microscopy, were identifiable as immunoreactivity associated

with symmetric synapses (detailed under section Results). These patterns

agree well with previous reports of light and electron microscopic

immunocytochemistry.

The antibody directed against GAD 65/67 was purchased from

Chemicon (catalog no. AB1511). This antibody has also been

characterized extensively. Specifically, this antibody recognizes the 2

protein bands of expected molecular weights (65 and 67 kDa) in

Western blots and immunoprecipitates GAD. Within intact tissue, the

antibody immunolabels axon terminals forming symmetric synapses

and approximately 5% of the neuronal perikarya residing in the cerebral

cortex (Mugnaini and Oertel 1985; Muzio et al. 2002; Meier and Grantyn

2004; Tongjaroenbungam et al. 2004). These immunolabeling patterns

agree well with our observations by light microscopy (Fig. 1C,D) and

electron microscopy (detailed under section Results).

Immunocytochemical Procedure
Both 3,3#-diaminobenzidine HCl (DAB) and silver-intensified colloidal

gold (SIG) immunolabeling techniques were employed to mark the

antigenic sites (Aoki et al. 2000). The DAB label was used to optimize

detection of antigens, whereas SIG label was used to quantify the

plasmalemmal versus intracellular sites of immunoreactivity. Sections

derived from 3 SNHLs and 3 control animals were incubated and rinsed

strictly in parallel and with no more than 10-s differences among the 6

sets of sections, so as to minimize interanimal variabilities arising from

immunocytochemical (ICC) procedure.

Four to 6 left-hemisphere sections containing ACx from each of the 6

animals were incubated for 30 min in PBS-azide containing 1% bovine

serum albumin (Sigma Chemicals, St Louis, MO) (PBS--bovine serum

albumin [BSA]--azide, pH 7.4) to block any nonspecific immunolabeling.

These sections were then incubated on a shaker for 3 days at room

temperature in PBS--BSA--azide containing 1 of 2 primary antibodies,

mouse anti-GABAAb2/3 (1:50) or rabbit anti-GAD65/67 (1:400). This

and all subsequent incubation steps were followed by 3 rinses in PBS

(pH 7.4).

For immunolabeling with DAB, sections were incubated in biotiny-

lated goat anti-mouse IgG, following the anti-GABAAb2/3-subunit
antibody incubation or in goat anti-rabbit IgG, following the anti-GAD

antibody incubation (Vector Laboratories, Burlingame, CA), both at

dilutions of 1:100 (15 lg/ml) for 1 h at room temperature. Sections

were then incubated in the ABC solution (Elite Kit, Vector Laboratories,

Burlingame, CA) for 30 min and immersed in PBS (pH 7.4) containing

0.3% DAB with 0.03% hydrogen peroxide (H2O2) as its substrate.

Reaction time was 6 min ± 5 s for all sections. The peroxidase reaction

was terminated by immersing sections in PBS. This ICC reaction was

followed by multiple postfixation steps to preserve ultrastructure: 1%

glutaraldehyde with PBS (pH 7.4) for 10 min; 1% osmium tetroxide (in

0.1 M PB) for 1 h; and 1% uranyl acetate in 70% ethanol, overnight.

For GABAAb2/3 immunolabeling with SIG, sections were incubated

for 4 h in ultrasmall (0.8 nm) gold-conjugated goat anti-mouse IgG

(Electron Microscopy Sciences, Washington, PA) at a dilution of 1:100

in PBS--BSA (pH 7.6). For GAD65/67 immunolabeling with SIG, sections

were incubated identically, except that the secondary antibody was

0.8-nm gold-conjugated anti-rabbit IgG (Electron Microscopy Sciences,

Washington, PA). Sections were then postfixed in 1% glutaraldehyde

with PBS (pH 7.4) for 10 min to cross-link antibodies to antigenic sites

prior to silver intensification. To prepare sections for silver intensifi-

cation, sections were rinsed for 1 min in 0.2 M citrate buffer (pH 7.4).

These sections were immersed into the silver intensification reagent

(Silver IntensEM Kit, Amersham, Buckinghamshire, UK) at room

temperature for 12 min. The duration of the silver intensification step

differed by no more than 10 s among the samples. Silver intensification

was terminated by rinsing sections in citrate buffer. These sections

were stored in PBS overnight. On the following day, sections

underwent osmium-free processing (Aoki et al. 2000) to preserve

membranes and ultrastructure as well as to prevent loss of the silver

intensification by strong oxidants, such as osmium tetroxide. Analysis of

the sizes of the SIG particles generated from GAD ICC revealed nearly

identical distribution across tissue of the control and SNHL animals

(mean values of the diameter: 59 ± 11 nm for Control tissue; 60 ± 12 nm

for the SNHL tissue), indicating that the interanimal variability

introduced during the silver intensification step was negligible. The

Figure 1. Light microscopic localization of GABAAb2/3 subunits and GAD in the ACx.
(A and B) The antibody directed against the GABAAb2/3 subunits recognizes puncta
(arrowheads) surrounding unlabeled cell bodies in layers 2/3 of Control ACx (asterisks
in the nucleoplasm, A). The same antibody labels the perikaryal cytoplasm of a few
neurons in an age-matched, SNHL ACx (asterisks in the nucleoplasm, B). Some of the
puncta appear strung together (triple arrowheads in A and B). bv 5 blood vessel
lumen. (C and D) The antibody directed against GAD65/67 recognizes puncta that
surround unlabeled perikarya (black asterisks) of control (C) and SNHL (D) animals. In
addition, some of the neuronal perikarya are intensely immunoreactive (white
asterisks). Calibration bar 5 50 lm for all panels.
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subsequent steps for embedding tissue in plastic were as described

previously (Aoki et al. 2000; Aoki et al. 2007).

