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The present study describes
substantial,
selective,
age-related loss of the putative inhibitory
neurotransmitter
GABA
in the central nucleus of the inferior colliculus
(CIC) of rat
based on immunocytochemical
and neurochemical
data. For
immunocytochemistry,
neurons in the CIC were immunolabeled using an antibody against a GABA conjugate
in young
adult (2- to 7-month-old)
and aged (18 to 29-month-old)
Fischer-344
rats. Computer-assisted
morphometry
was then
used to generate
maps of GABA-immunoreactive
neurons
in the CIC. The number of GABA-positive
neurons was reduced 36% in the ventrolateral
portion of the CIC of aged
animals (93 neurons/mm*)
compared to their matched young
adult cohorts (145 neurons/mm*;
p < 0.01). For neurochemistry, basal and K+-evoked release of the endogenous
amino
acids GABA, glutamate
(Glu), aspartate (Asp), and tyrosine
(Tyr) from micropunches
of the CIC were measured
in 8 agepaired animals from the 2 age groups using high-performance liquid chromatography.
Overflow of radiolabeled
acetylcholine (3H-ACh) was also determined.
In both age groups,
K+-evoked release of GABA, Glu, Asp, and 3H-ACh from CIC
punches
was significantly
enhanced
above basal efflux
(+200, +215, +163, and +309%,
respectively),
while Tyr
release was unchanged.
Evoked release of 3H-ACh and all
amino acids except Tyr showed
substantial
Ca2+ dependence. A significant
(p < 0.05) age-related
reduction
in both
basal (-35%)
and K+-stimulated
(-42%)
efflux of GABA from
the CIC was observed. A corresponding
decrease in postrelease tissue content of GABA in CIC of aged rats was observed (-30%,
p < 0.05). In contrast, tissue content as well
as basal and evoked release of Glu, Asp, Tyr, and 3H-ACh
was similar between
the 2 age groups. Age-related
GABA
neurochemical
changes described
in the CIC were not observed in the release of the other amino acids or 3H-ACh
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from either the rostra1 ventrolateral
medulla or the somatosensory cortex, 2 brain regions involved in processing
nonauditory sensory input. These data support previous findings
that GABA, Glu, Asp, and ACh may subserve
neurotransmission in the CIC. Additionally,
these data provide clear
evidence
for a pronounced,
region- and neurotransmitterselective, age-related
reduction
of GABA in the CIC. These
findings support the hypothesis
that impairment
of inhibitory
GABAergic
neurotransmission
in the CIC may contribute
to
abnormal auditory perception
and processing
seen in neural
presbycusis.

The central nucleus of the inferior colliculus (CIC) is an important auditory processingcenter receiving ascendinginputs
from the cochlear nuclei (CN), superior olivary complex (SOC),
nuclei of the lateral lemniscus(NLL), and commissuralprojections from the contralateral IC, as well as indirect descending
inputs from the auditory cortex (Morest and Oliver, 1984;FayeLund and Osen, 1985;Coleman and Clerici, 1987;Oliver et al.,
1987).
Neurons in the CIC code for the localization of soundin space
(seeAitkin, 1986; Camey and Yin, 1989, for review) and are
sensitive to differences in interaural time showing both shortand long-duration inhibitory responses(Kuwada et al., 1980;
Camey and Yin, 1989). An important role for GABA as a neurotransmitter in the IC has been suggestedby a number of
neurochemical, immunocytochemical, and pharmacological
studies.The IC hasbeen found to contain high levels of GABA
and showshigh activity of glutamic acid decarboxylase(GAD)
and GABA-transaminase (GABA-T), enzymes responsiblefor
the synthesisand degradation of GABA, respectively (Tachibana and Kuriyama, 1974; Fisher and Davies, 1976; Adams
and Wenthold, 1979; Contreras and Bachelard, 1979). These
data are further supportedby denselevelsof immunocytochemical staining for GABA, GAD, and GABA-T in the IC (Ottersen
and Storm-Mathisen, 1984; Nagai et al., 1985; Thompson et
al., 1985; Moore and Moore, 1987).
Neuropharmacological studies using iontophoretic application of GABA and GABA antagonists specifically implicate
GABA as an inhibitory neurotransmitter in the IC (Faingold et
al., 1989). Intracellular recordingsfrom IC neurons in vivo and
in vitro display IPSPswhich can be blocked by picrotoxin, while
bicuculline has been shown to block extracellularly recorded
binaural inhibition (Kuwada et al., 1980; Moiseff, 1985; Faingold et al., 1986; Smith, 1986). Moreover, the processingof
acoustic information in the IC, including binaural processing
and intensity coding, is shapedby the inhibitory neurotrans-
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mitter GABA (Faingold et al., 1989). Neural presbycusis, which
includes loss of the ability to detect signals in noise and loss of
speech understanding
in many individuals
without substantial
losses in pure-tone thresholds in quiet, may be related to selective loss of inhibition
in the IC. In addition,
functional
and
behavioral evidence in humans and rats indicates corresponding
age-related changes in the auditory brain-stem response(ABR),
IC changes in glucose utilization,
protein synthesis, GABAligand receptor binding, and the ability to localize sound (Harrison, 1981; London et al., 1981; Kendall et al., 1982; Brown,