Controls were run to test the ability of both primary antibodies to

recognize GABAAb2/3 and GAD in gerbil. These sections were

processed through identical steps in parallel with the experimental

sections, with the exception that the 1st incubation did not contain

primary antibodies. Immunolabeling was absent in these control

sections.

Regions Analyzed for Data Collection
Ultrathin sections mounted on grids contained the thalamo-recipient

region of the ACx. Areas of analysis focused on L2/3, lying just below

layer 1. Layer 1 was identified by the smooth glia-lined pia mater

dorsally and the lack of pyramidal neurons’ somata (Kotak et al. 2005).

We analyzed the surface-most portions of tissue, identified as the

interface between the neuropil and plastic embedding material, where

exposure to immunoreagents would be maximal.

All images were digitally captured using a CCD camera (AMT, MA) at

a magnification of 30,0003. At this magnification, the neuropil area

covered by each micrograph was approximately 19 lm2. From each

animal’s ACx, approximately 20 micrographs (ca 380 lm2) were

captured for ultrastructural analyses. The software, ImageJ, Bethesda,

MD (1.36b NIH), was used to measure areas within the captured images

that were outside of the synaptic neuropil (i.e., areas occupied by the

nucleoplasm, blood vessels or embedding matrix, only). The ‘‘Total

Neuropil Area’’ reported in Tables 1 and 2 reflect this corrected value of

synaptic neuropil area.

Identification of Ultrastructural Features
Because the analyses focused on changes at inhibitory synapses, it was

necessary to differentiate symmetric (inhibitory) synapses from asym-

metric (excitatory) synapses. A profile was identified to be axonic,

based on the presence of multiple, small clear vesicles in the cytoplasm.

The portion of the axon was identified to be synaptic where the axonal

plasma membrane coursed parallel to the plasma membrane of another

profile that was neither astrocytic nor axonal. The postsynaptic side

was identified to be excitatory and asymmetric, if it was associated with

an electron dense, postsynaptic density (PSD). Synapses without

observable PSDs were identified as inhibitory.

Categorization of GABAAb2/3 Labeling in ACx of SNHL and
Control Animals’ Tissues
Quantitative electron microscopy analysis was performed to determine

whether neonatal SNHL affected the subcellular localization of the

GABAAb2/3-subunit labeling. Comparisons were made across the

following 2 sensory rearing conditions: SNHL for 7 days versus intact

(control), both at P17. Both DAB and SIG labels were used to

characterize the subcellular localizations. Experimenters were blind

to the sensory rearing conditions.

GABAAb2/3 immunoreactivity occurring across 2 broad categories—

intracellular versus plasmalemmal—were tallied. The intracellular sites

were categorized further into 3 groups: axonal, dendritic, or somatic.

The plasmalemmal sites were also categorized further as presynaptic,

postsynaptic, or extrasynaptic. The label was identified as extrasynaptic

if it occurred on the plasma membrane, but in a portion not abutting

axon terminals or was removed from the parallel alignment of the pre-

and postsynaptic membranes by more than 100 nm. Within both the

SNHL and control tissues, the size of SIG particle clusters varied widely

(Fig. 1C). However, as was stated above, the mean size of SIG clusters

was nearly identical across sensory rearing conditions. SIG clusters

were most commonly 60 nm in diameter. Thus, SIG particle clusters

that occurred within 60 nm from the plasma membrane were

categorized as plasmalemmal.

Quantification of GABAAb2/3 Labeling in ACx of SNHL and
Control Animals’ Tissues
For each of the above 6 mutually exclusive subcellular categories,

software of Adobe Photoshop (version 6.0; San Jose, CA) together

with ImageJ (1.36b NIH), were used to calculate the area occupied

by clusters of SIG particle aggregates. We also tallied the number of

SIG clusters occurring within the 6 subcellular domains. Finally,

the number of resolvable particles within a cluster was estimated

by delineating the bumps that formed the outer contour of the

clusters. These 3 methods of counting were done to avoid

subjectivity in discerning the level of SIG immunolabeling. We

accepted SIG particles of all sizes in our quantification. Each of the

3 procedures for SIG quantification underwent normalization by

dividing the values of SIG level (particle number, SIG cluster number

or SIG area) by the total SIG level encountered per animal.

Consequently, the values shown in Tables 1 and 2 are expressed in

units of ‘‘percent.’’

In contrast to the SIG particles, the DAB label was more diffuse. For

the rare occasions when immunolabeling of DAB occurred continu-

ously between both plasmalemmal and intracellular sites, a count of 1

was added to both categories. For each animal, we determined the

proportion of total label occurring within each of the 6 subcellular

regions introduced above. The tallies were also made to compare the

relative distribution of immunolabel found intracellularly versus those

on the plasma membranes.

Table 1
The subcellular localization of GABAAb2/3, expressed as a percent of total immunoreactivity

Intracellular Plasmalemmal

Group Total neuropil
(lm2)

Axon Dendrite Soma Presynaptic Postsynaptic:
dendrite/soma

Nonsynaptic or
undetermined

A. b2/3 Immunolabeling by DAB
SNHL 1032.06 13.24 ± 1.97 32.1 ± 1.15 8.81 ± 0.70 9.50 ± 1.81 8.62 ± 0.97 27.72 ± 1.03
Control 1050.49 8.11 ± 0.52 22.21 ± 1.7 3.36 ± 0.38 9.77 ± 1.44 15.33 ± 1.13 41.21 ± 2.22
P-value P[ 0.1 P\ 0.009* P\ 0.007* P[ 0.9 P\ 0.02* P\ 0.02*

B. b2/3 Immunolabeling by SIG: particle count
SNHL 1062.64 11.4 ± 1.88 51.04 ± 1.38 7.1 ± 1.93 4.32 ± 1.58 22.46 ± 2.46 3.63 ± 0.21
Control 1039.13 6.57 ± 2.2 27.32 ± 5.22 3.31 ± 0.23 2.41 ± 1.23 59.20 ± 2.35 1.35 ± 0.4
P-value P[ 0.1 P\ 0.02* P[ 0.08 P[ 0.3 P\ 0.0005* P\ 0.008*

C. b2/3 Immunolabeling by SIG: cluster count
SNHL 1062.64 12.06 ± 1.66 38.0 ± 7.37 19.73 ± 10.8 7.72 ± 3.06 11.51 ± 1.55 10.98 ± 1.68
Control 1039.13 7.50 ± 2.64 21.61 ± 2.8 9.53 ± 0.72 8.93 ± 0.25 28.53 ± 1.97 23.88 ± 0.13
P-value P[ 0.2 P[ 0.1 P[ 0.4 P[ 0.7 P\ 0.003* P\ 0.003*

D. b2/3 Immunolabeling by SIG: cluster area
SNHL 1062.64 9.18 ± 0.57 44.63 ± 2.14 9.47 ± 1.17 5.23±1.1 21.77 ± 2.16 9.79 ± 1.90
Control 1039.13 5.54 ± 1.43 29.06 ± 5.39 4.74 ± 0.94 1.58 ± 1.34 57.33 ± 2.83 1.66 ± 0.14
P-value P[ 0.07 P[ 0.05 P\ 0.05* P[ 0.1 P\ 0.0006* P\ 0.02*

Note: Shown are mutually exclusive subcellular categories from the group means (±SEM) and P-values after immunolabeling by DAB (A), SIG particle count (B), SIG particle cluster count, and SIG area

measurement (D). The ‘‘Total Neuropil’’ values reflect the total synaptic neuropil area that was surveyed. The areas occupied by blood vessels, the nucleoplasm, and the plastic embedding media facing

the vibratome section surfaces were not included in these values.
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Using these procedures, the SIG particle counts were higher than the

counts obtained by DAB labeling. This difference arose from the

discrete nature of SIG labels, which allowed us to count the number of

particles contained within each cluster. In contrast, DAB labels were

diffuse, leading us to count immunoreactivity that occurred as electron

dense patches along the plasma membrane and as intracellular clumps.

For comparisons across the sensory conditions, we performed 2-

tailed Student’s t-test, assuming unequal variances. The significance

level was set at P < 0.05.

Quantification and Comparison of GAD Labeling across SNHL
and Intact Acx
GAD occurred in axons, dendrites and somata. Because we were

interested in comparing presynaptic levels of GAD, only the pre-

synaptic terminal profiles were included in the quantitative analysis.

Presynaptic terminals were identified by the presence of more than

a few vesicles in the cytoplasm. DAB immunolabeling was used mainly

to assess the specificity of the antibody prior to quantifying GAD levels

by SIG. Comparisons across sensory rearing conditions were performed

for the following parameters: the number of GAD-immunoreactive

terminals encountered per synaptic neuropil area surveyed; mean

and SEM of the areas of presynaptic terminals encountered; GAD

immunoreactivity within presynaptic terminals. These analyses of GAD

axon terminals were performed upon 2-D images rather than 3-D

reconstructions, because the immunolabeling is restricted to only the

surface-most portions of vibratome sections. ImageJ (1.36b NIH) and

a mouse pad (Wacom, Pearl model) were used to measure the area of

presynaptic cytoplasmic profiles. GAD immunoreactivity within an

axon terminal profile was quantified 3 ways, as was described for

GABAAb2/3 labeling: by counting the number of SIG particles within

the axon terminal, counting the number of SIG particle clusters, and

by using Image J to measure the area occupied by SIG clusters within

the axon terminal. Each of these values was normalized to the area

of the axon terminal. Comparisons across sensory conditions used

the nonparametric statistical tests Mann--Whitney U as well as the

Kolmogorov--Smirnov, with significance levels set at P < 0.05. The

software, Statistica 6.1 (StatSoft, Tulsa, OK, 1984--2003), was used to

perform the above-mentioned statistical tests. Experimenters were not

blind to the conditions.

Results

The Subcellular Distribution of GABAAb2/3
Immunolabeling

Both DAB and SIG labels were used as immunolabels to

characterize the subcellular distributions of GABAAb2/3 sub-

units. DAB-labeled b2/3 clusters were identified as electron

dense aggregates that were at least 200% above the optical

density of the plasma membrane as well as >23 the thickness of

the plasma membrane (Fig. 2A--D). SIG-immunoreactivities

were characterized as aggregates of maximally electron dense

particles that formed larger particle clusters (Fig. 2E--H). The

specificity of the GABAAb2/3 antibody was confirmed by the

absence of label in sections incubated without the primary

antibody (Fig. 2D,H). Further, the absence of immunolabel at

synapses with thick PSDs verified that the antibody did not

cross-react with antigens of excitatory synapses. Label was also

absent along the tissue--embed812 surfaces (Fig. 2E,H).

We 1st confirmed that, for both control and SNHL tissue, the

GABAAb2/3 immunolabel appeared along the postsynaptic

membrane of symmetric synapses, as was shown previously in

the brainstem of gerbils (Korada and Schwartz 1999) and

elsewhere within the brain of other mammals (Richards et al.