1984; Ingvar et al., 1985; Simpson et al., 1985; Smith et al.,
1986). In light of these findings and recent preliminary data
(Casparyand Lawhom, 1987),we have beguna seriesof studies
to examine the hypothesis that age-relatedloss of inhibitors
GABAergic neuritiansmission in-the CIC may contribute to
abnormal auditory perception and processingseenwith neural
presbycusis.
The present study specifically soughtto explore the following
questions: (1) Is there an age-related, region-selective loss of
GABA-containing neurons in the CIC? (2) If so, is the loss
correlated with a reduction of GABA release?(3) Do other neurotransmitter systemsin IC demonstrate corresponding agerelated impairments?Immunocytochemical and neurochemical
evidence is provided that indicates a substantial neurotransmitter- and region-selective loss of GABA in the CIC of aged
Fischer-344 rats.
Materials and Methods
Immunocytochemistry. Eight young adult (2- to 3Yz-month-old, 250300 gm) and 8 aged (18- to 29-month-old, 350-450 gm) Fischer-344
rats were paired to process the animals simultaneously. All animals
utilized in the present study were otoscopically examined and were
determined to have normal external and middle ears. For transcardiac
perfusions, animals were deeply anesthetized with Ketamine-HCl at a
dose of 100-l 50 mg/kg. A peristaltic pump was used to deliver 50 ml
0.1 M sodium cacodylate, pH 7.4, followed by 4% formaldehyde and
2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4. Brains were
carefully removed from the calvarium, blocked, and postfixed for 6-8
hr in 4% formaldehyde and 2% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4. Tissue blocks were then infiltrated with a graded series
of phosphate-buffered sucrose (1 O-30%) and stored until further processing.
A sliding microtome was used to cut 12 PM coronal sections into icecold 0.05 M Tris buffered saline (TBS). Free-floating sections were processed in 13 ml gooch crucibles used as baskets to transfer sections
between solutions in order to keep tissue handling to a minimum. Sections were washed in 0.05 M TBS, reacted with hydrogen peroxide
(H,O,) in MeOH, preincubated in a blocking solution of normal goat
serum (NGS), lysine, and T&on-X
in TBS, and then incubated with
the primaryantiserumdiluted in a similar solution (anti-GABA 1:5001: 1000) for up to 14 d at 4°C. Antiserum (kindly provided by Dr. R.
Wenthold) was raised in rabbits against GABA conjugated to bovine
serum and has previously been characterized (Wenthold et al., 1986).
After labeling with the primary antibody, sections were incubated with
goat anti-rabbit HRP (GAR-HRP) 1:loO in NGS and TBS. Reaction
of the InG-HRP with 3.3’-diaminobenzidine
tetrahvdrochloride in the
presence of H,O, forms a dark brown, amorphous precipitate which is
insoluble in water and alcohols (Grzanna, 1982). Tissue from 3 pairs
was also treated with cobalt chloride, which darkens the reaction product
to a blue-black. Sections were then mounted on gelatin-subbed slides,
dehydrated, and coverslipped.

A 50-meshcoppergridcommonlyusedto supporttissuefor electron
microscopy was carefully attached with cyanoacrylic to the area of each

slidecontainingthe IC sectionsin orderto delineatea fixed areafor

quantitative analysis. Sections from the rat IC were compared to stereotaxic sections from a standard rat atlas (Paxinos and Watson, 1982) and
matched descriptions by Rockel and Jones (1973) and Morest and Oliver, (1984). Only sections between bregma - 8.8 and bregma -9.3 (Paxinos and Watson, 1982) were chosen. Preliminary studies suggested that