1987; Fujiyama et al. 2002; Charara et al. 2005). Symmetric

synapses were characterized by their lack of postsynaptic

densities (PSD) but clear parallel alignment of the pre- and

postsynaptic membranes. These symmetric synapses were

sometimes found with the immunolabels concentrated more

laterally within the synaptic cleft (Fig. 2A,E,G). Because this

antibody is directed against the extracellular domain of the

subunit, we expected the immunoreactivity to occur along

the extracellular surface of the plasma membrane as well as in

the lumen of membranous intracellular organelles. As expected,

DAB labeling occurred within the synaptic cleft or overlying

intracellular membranous organelles (Fig. 2A--C). SIG labeling

was often centered over the synaptic cleft and intracellularly,

whereas the membranous organelles could not be detected,

presumably because they were obscured by the SIG particles

(Fig. 2E--G).

Within or across sensory conditions, comparisons of the

frequency of encounter with GABAAb2/3 immunoreactivity per

unit area revealed no significant difference, whether using DAB

counts, SIG particle counts, SIG cluster counts or SIG cluster

area measurements (t-test, P > 0.5 for all comparisons).

We then compared the distribution of GABAAb2/3 immu-

noreactivity across the intracellular versus plasma membrane

compartments. This analysis revealed that the ACx of control

animals had a significantly higher proportion of immunolabels

on plasma membranes than did the ACx of SNHL animals

(Fig. 2I,J). Specifically, control tissue had an average of 66 ±
2% of GABAAb2/3--DAB immunolabels associated with plasma

membranes, although SNHL tissues exhibited only 46 ± 2% of

the immunolabeling at the plasma membrane (P < 0.002,

t-test) (Fig. 2I). Similarly, analysis of SIG cluster count showed

that controls had an average of 61 ± 5% of GABAAb2/3
immunolabels associated with the plasma membrane, whereas

the SNHL tissue exhibited only 29 ± 4% of SIG labels at the

plasma membrane (P < 0.005, t-test) (Fig. 2J). Likewise,

analysis of SIG cluster areas revealed that 60.57 ± 4% of

GABAAb2/3 immunolabels are associated with plasma mem-

branes of control tissue, whereas only 39.34 ± 3.5% occur at

the plasmalemma of SNHL tissue (P < 0.05). The SNHL-to-

Control differences were most prominent for labels occurring

at the postsynaptic plasma membrane of dendrites and somata

(Table 1).

Table 2
Measurements of axon terminals immunolabeled for GAD65/67 for each sensory condition

Group Total neuropil
(lm2)

# Synaptic
terminals

# Synaptic
terminals/lm2

Terminal area
(lm2)

Density
(# SIG particles/lm2)

Density
(# SIG clusters/lm2)

Density (SIG area/terminal
area in %)

SNHL 1009.9 86 0.09 ± 0.002 0.44 ± 0.06 99.94 ± 4.02 24.53 ± 1.78 8.72 ± 0.10
Control 1105.4 123 0.10 ± 0.01 0.36 ± 0.02 67.79 ± 10.60 18.46 ± 1.35 5.83 ± 0.78
P-value P\ 0.001* P\ 0.05* P\ 0.05* P\ 0.008* P\ 0.003*

Note: Shown are the total amount of neuropil assessed for each group, the total number of axon terminals encountered in this analysis, the mean (±SEM) density of synaptic terminals, as well as the

mean value of the area (±SEM) occupied by each axon terminal. Mean (±SEM) density of SIG immunolabeling/group are shown, using particles, particle clusters, and SIG area as units of counting.
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Figure 2.
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GAD Immunoreactivity within Axon Terminals

We next sought to determine whether the hyperexcitability in

ACx that follows SNHL (Kotak et al. 2005, forthcoming) might

also occur through changes within presynaptic terminals of

GABAergic synapses.