the greatest loss of GABA-containing
neurons is restricted to the ventrolateral aspects of the CIC. To ensure that similar areas were compared, this study focused on grid squares within the ventrolateral part
of the CIC. Sections were examined in a blinded paradigm under a Wild
compound microscope fitted with a Dage 65 MKII video camera and
coupled to a high-resolution monochrome monitor at 2 magnifications
(screen magnifications = 595x and 5700x) with the latter allowing
visualization ofboth nuclei and nucleoli. Immunoreactive profiles within predefined regions were identified, mapped, counted, and stored for
further analysis (Bioquant II, Digitizing Morphometry). The criteria for
identifying immunostained neurons included the presence of a dark
brown reaction product within cytoplasmic boundaries. Data were gathered from a minimum of 15 sections from each animal, and a distribution pattern similar to Roberts et al. (1985) was generated. Tissue
from 5 pairs of animals was used at the higher magnification for cell
area measurement. The tissue from 3 pairs which had been intensified
with cobalt chloride was unsuitable, as the reaction product obscured
the nucleolar profile.
Neurochemistry. For the second set of experiments, release of endogenous amino acids was measured using techniques described by AmeriC
et al. (1986). Release of ‘H-ACh was-analyzed using modifications of
the radiochemical method develoued bv Hadhazv and Szerb (1977)
and
.
described by Amerik and Reis (1$86). I
.
Briefly, 8 young adult (3- to 7-month-old) and 8 aged (20- to 26month-old) Fischer-344 rats were paired and killed by decapitation to
process the animals concurrently. The brains were rapidly removed and
placed in ice-cold modified Krebs bicarbonate buffer containing (mM)
NaCl, 118; KCl, 5; MgSO,, 1.2; NaHCO,, 25; D-glucose, 11; NaH,PO,,
1.2: CaCl,. 1.2: nhvsostiamine. 0.1: and choline chloride, 0.00 1. Coronal
sections (5.5 mm ihick)were prepared with a McIlwain tissue chopper
and slices containing the IC were selected. Areas of the central nucleus
were bilaterally dissected using the micropunch (1.5 mm, i.d.) technique
and incubated for 20 min at 37°C in Krebs bicarbonate buffer gassed
with 95% 0,/5% CO,, which also contained 100 FCi/ml 3H-methylcholine (Amersham, 80 Ci/mmol). Micropunches of the CIC were transferred to superfusion vessels, which were constructed by joining 2
3-mm Acre LC3S disposable (0.45 pm) filter assemblies (Gelman) and
maintained at 37°C.
Micropunches of the IC were superfused at 5 min intervals (fractions)
with 200 ~1 of fresh buffer contained within a 3 ml syringe attached to
the superfusion vessel by a luer lock mechanism. After a baseline collection period of 40-60 min, spontaneous release of neurotransmitters
was assessed. Evoked release of neurotransmitters was measured after

exposingthe tissueto 35 mM K+. IncreasedK+ concentrationswere
compensated by equiosmolar reductions in Na+ concentrations. To determine the CaZ+ dependence of neurotransmitter release, 5 additional
young (3- to 7-month-old) rats were used, and the Krebs bicarbonate
solution was modified bv reolacina Cal+ with Ma*+ (1.2 mM). All fractions were collected intb &croceitrifuge
tubes-containing perchloric
acid at a final concentration of 0.1 N. Samples were stored at -20°C
for later analysis of jH-ACh and amino acids.
Endogenous GABA, glutamate (Glu), aspartate (Asp), and tyrosine
(Tyr) were measured
by the HPLC techniquedescribedby AmeriCet
al. (1986), which is based on the method of Jones et al. (198 1) using
precolumn derivatization of amino acids with o-phthaldehyde. Briefly,
superfusate samples were thawed, immediately neutralized using 0.5 M
sodium phosphate buffer (pH 10.5) and loaded into a Gilson model 23 1
automated sample injector. Samples (20 ~1) of derivatized amino acid
components were separated on a reverse-phase, Altex Ultrasphere ODS
column (150 x 4.6 mm, i.d.; particle size, 5 pm). The elution of amino
acid derivatives, including Asp, Glu, GABA, and Tyr was monitored
using a Gilson (model 12 1) fluorescence spectrophotometer equipped
with a 20 ~1 flow-through cell. The excitation monochrometer was adjusted to 349 nm (20 nm slit), while emission was monitored at 446
nm (20 nm slit). Total analysis time was 52 min, and the limit of
detection for this method was 100-200 fmol, although routine analysis
required a detection range of 0.5-5.0 pmol.
Radiolabeled ACh was routinely separated using the enzymatic liq-

uid-cationexchangemethoddescribedpreviously(AmeriC:and Reis,

1986). Briefly, superfusate (100 ~1) was incubated for 30 min at 37°C
in a final volume of 200 ~1 containing (in mM): NaH,PO,, 100 (pH 8.5);
ATP, 0.36; MgCl,, 6.0; and 50 &/ml, choline kinase. The reaction was
stopped by placing the sample on ice, adding 0.5 ml tetraphenylboron
in 2-heptanone, and the microcentrifuge tube was shaken vigorously.
The samples were centrifuged, the organic layer containing radioactive
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Cells/mm*

% Change

145(n = 8)

36%decrease”

93 (n = 8)
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CIC neurons

GABA cell populationdensities

Youngadult
vs aged

of Neuroscience,

Meanareaof GABA neurons
Area(Fm2)
% Change
1%decrease”
244 (n = 6)
242 (n = 6)

“p < 0.007.
b NS.

ACh wasremoved,and the extractionwasrepeatedwith another0.5
ml tetraphenylboronin 2-heptanone.
The radioactivity in the organic
layerwasdeterminedby standardliquid scintillationcountingmethods
(LS-5801, BeckmanInstruments).Studiesindicatethat 98%of the radioactivity in the organicphasecorresponds
to authenticACh asassessed
by HPLC (AmeriC:et al., 1988).
The tissuewashomogenized
by sonicationin 250 ~1of 5 mM K+Kreb’sbicarbonatebufferandstoredin 0.1 N perchloricacidat -20°C
for future analysis.The sampleswere thawedon ice, centrifugedat
14,000x g for 2 min, and 50~1of the samplewasneutralizedwith an
equalvolumeof 0.5 M sodiumphosphatebuffer pH 10.5and loaded
into a Gilsonmodel231 automatedsampleinjectorfor HPLC analysis
asdescribedabove.
Statistics.The valuesobtainedfrom eachexperimentalgroup are
means* SEM. Statisticalanalysisof immunocytochemical
datawas
performedusingindependent-groups
t-test, that of neurochemical data
usingl-way analysisof variance(ANOVA). Duncan’snew multiplerangetestwasemployedto detecttreatmentdifferences.
Althoughdata
aregraphicallyrepresented
aspercentages
of control,statisticalanalysis
wasperformedonly on absolutevaluesfrom eachexperimentalgroup.
The criterionof statisticalsignificance
wasp < 0.05.
Results
GABA immunoreactivity
A comparison of GABA immunoreactivity in selectedsections
from a young-adult and an agedFischer-344rat suggests
an agerelated lossof labeledneuronsor possiblylossof GABA staining
from the ventrolateral region of the rat CIC (Fig. 1). A 36%
decrease(p < 0.007) in the number of GABA-positive neurons
in the ventrolateral portion of the central nucleusof the IC for
8 aged rats was observed when compared with their paired
young-adult cohorts. Pooled results presented in Table 1 are
displayed graphically for each individual pair (n = 8) of youngadult/aged animals in Figure 2 (bar graph). Thesedata indicate
a reduction in the number of GABA-labeled neuronsper square
millimeter in the ventrolateral CIC for the agedanimals.
In contrast to the reduction in cell number, when the 2-dimensionalarea of GABA-labeled IC neuronsdisplaying nuclei
and nucleoli wasmeasuredno significant age-relateddifferences
were observed (Table 1). The cross-sectionalarea of GABApositive cellswasmeasuredin 1 plane of focus. Immunoreactive
profiles were seento fall into 3 ranges,thosecells of < 150 pm*
(small), those of 150-350 pm2 (medium) and those of larger
than 350 pm* (large) (Table 2). All 3 sizescan be seenin Figure
3. At the upper size range of GABA-positive neurons, some
GABA-positive fusiform profiles were observed (Fig. 3). Immunoreactive puncta were observedboth on neuronsdisplaying
GABA-like immunoreactivity and unstained neurons (Fig. 3).
It was not possibleto classify neuronal types accurately with
the section thicknessand counterstainsusedin this study. Sizes
were comparable to those reported in the IC of the SpragueDawley rat described as 3 subpopulationsof IC stellate (multipolar) cellsrangingin size(diameter)between1O-30 pm (Moore
and Moore, 1987) and in the gerbil IC (Roberts and Ribak,

1987) using glutamic acid decarboxylase (GAD)-like immunoreactivity to label GABA neurons. In Nissl-stainedmaterial,
Faye-Lund and Osen (1985) described IC cells with diameters
of < 10 ym and those of lo-20 pm and larger.
Neurotransmitter release
The K+ (35 mM)-evoked releaseof endogenousamino acids
GABA, Glu, Asp, Tyr, and 3H-ACh from micropunchesof the
CIC in young (3- to 7-month-old) animalsis illustrated in Figure
4. The oveiflow of GABA, Glu, Asp, and 3H-ACh was significantly increasedby 35 mM K+ (220, 215, 163, and 319% of
basal efflux, respectively, n = 13, p < 0.05). In contrast, depolarization with K+ failed to have a significant effect on the
efflux of Tyr. The increasedefflux of GABA, Glu, Asp, and 3HACh evoked by 35 mM K+ in the presenceof 1.2 mM CaZ+was
virtually abolished in a Ca*+-free medium, not showing a significant difference from basal releasein the presenceof CaZ+
(Fig. 5). However, the releaseof Tyr was not sensitive to the
exclusion of Ca2+from the perfusing medium (data not shown).
These findings support the hypothesis that GABA, Glu, Asp,
and ACh, but not Tyr, may have a role aschemical neurotransmitters in the CIC as previously proposed.
Selectiveage-related impairment of GABA release
With the exception of GABA, both the basaland evoked efflux
of Glu, Asp, and 3H-ACh revealed a similar quantitative pattern
in agedrats (Fig. 4). Releaseof GABA wassubstantially reduced
in aged animals. When 8 matched pairs were compared, the
basaland evoked releaseof GABA in agedanimalswas 65 and
58% of young controls, respectively (p < 0.05). However, the
basalor evoked releaseof excitatory amino acids Glu and Asp
or 3H-ACh did not reveal statistically significant age-related
differences.
In order to establishwhether the tissuecontent of GABA was
reduced or if decreasedavailability of the major GABA precursor Glu may contribute to the lossof GABA with aging,the
postreleasetissuelevels of endogenousGABA, Glu, Asp, and
Tyr in the CIC of young and aged rats were determined. The