We 1st verified that GAD65/67 immunolabeling within the

ACx of gerbils occur only within presynaptic terminals asso-

ciated with symmetric synapses, indicating that this antibody

does not cross-react with antigens of excitatory axon terminals

(Fig. 3). Again, by using SIG as immunolabel, the GAD levels

Figure 2. Electron micrographs showing examples of GABAAb2/3 immunolabeling on the plasma membrane and at intracellular sites within layers 2/3 of ACx. GABAAb2/3
immunolabeling is revealed by the DAB procedure in figures (A) to (D) and by the SIG procedure in figures (E) to (H). (A) Plasmalemmal labeling (arrowhead) at a perikaryon of
a control animal’s ACx. Immunoreactivity is at the symmetric synapse (arrowhead) and extends intracellularly (arrow) toward the endoplasmic reticulum. Such continuous labeling
was tallied as labeled under both ‘‘intracellular’’ and ‘‘plasmalemmal’’ categories. Thick short arrows show lack of immunoreactivity at postsynaptic densities of asymmetric
synapses. Here and in other panels, At 5 axon terminal. (B) Another example of plasmalemmal labeling, captured at a higher magnification. At this symmetric synapse
(arrowhead), DAB labeling extends intracellularly (arrow). The same dendrite is juxtaposed to another axon (upper right), so identified by the presence of vesicles elsewhere. The
dendritic plasma membrane facing this axon exhibits much less DAB labeling. (C) Patches of intracellular labeling (arrow) within a dendrite of an SNHL animal’s ACx. The patches
are near a clearly unlabeled symmetric (presumably inhibitory) synapse. This is further established by the presence of a dense-cored vesicle within the axon terminal (white
arrow). Arrowheads point to plasmalemmal immunolabeling that are nonsynaptic. (D) A lack of DAB immunoreactivity in control sections incubated without the primary antibody
at the site of a symmetric synapse and within the postsynaptic dendrite. (E) Cluster of SIG particles (white asterisk here and in F and G) at the junction between 2 plasma
membranes forming a symmetric synapse onto a soma (S). A nearby asymmetric (presumably excitatory) synapse (arrow) is unlabeled. Note the tissue: Embed812 interface,
marked by black crosses (þ). Proximity of the sampled tissue to the tissue--Embed812 interface was intentional, to assure sampling from a region that was exposed maximally to
immunoreagents. (F) Similar clustering of SIG particles at a symmetric synapse formed upon a dendrite (D). (G) SIG particles are found within the intracellular portion of a soma
(S), near a symmetric synapse formed by the axon terminal, At. (H) Lack of SIG immunoreactivity at a symmetric synapse onto a distal dendrite as well within the intracellular
portion of the dendrite in control tissue incubated without the primary antibody. (I) Quantitative analysis of GABAAb2/3--DAB immunoreactivity encountered across the ACx from 3
controls and 3 SNHL animals. Cortices of control animals show a significantly higher proportion of total GABAAb2/3 immunolabeling on plasma membranes (white bars). In
contrast, cortices of SNHL animals show a significantly higher proportion of GABAAb2/3 immunolabeling intracellularly (black bars), away from the plasma membranes. (J)
Quantitative analysis of the SIG particle cluster distribution pattern. Cortices of control animals show a significantly higher proportion of total GABAAb2/3 immunolabeling by
SIG on plasma membranes (white bars), whereas cortices of SNHL animals show a significantly higher proportion of GABAAb2/3 immunolabeling intracellularly (black bars),
away from plasma membranes. Asterisks in (I) and (J) mark significance of P\ 0.002, determined by 2-tailed Student’s t-test. At, axon terminal; S, soma; D, dendrite. Scale
bars 5 500 nm.
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Figure 3. Electron micrographs show highly specific GAD65/67 immunolabeling of inhibitory axon terminals. (A, B) SIG immunolabeling (white asterisks) within inhibitory
axon profiles forming symmetric (presumably inhibitory) synapses onto adjacent somata (S). White arrows denote active zones of the synapses. The density of SIG particles
within the axon profiles is visibly lower in the tissue of the control (A) than of the SNHL (B) animal. (C) An axon terminal (white star) forming a symmetric synapse is intensely
labeled with DAB. In contrast, the axon terminals forming asymmetric synapses (presumably excitatory, black arrows point to presynaptic membranes) are clearly unlabeled.
Scale bars: 500 nm.
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within the axon terminals were measured in 3 ways. The

density of SIG particles and clusters per cytoplasmic area of

axon terminals appeared to be higher in terminals from the

SNHL animals than of the control animals (e.g., Fig. 3A,B).

Indeed, analysis of over 200 axon terminals in the ACx revealed

that the SNHL tissue had greater levels of GAD immunoreac-

tivity, whether using SIG particle counts, SIG cluster counts or

SIG area counts to quantify GAD levels (Fig. 4A, Table 2).

Moreover, labeled axon terminals showing high levels of GAD

( >100 SIG particles/lm2) were more numerous in the ACx of

SNHL animals (20% of axon terminals in brains of SNHL animals,

compared with 7% in brains of control animals, Fig. 4B). In spite

of these differences in the number of SIG particles and

clusters, the distribution of SIG clusters according to size was

remarkably similar across the 2 sensory conditions (Fig. 5,

lower), indicating that the efficiency of the silver intensification

procedure was adequately controlled across the tissue sets.

Unlike the levels of GAD within axon terminals, the mean

value of the number of GAD-immunoreactive axon terminals

encountered per unit area of synaptic neuropil was significantly

higher in the ACx of controls (Table 2). The rate of encounter

with a particular profile is dependent on the size of that profile

(Mouton 2002). Therefore, we wondered whether the greater

number of terminals encountered in the control group resulted

from this group having larger axon profiles. This was not the

case. On the contrary, the areas occupied by axon terminal

profiles within 2-D images were larger for the ACx of SNHL

animals than of controls (Table 2). This indicated that the

difference we detected in the frequency of encounter with

GAD terminals could not be due to size-differences.

Synaptic Levels of GABAAb2/3
Analysis of the subcellular distribution of GABAAb2/3 immu-

nolabeling revealed that the frequency of immunoreactive

patches along plasma membranes of SNHL ACx animals was

most significantly reduced at postsynaptic sites within den-

drites and somata (Table 1). For each of the 6 samples (3 SNHL

and 3 controls), we also measured the total area occupied by

SIG clusters at the postsynaptic membrane. Comparisons of this

Figure 5. Comparison of the GABAAb2/3 and GAD SIG cluster sizes across sensory
rearing conditions. The upper graph shows the size distribution of the area of
GABAAb2/3 SIG clusters occurring along the postsynaptic plasma membrane of
dendrites within ACx of Control and SNHL animals. The lower graph shows the size
distribution of the area of GAD SIG clusters occurring within axon terminals of Control
and SNHL animals Each SIG cluster was measured using Adobe Photoshop (version
6.0) and converted from pixels to the unit of nm2. Arrows point to the mean values for
each sensory rearing condition.