Table 2. Size distribution

of GABA immunoreactive CIC neurons

GABA-positive cellsize
Experimental

group

Young adult
(5 animals, n = 739)
Aged
(5 animals, IZ= 290)

(cross-sectional area)
cl50 km*
150-350 pm2 >350 pm2
17.05%

66.71%

16.24%

18.62%

63.45%

17.93%

A. Young Adult

Figure 1. GABA-immunoreactive
neurons are seen scattered throughout the IC in coronal sections of young adult (3 months) (A) and aged (28
months) (B) Fischer-344 rats. Boxed area, GABA-immunoreactive
neurons from the same sectiohs at a higher magnification.
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a

Figure 2. Bar graph showing the number of GABA-labeled neurons
in the ventrolateral portion of the CIC for 8 young adult (2-3-month
old) and 8 aged animals (18-29 months) processed as matched pairs.
Pooled data for the 8 matched pairs are displayed at the right. Bars
represent SEM.

b
content of free amino acidswas measuredin the micropunches
at the end of the releaseexperiments using HPLC (Table 3).
Although thesevalues are not truly reflective of in viva steadystate amino acid levels, they do provide useful correlative information. A 30% decline in the tissue content of GABA was
observed in agedrats compared to young animals (p < 0.05, n
= 8). However, the levels of Glu, Asp, and Tyr did not show a
significant age-dependentdifference. These findings complement the immunocytochemical and releasedata suggestingthat
the age-relatedreduction in tissuelevels of GABA is the result
of a loss of GABA-containing neurons and not of a decreased
precursor availability or defective release.
To determinethe regional specificity of GABAergic reduction,
the releaseof endogenousGABA from the CIC was compared
with 2 other important, nonauditory sensoryareas,the rostra1
ventrolateral medulla (RVL) and the somatosensorycortex
(SSCx). As with the IC, GABA has been proposed to be the
major inhibitory neurotransmitter in the RVL and SSCx (Sun
and Guyenet, 1986; Chagnac-Amitai and Conners, 1989). Micropunchesfrom the 3 regionswere obtained from the samerat
to minimize the individual variation between animals. In contrast to the reductions in basal and evoked releaseof GABA in
the CIC, no age-relatedeffects were seenin the RVL or SSCx
(Fig. 6). Releaseof Glu, Asp, 3H-ACh, and Tyr also did not
differ in RVL or SSCx of young and old rats (data not shown).
Thus, the lossof GABA is regionally selective.
Discussion
This study provides immunocytochemical and neurochemical
evidence that GABA is selectively reduced in the CIC of aged
Fischer-344 rats. These findings, along with previously de-

-

35j.l

Figure 3. Examples of GABA-immunoreactive
neurons (large arrows,
A) of different sizes in the ventrolateral CIC of a mature Fischer-344
rat (see also Table 2). In a there are medium/large immunoreactive
profiles, while in b there is a fusiform profile with an associated small
cell. Somata showing .no immunoreactivity are clearly visible (medium
urrows, B), while both immunoreactive and nonreactive neurons are
seen to receive GABA-positive puncta (small arrows, c).
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Young (3-7 months)

4. Basal and K+-evoked release of endogenous GABA, Glu, Asp,
and ‘H-ACh from micropunches of the
CIC in young (3- to 7-month-old) and
aged (20- to 26-month-old) Fischer-344
rats. Tissue was suoerfused with 5 mM
(for basal efflux) and 35 mM (for evoked
efflux) modified Krebs buffer containing 1.2 mM Cal+. Fractions of 200 ~1
were collected at the end of 5 min epochs. Basal and evoked release of 3HACh and all amino acids consist of the
mean of 3 values for each animal. Data
represent means +- SEM of values obtained from 8 pairs of young and aged
animals. *Different at p < 0.05 from
basal release; t different at p < 0.05
from young animals.
Figure

Aged (20-26 months)
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scribedimpairments
in acoustic processing and metabolic function in CIC, suggestthat age-relatedlossof GABA in the CIC
may affect audition. The precise role this deficit plays is not yet
known, but this study clearly suggestsGABA as a potential
substrateof neural presbycusisthat deservesfurther investigation.
Previous neurochemical and histochemical studies demonstrate high levels of GAD, GABA, and GABA-T in the CIC
(Tachibana and Kuriyama, 1974; Fisher and Davies, 1976;
Adams and Wenthold, 1979; Contreras and Bachelard, 1979;
Ottersen and Storm-Mathisen, 1984;Nagai et al., 1985;Thompson et al., 1985; Moore and Moore, 1987), while neuropharmacological iontophoretic findings using GABA agonists and
antagonistsclearly implicate GABA to function asan inhibitory
neurotransmitter in this structure (Faingold et al., 1989).
The major excitatory inputs to the CIC which may be subjected to local inhibition by GABA include: ascendinginputs
from the medial superior olive (MSO), lateral superior olive
(LSO), and CN with extrinsic inhibitory inputs arisingfrom the
dorsal nucleus of the lateral lemniscus (DNLL) (Adams and
Mugnaini, 1984; Oliver et al., 1987; Shneidermanand Oliver,
1987) and ventral nucleus of the lateral lemniscus (VNLL)
(Adams and Wenthold, 1987),aswell as from the low-frequency
region of the LSO (Hutson and Glendenning, 1987; Saint Marie
et al., 1989).
Neuronal degeneration in the central auditory neuraxis, including the CIC, hasbeenreported for human and primate brain
(Kirikae et al., 1964; Hansen and Reske-Nielsen,1965; Hoeffding and Feldman, 1989). However, the specific nature of the
degeneratingneurons in terms of their neurotransmitter status
wasnot determined in theseprior studies.A decreasednumber

BaSal

K+-Evoked

Basal

K+-Evoked

Basal

K+-Evoked

of GABA-positive neurons does not by itself imply degeneration. The lossof GABA immunostaining signifiesundetectable
levels of GABA which may alsoresult from decreasedsynthetic
enzyme activity in the absenceof neuronal degeneration.
Studies of the auditory systemin human and animal models
indicate a number of changesoccur with age. Cochlear lossof
inner and outer hair cells has been reported, and age-related
lossof eighth nerve fibers has been reported to be moderate in
22- to 23-month-old Sprague-Dawley rats and as high as 20%
in very old rats (Keithley and Feldman, 1979, 1982; Hoeffding
and Feldman, 1987). Peripheral loss in Fischer-344 rats may
be considerably lessthan that of Sprague-Dawley rats (E. M.
Keithley, personalcommunication). However, as with all previous reports, this study does not distinguish whether the observed deficit in GABA neurons is secondary to loss of endorgan input resulting in transneuronal degenerationof GABA
neurons or whether there is a primary concurrent dysfunction.
Concurrent with a lossof thesecells,others have demonstrated a significant age-relateddecreasein protein synthesisin both
auditory and visual systemsof the Sprague-Dawleyrat (Ingvar
et al., 1985). Studies in Fischer-344 aswell as Sprague-Dawley
rats have shown a 25% decreasein glucoseutilization in the IC
(London et al., 1981; Smith et al., 1986). Recent studiesin the
Fischer-344 rat using the 2-deoxyglucosemethod suggestthat
age-relatedchangesoccur in the IC in a regional and frequencydependent fashion (Clerici and Coleman, 1987).
ABR studiesusing click and tone pip stimuli exhibit changes
in the agedFischer-344 rat which include a prolonging of the
predominant negative wave following wave IV (NJ and increasesin interpeak latencies independent of the increase in
wave I latency (Simpsonet al., 1985;Cooper et al., 1986).These

Table 3. Amino acid content of the inferior colliculus of young and aged Fischer-344 rats
Experimental

group

Young (3-7 months)
Aged (20-26 months)

GABA

Glutamate

Aspartate

Tyrosine

65 + 9
45 k 7a

82 k 10
81 k 11

116 f 15
108 + 19

15 + 2
12 t 2

Values are means ? SEM (nmol/mg protein); n = 8.
e Value significantly decreased from the young animals,

p < 0.05.
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Figure 5. Effect of removing extracellular Ca*+ on the K+-evoked release of endogenous GABA, Glu, Asp, Tyr, and 3H-ACh from the micropunches of the CIC (0.5 mm thick, 1.5 mm diameter) in young rats
(3-7 months old). The micropunches were incubated with Caz+ (1.2
mM) and Ca*+ free modified Krebs buffer at 37°C. Basal and evoked
efflux were measured in response to buffers containing 5 and 35 mM
K+, respectively (200 ~1 aliquots over a 5-min period). Data comprised
values obtained in 10 independent experiments (n = 13) for Ca2+dependent and 3 separate experiments (n = 5) for the Cal+-independent
release. Evoked release in both instances is computed as mean ? SEM
and expressed as percentage of basal release in the presence of Ca*+.
*Different at p < 0.05 from control; j’ not different at p < 0.05 from
the control group.