Figure 4. (A) The mean density of GAD within GABAergic inhibitory axon terminals.
This value is significantly higher in cortices of SNHL animals than of controls. The
values represent the group means for the density of GAD65/67--SIG particle counts
within presynaptic terminals. The asterisk represents P \ 0.005, determined by
Kolmogorov--Smirnov test of independent groups. (B) Histogram compares the
distribution of GAD density within axon profiles between both groups. There are
proportionally more axon profiles which show higher GAD density levels (in SNHL
animals[150 SIG particles/lm2) than in control animals.
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value revealed a significant difference across sensory rearing

conditions (Table 1).

Dendritic Synapses

We extended this SIG analysis to determine whether SNHL

affects the size as well as the frequency of individual GABAAb2/
3--SIG clusters at the postsynaptic plasma membrane of

dendrites. The relative sizes of the SIG clusters reflecting

GABAAb2/3--SIG immunoreactivity at the dendritic plasma

membrane was analyzed by using the software, ImageJ. This

analysis revealed that SIG cluster size is also reduced

significantly by SNHL (P < 0.05). Specifically, although the

SIG cluster sizes of the SNHL and control ACx overlapped, the

mean size of the SIG clusters were smaller for the SNHL ACx

than of the control ACx (Fig. 5, upper) and rarely of the largest

sizes found in the control ACx. It is unlikely that this difference

in SIG cluster size distribution arose from differences in the

ICC procedure, such as the duration of the silver intensification

step, because the distribution of SIG cluster sizes of GAD was

remarkably similar across the 2 sensory rearing conditions

(Fig. 5, lower), even though the ICC procedure was identical

for all. The reduced sizes of GABAAb2/3--SIG clusters within

the SNHL ACx may reflect reductions in the degree of the

GABAAb2/3 protein clustering along the plasma membrane of

dendrites.

Axo-Somatic Synapses

The reduced expression of GABAAb2/3 would lead to

enhanced cortical excitability, but only if the postsynaptic

neuron is excitatory. Although the identity of postsynaptic

dendrites are difficult to identify by ultrastructural features,

alone, the identity of somata is possible, because the nuclear

envelopes are smooth for pyramidal neurons and invaginated

for the inhibitory interneurons (Feldman 1984; Peters and Saint

Marie 1984). We took advantage of this ultrastructural feature

to distinguish the 2 potential types of neurons targeted axo-

somatically by GABAergic axons. SIG-immunolabeled tissue

from 2 SNHL and 2 control animals were used to analyze an

average of 10 pyramidal cells and 5 interneurons per animal.

This analysis revealed that 75 ± 1% of GABAAb2/3--SIG particle

counts is located intracellularly for the pyramidal cells of SNHL

ACx. In contrast, the pyramidal cells of control ACx exhibit the

GABAAb2/3--SIG particle counts at intracellular sites at a rate of

29 ± 2% (Fig. 6). This difference was significant (P < 0.05,

Student’s t-test).

Although the pyramidal cells showed this sensory rearing-

dependent differences in the subcellular distribution of GABAA

b2/3--SIG immunolabeling, the inhibitory interneurons showed

no difference in the subunit’s subcellular distribution pattern

across the 2 sensory conditions (Fig. 6, P > 0.05, Student’s t-

test).

GAD Levels at Axo-somatic Synapses

GAD level within GABAergic axon terminals also showed

differences that were dependent upon sensory rearing condi-

tion and target cell-type: those axons that targeted somata

of pyramidal neurons contained, on average, higher densities of

GAD SIG particles within the ACx of SNHL animals than of

control ACx (P < 0.05, Student’s t-test, Fig. 7). In contrast, the

axon terminals targeting inhibitory interneurons showed no

difference in GAD across sensory rearing conditions (Fig. 7,

P > 0.05).

Discussion

The major results of this study are that SNHL in developing

gerbils leads to a reduction of GABAAb2/3 localization at the

postsynaptic plasma membrane and an increased density of

GAD immunoreactivity within axon terminals of the ACx.

Figure 6. Somatic distribution of GABAA b2/3, as revealed by SIG labels. Somata of
pyramidal neurons targeted by inhibitory axon terminals in cortices of SNHL animals
show a significantly higher proportion of total b2/3 immunolabeling intracellularly
(black bars) than in the ACx of control animals. Conversely, the ACx of controls have
a significantly higher proportion of total GABAAb2/3 immunolabeling on plasma
membranes of pyramidal neurons (white bars). In contrast, the distribution of the
GABAAb2/3 immunolabeling within somata of interneurons do not show any
significant difference between sensory rearing conditions. Asterisk marks significance
(P\ 0.05), determined by 2-tailed Student’s t-test.

Figure 7. Density of GAD--SIG within axons targeting somata. The mean density of
GAD particles within GABAergic axon terminals targeting somata of pyramidal
neurons in the ACx of SNHL animals is significantly higher than the GAD levels
targeting somata of pyramidal neurons in the control ACx. However, the mean density
of GAD within GABAergic axon terminals targeting somata of interneurons is not
significantly different between the 2 sensory rearing conditions. Asterisk marks
significance of P\ 0.05.
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Furthermore, both the pre- and postsynaptic changes occur at

synapses targeting excitatory pyramidal cells. Although the

presence of GABAA receptors to the plasma membrane cannot,

by itself, prove functionality of these receptors, displacement of

the receptor subunits from the plasma membrane is a clear

indication that these receptor subunits cannot be functional.

Our finding is corroborated by electrophysiology—namely that

SNHL ACx neurons display significantly smaller amplitudes of

spontaneous and evoked GABAAR--inhibitory postsynaptic

currents and enhanced excitability (Kotak et al. 2005,

forthcoming).

The increased level of presynaptic GAD is also corroborated

by electrophysiology, in that this change could underlie the

heightened probability of GABA release in the SNHL ACx

(Kotak et al. forthcoming). The elevation of GAD at these

synapses could reflect a homeostatic mechanism at the level of

individual synapses, requiring a retrograde signal that links

reduced postsynaptic efficacy to increased presynaptic efficacy

(Petersen et al. 1997; Davis et al. 1998; Frank et al. 2006). In

vitro manipulations have shown that the locus of change can be

either pre- or postsynaptic, depending on the developmental

stage (Wierenga et al. 2006). The present data, however,

suggest that the locus of change in vivo is both pre- and

postsynaptic.

Activity-Dependent Localization of GABAAb2/3 to the
Postsynaptic Plasma Membrane

The majority of GABAA receptors are pentameric assemblies of

subunits forming a Cl
–
-selective ion channel. GABAA receptor

physiology is strongly determined by the subunit composition

(Inglefield et al. 1994; MacDonald and Olsen 1994; McKernan

and Whiting 1996; Browne et al. 2001). Both the b2 and b3
subunits are most abundantly expressed in mammalian cortex.

These subunits play a role in agonist sensitivity by forming the

binding sites for GABA and its potentiator, loreclezole (Wisden

et al. 1992; Amin and Weiss 1993; Wafford et al. 1994;

McKernan and Whiting 1996; Baumann et al. 2003; for review

see, Möhler 2006). Thus, the reduction of postsynaptic b2/3
subunits agrees with recently collected physiology data, which

is that loreclezole is ineffective in enhancing sIPSC duration in

neurons of SNHL ACx (Kotak et al. forthcoming).

b Subunits are also essential for the localization of GABAA

receptors to the synaptic membrane and for the formation of

functional Cl
–
anionophore (Connolly et al. 1996; Baumann

et al. 2002). Accordingly, smaller-than-normal sIPSC amplitudes

have previously been recorded in the reticular nucleus of b3-
subunit knockout mice (Huntsman et al. 1994). In addition, the

b-subunits provide a site for kinase-dependent phosphorylation

(Browning et al. 1990). Therefore, the inadequate distribution

of b subunits to the plasma membrane can alter agonist sensi-

tivity and binding, as well as the post-translational regulation of

GABAA receptors (Verdoorn et al. 1990; Ducic et al. 1995).

Structural evidence shows that a number of proteins exist to

regulate the clustering and stabilization of GABAA receptors

within the synaptic membrane (Caruncho et al. 1993; Jacob

et al. 2005; Studler et al. 2005; for review, see Fritschy et al.

2003). The reduced sizes of GABAAb2/3 SIG clusters seen

within the ACx of SNHL animals suggest that sizes of the GABAA

receptor clusters may have been altered by this manipulation.

Indeed, previous studies have shown that GABAA receptor

trafficking is activity-dependent (Tehrani and Barnes 1991;

Barnes 1996; Nusser et al. 1997, 1998). The reduced frequency

and sizes of GABAAb2/3-immunoreactive patches at the post-

synaptic plasma membrane following hearing loss could reflect

faulty mobilization, insertion and/or cross-linking of GABAA

receptors to lipid bilayers and submembrane anchors, because

GABAAb2/3 counts were significantly higher intracellularly.

Stability of Presynaptic GABAAb2/3
In contrast to the changes observed for postsynaptic GABAAb2/3,
the presynaptic expression of GABAAb2/3 was not significantly

altered by SNHL. GABAA receptors expressed at axon terminals

are reported to regulate the release of neurotransmitters other

than GABA, such as glutamate (Turecek and Trussell 2002;

Charara et al. 2005), by exerting presynaptic inhibition through

axo-axonic junctions (Maxwell et al. 1990). Our findings point

to the specificity in the response pattern of GABAAb2/3 to

SNHL. The response is specific to GABAergic synapses formed

on dendrites and somata, and not at axo-axonic junctions.

Comparisons with Earlier Findings Regarding GABAA

Receptor Subunit Expression

Not all of the effects of SNHL we observe are congruent with

other reports. At least some of the divergences could arise from

methodological differences. For example, confocal microscopy

has shown that bilateral cochlear ablation in adulthood leads to

an increased expression of mRNA specific for GABAA receptor

subunits b2, b3, and c2 within cell bodies of the inferior

colliculus as well as a rise of b3-subunit immunoreactivity there

(Holt et al. 2005). Beyond the obvious difference of age, brain

region and species, their use of confocal microscopy precluded

assessment of changes specific to the postsynaptic plasma

membrane. Conversely, although the elevated mRNA expres-

sion that they report would predict a rise of protein levels, our

approach could not determine levels of the b2/3 protein.

Neonatal visual deprivation by dark rearing does not lead to

a significant change in the total amount of [3H] muscimol

bound to receptors in cat visual cortex (Mower et al. 1986,

1988). A lack of difference in the total number of b2/3-
immunoreactive sites—that is, the sum of cytoplasmic and

plasmalemmal sites that we observe—is in agreement with the

stability of muscimol binding sites in the visual cortex.

However, although the procedure of [3H] muscimol binding

is useful for determining the molar concentration of GABA-

binding sites within tissue, it does not differentiate ligand

binding sites that occur specifically at the plasma membrane

versus intracellularly, because both sites can participate in

radioligand binding.

Besides differences arising from the histological techniques,

differences may also arise from the form of deprivation em-

ployed. Fuchs and Salazar (1998) showed a decrease in [3H]

muscimol binding to GABAA receptors within the barrel cortex

after whisker trimming during the 1st 6 postnatal weeks. The

change was small ( <10%) but significant, relative to the imme-

diately adjacent, nondeprived columns. Perhaps our results will

converge once we limit our sensory deprivation to a specific

range of frequency.