data suggestan age-relatedalteration of central transmissionat
the level of IC sincewave IV and notch N, have beenassociated
with IC function.
The IC plays a significant role in the localization of sound in
space(Aitkin, 1986). IC neuronsare sensitive to interaural time
and intensity differences (Yin et al., 1986; Caird and Klinke,
1987). Most low-frequency CIC neurons are sensitive to interaural delays whereby the peak discharge rate is achieved in
responseto a critical time delay in the arrival of sound at the
2 ears(characteristic delay) irrespective of the spectral content
of sound (Roseet al., 1966; Stillman, 1972; Yin and Kuwada,
1983).Ipsilateral soundstimulation suppresses
the contralateral
sound-evokedexcitation of almost half of IC neurons, an effect
which hasbeenshownto be GABA-mediated (Roseet al., 1966;
Faingold et al., 1989). Utilization of time and amplitude differencecuesare not only critical for accuratelocalization of the
direction of sound but also for enhancingspeechintelligibility
in a noisy environment (Herman et al., 1977). Elderly human
subjects(60-72 years old) with normal hearing thresholds require twice the interaural time delay to attain the samelevel of
performanceastheir younger counterparts(Herman et al., 1977).
Similarly, aged Sprague-Dawley rats show significant impairments in accurate localization of the sound source as early as
18 months of age in the absenceof peripheral hearing lossor
deficits in motor and visual performance (Brown, 1984). These
findings, which may in part reflect changesin the CIC, have
important implications with regard to speechintelligibility in
noisy auditory space,a characteristic finding in presbycusis(Jerger, 1973; Maurer and Rupp, 1979).
Electrophysiological correlates to the deficits in GABA neu-

,-

6. Basal and K+ (35 mM)-evoked release of endogenous GABA
from the CIC, rostra1 ventrolateral medulla (R IZ) and somatosensory
cortex (XXX) in aged (20- to 26-month-old) rats. Micropunches from
each region were obtained from the same animals. Data represent means
& SEM of values obtained from 8 pairs of young and aged animals for
the CIC and 4 pairs of young and aged animals for RVL and SSCx.
Final data are expressed as basal and evoked efflux of GABA in aged
rats as percentages of the corresponding release in young controls. *Different at p < 0.05 from young animals.