Our quantification measures of SIG immunoreactivity on

plasmalemmal sites as well as intracellular sites were strikingly

consistent across the 3 modes of analysis. However, slight

inconsistencies in the category of undetermined

2864 GABAergic Synapse Plasticity in Auditory Cortex d Sarro et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/18/12/2855/363919 by N

ew
 York U

niversity user on 23 January 2021



immunoreactivity could have arisen from a less than optimal

ultrastructural preservation for SIG than for DAB; that is, the

omission of osmium tetroxide from the fixation protocol. This

could have led to immunoreactive sites associated with

unknown subcellular structures, including the surrounding

glia (Bureau et al. 1995; Bekar et al. 1999). Despite this, it can

be noted that the category of unidentifiable immunoreactivities

was smaller than the sum of both other categories.

Presynaptic Plasticity of GAD Level

GAD level has been thought to reflect demand for GABA

synthesis (Martin and Rimvall 1993; Rimvall and Martin 1994),

such as during hippocampal hyperexcitability (Feldblum et al.

1990; Ramirez and Gutierrez 2001; Maqueda et al. 2003) and

GABA release probability, as shown in the crayfish neuromuscular

junction (Golan and Grossman 1996). Conversely, changes in

excitability have been shown to also involve altered expression

of vesicular and plasmalemmal GABA transporters (Hua et al.

2001; Hirao et al. 1998; Orozco-Suarez et al. 2000; Kang et al.

2003; Fueta et al. 2003; Bragina et al. 2007). We showed that

the expression of GAD is not only activity-dependent but is

also specific to the cell-type of the targeted cell. Perhaps our

observed changes reflect an enhanced demand for GABA

synthesis, due to heightened excitability of the glutamatergic/

pyramidal cells and thus, of the ACx globally.

Although the response patterns of GAD to sensory depriva-

tion may differ among isoforms and depend upon sensory

modality and age, to our knowledge, none of the past studies

assayed the levels of GAD specifically within axons. This may

explain why our results of elevated levels of GAD differ from

those reported in the auditory brainstem and other cortices

following deafferentation. For example, GAD immunoreactivity

declines in the neurons of IC after cochlear damage in adult-

hood (Milbrandt et al. 2000; Mossop et al. 2000), in V1 of

deprived columns of adult monocular monkeys (Hendry and

Jones 1988) and within deprived barrels of somatosensory

cortex of mice after whisker trimming (Jiao et al. 2006). It is

possible that this discrepancy is due to an augmented traf-

ficking of GAD from the soma (measured by others) to axon

terminals (measured by us) following sensory deprivation. Such

coordinated changes across somata and axon terminals agree

with works of Benson et al. (1989) and others (Bear et al. 1985;

Silver and Stryker 2000; Mower and Guo 2001), who report no

change in overall levels of GAD mRNA or immunoreactivity

following sensory deprivation.

Morphological Changes to GAD Terminals

Our morphological analysis shows fewer but larger GAD

positive terminal profiles in layers 2/3 of ACx of deafened

animals. This suggests that activity during normal development

may direct the larger precursor axon terminals to split into

multiple, independent active zones. It is possible that the

reduced number of terminals found in the SNHL ACx reflects

retardation in the development of GABAergic axon terminals.

Our findings agree with previous reports. Neonatal whisker

trimming leads to fewer inhibitory synapses (Jiao et al. 2006)

and GABAergic axon terminals (Micheva and Beaulieu 1995) in

barrel cortex. Moreover, denervation of the cerebral cortex

leads to an increase in bouton area at symmetric synapses in

the upper layers of cerebral cortex (Rutledge 1978). Evidently,

even if the morphological maturation of GABAergic axon

terminals within SNHL brains is slower, they are still able to

counter the heightened cortical excitability by upregulating

GAD content in each terminal.

Comparisons with Other Models

In the visual and somatosensory systems, neonatal sensory

deprivation causes robust alterations of intracortical connec-

tions (Trachtenberg and Stryker 2001) and receptive field

properties (Shepherd et al. 2003). Cochlear removal before

hearing onset is most analogous to enucleation and eyelid

suture before eye opening. Neonatal monocular eyelid suture

leads to increased spontaneous activity of layer 4 pyramidal

neurons in the monocular zone of the deprived visual cortex

hemisphere. This has been hypothesized to be due to

a reduction in the inhibitory drive within layer 4 (Maffei et al.

2004). Our findings support this view.

The present findings are also consistent with reports of

decreased GABAergic transmission in isolated cortical neurons.

For example, in cultured visual cortical neurons, tetrodotoxin-

induced activity blockade triggers a decline in the amplitude of

miniature IPSC, the number of postsynaptic sites expressing

the b subunit of GABAA receptors, and the number of open

chloride channels (Kilman et al. 2002). In an adult model of

age-related hearing loss, weakened inhibition is associated with

changes in GABA receptor function, subunit composition, as

well the levels of presynaptic GAD and GABA (Caspary et al.

1990, 1995, 1999). Thus, all of these studies, including ours,

indicate that changes in GABA synapses involve concerted

alterations across pre- and postsynaptic loci.

Future Directions

The differences we identified at pre- and postsynaptic sites of

SNHL ACx may persist into adulthood and may also reflect

immature features of GABAergic synapses that occur within the

ACx prior to hearing onset. Future studies that examine the

chemical and ultrastructural features of GABAergic synapses

across multiple ages should be able to address these questions.
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