Figure

rons reported here have beendescribedin CBA/J mouse(Willott
et al., 1988a). Roughly 50% of neurons in the CIC display a
nonmonotonic dischargepattern whereby the firing rate of units
initially increasesas a function of sound intensity to a certain
level beyond which it decreasesto levels sometimesapproximating threshold (Rose et al., 1963; Sempleand Kitzes, 1985).
These nonmonotonic functions have been proposed to be the
result of inhibitory circuits in the CIC (Aitkin, 1986).Exogenous
application of the GABA, receptor antagonistbicuculline onto
the CIC neurons converts the nonmonotonic responseto a
monotonic response,which suggeststhat the former may be
GABA mediated (Faingold et al., 1989). Recently, Willot and
coworkers (1988b) have shown that the percentageof neurons
in the mouse CIC displaying nonmonotonic behavior declines
from 48% in young animalsto 19%in the senescentgroup (60%
reduction), which may lead to deficits in coding of acoustic
information. It is conceivable that this age-relatedlossof nonmonotonicity in the CIC is due to GABAergic impairment.
Moreover, increasedspontaneousactivity of collicular neurons
which is most pronounced in the aging of the central nucleus
hasbeenreported (Willot et al., 1988a,b). The heightenedspontaneous activity of CIC neurons may have implications pertaining to background neural noiseand abnormal acoustic perception, e.g., tinnitus (Willot et al., 1988a,b).
Although the preciseidentification of the population of GABA
neuronsthat mediatesinhibition and the processingof acoustic
information remains to be determined, this study provides evidence that age-relatedchangesin releaseof GABA were from
neuronal, and not glial, sources.The micropunch preparation
employed for the releaseexperiments consistedof spatially intact tissue with a heterogeneouscell population comprising
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both neuronal and glial constituents. Although glial cells contain
significant amounts of GABA and other amino acids (Hertz,
1982; Reynolds and Herschkowitz,
1986) their contribution to
depolarization induced release by K+ is probably negligible from
a functional point of view, and it shows a lesser degree of Ca2+
dependence compared to the release of neuronal origin (Hertz,
1979; Szerb, 1983). A number of studies in various preparations
and brain regions indicate that Ca*+ dependency of K+-evoked
release of GABA and possibly other proposed amino acid neurotransmitters
is a reasonable criterion for establishing their
neuronal origin (Walz, 1985). Therefore, it was important to
delineate the relative contribution of each cell type to the observed release. Excluding Ca2+ from the perfusing medium virtually abolished the enhanced release of GABA, Glu, Asp, and
)H-ACh in response to 35 mM K+, whereas it did not have a
significant effect on the release of Tyr (Fig. 4). These data support
the contention that the released amino acids and 3H-ACh are
derived predominantly from a synaptic neuronal source.
The term “release” has been employed with the caveat that
it signifies accumulation of substances in the superfusate during
the 5 min epoch. Although the decrement in GABA release from
the CIC of aged rats is approximately the same as the loss of
GABA-positive neurons, several factors may influence the measured efflux either singly or in combination. These include (1)
degeneration of GABAergic neurons and/or terminals; (2) decreased biological activity of the synthetic enzyme for GABA,
GAD; (3) decreased availability of the major GABA precursor,
Glu; (4) alterations in the uptake and/or degradative processes
and changes in presynaptic Ca*+ influx; and (5) age-dependent
alterations in the presynaptic receptor-mediated regulation of
the release process. Most of these processes have been shown
to undergo age-related changes in a number of brain regions,
and it is possible that some of these alterations are operational
in the aging CIC, thereby contributing to the GABAergic deficit.
The major pathway for GABA synthesis involves decarboxylation of Glu by GAD, and there is no evidence that significant
amounts of GABA are formed through any other route. It is
plausible, but unlikely, that decreased availability of Glu due
to metabolic derangements with aging may lead to decreased
GABA synthesis and thus contribute to the deficit. However,
our data suggest that this is probably not the case for 2 reasons.
First, we did not observe any difference in the basal or K+evoked release of Glu from the CIC between young and aged
animals (Fig. 5). Second, the tissue content of Glu in both age
groups was remarkably similar (Table 3). A recent report that
surveyed tissue levels of amino acids throughout the brain found
a similar significant age-related decline in IC tissue levels of
GABA (- 22%) in Fischer-344 rats, with the loss of GABA most
pronounced in the IC compared to other auditory nuclei (BanaySchwartz et al., 1989a, b). Levels of Glu and glutamine in IC
did not show age-related differences (Banay-Schwartz
et al.,
1989a). Results in the present study are based on punches from
the central nucleus of the IC, while the study cited included
material taken from the entire IC, which could explain the more
modest reductions reported by Banay-Schwartz and coworkers
(1989a). Nevertheless, these data provide useful correlative evidence in support of our findings.
Age-related alterations in GABA uptake or degradation may
affect the apparent release. While changes in GABA uptake or
GABA-T activity in the CIC with aging have not been studied,
evidence from the cerebral cortex and hypothalamus suggests
that high-affinity GABA uptake is significantly decreased in aged

rats (Wheeler, 1982, 1983). If a similar decrement in GABA
uptake were presumed to exist in the CIC, one could speculate
that the release data may in fact be an underestimation of the
actual deficit in GABA as a function of age. Future experiments
are in progress to clarify this issue.
It has also been hypothesized that a variety of age-related
differences in cognitive function relate to signal-to-noise ratio
within the CNS. This ratio is reduced with age (Crossman and
Szafran, 1956; Cremer and Zeef, 1987). These authors suggest
that signal strength could be degraded by diffuse neuronal loss
or by a changein the level of inhibition and/or the noise level
could be heightenedby increasedspontaneousactivity. The aging
CIC largely conforms to this theory. Diffuse neuronal loss(Kirikae et al., 1964; Hansen and Reske-Neilsen, 1965; Hoeffding
and Feldman, 1989), lossof inhibition (Caspary and Lawhorn,
1987; Willott, 1988a, b), and increased spontaneousactivity
(Willott, 1988a, b) have all been reported for the CIC as a
consequenceof aging. The reduction in signal-to-noise ratio
could have implications with reference to abnormal auditory
perception and processingin advanced age.
The presentstudy provides direct evidence for a major GABA
deficit in the CIC as a function of aging. There is a body of
evidence indicating that the CIC shows a variety of other alterations with aging. Some of thesestudiesalso suggestlossof
inhibition as one of the possiblechanges.Considering the importance of inhibitory functions in auditory processing,the selective lossof GABA in the CIC may have significant bearing
on audition in the elderly. At the presenttime there is no known
treatment for “neural” or “central” presbycusis.Future research
aimed at identifying specific neurotransmitter changesin the
central auditory systemwith aging and their functional consequencesmay provide information that targets possibledevelopment of pharmacotherapiesfor central presbycusis.
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