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MILBRANDT, J. C., R. L. ALBIN AND D. M. CASPARY. Age-related decrease in GABAy, receptor binding in the Fischer 344
rat inferior colliculus. NEUROBIOL AGING 15(6) 699-703, 1994.—Quantitative receptor autoradiography was used to assess
GABAj receptor binding in three primary subdivisions of the inferior colliculus (IC): dorsai cortex (DCIC), external cortex (ECIC),
and the central nucleus (CIC) of 3-, 18-20-, and 26-month-old Fischer 344 rats. GABA, binding sites were localized using [*HJGABA
in the presence of a saturating concentration of isoguvacine, a selective GABA,, receptor agonist, to displace [*HIGABA bound to
GABA,, receptor sites. In the three IC subdivisions examined, GABAg receptor binding was significantly reduced in 26-month-old
rats when compared to 3-month-old rats (DCIC, -44%; ECIC, -36%; CIC, -32%; p < 0.05). For comparison, GABA; binding was
determined in the portion of cerebellum located in the recess of the IC. In the molecular layer of this region, there were no statistically
significant differences in receptor binding between 3, 18-20-, and 26-month-old rats. In addition, there was not a significant
age-related change in the cross-sectional area of the IC. These findings provide additional evidence to support the existence of selective
age-related changes in GABA neurotransmitter function in the rat IC.
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y-AMINOBUTYRIC acid (GABA) is thought to be the primary
inhibitory neurotransmitter in the central nervous system exerting
its actions by activation of at least two unique receptor subtypes,
GABA, and GABAg (5,16). The GABA , receptor is a multim-
eric protein related to the super-family of fast, membrane ion
channel receptors (28,36,37). GABAy receptor stimulation can
activate K *-channels, inhibit Ca?*-channels, inhibit or enhance
¢AMP accumulation, and inhibit phosphotidy! inositol turnover
through G protein second messenger systems (4, for review).
GABAGg receptors exist both at pre- and postsynaptic sites, as well
as on astrocytes (4, for review). Through presynaptic mechanisms,
GABAGp, receptor activation can modulate the release of a number
of different neurotransmitters including both inhibitory and excit-
atory amino acids (3,4,9,31). Postsynaptic GABAj receptor acti-
vation can result in membrane hyperpolarization, observed as a
slow inhibitory post synaptic potential (27).

It has been suggested that altered GABAergic function may
contribute to sensory and cognitive disabilities observed in the
elderly population (7,24,34,40). Specifically, GABAergic neuro-
transmission in the inferior colliculus (IC) appears to undergo
substantial age-related changes. The IC is a major auditory brain-
stem structure involved in the processing of acoustic information
related to sound localization and the coding of complex signals
such as speech (6). The central nucleus of the IC (CIC) in Fischer
344 (F344) rats undergoes a significant age-related decrease in

GABA levels, a decreased number of GABA-immunoreactive
neurons, a reduction in both basal and K™ -stimulated release of
GABA, and a decrease in post-release tissue content of GABA
when compared to younger controls (1,7). An age-related reduc-
tion in the specific activity of the GABA synthesizing enzyme
glutamic acid decarboxylase has been described in the IC of hu-
mans and in the CIC of aged F344 rats (24,32).

Previous studies evaluating the effects of aging on GABA re-
ceptors have either focused on the GABA, receptor or did not
clearly differentiate between GABA , and GABAy sites. Using the
selective GABA , agonist muscimol, investigators have found lit-
tle evidence of age-related changes in high-affinity receptor bind-
ing in the mammalian central nervous system (Table 1). However,
nonselective binding studies using radiolabeled GABA suggest an
age-related decrease in receptor binding that appears to be region-
ally specific (Table 1). The goal of this study was to evaluate the
effects of aging on GABAy receptor binding in the F344 rat IC
and, for comparison, cerebellum.

METHOD

Tissue Preparation

Seven young adult (3 months), 6 mature (18-20 months), and
7 aged (26 months) F344 rats (Harlan/NIA) were used in this
study. Animals were decapitated, brains rapidly removed and fro-
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TABLE 1
AGE-RELATED GABA RECEPTOR BINDING STUDIES
Age-Related
Ligand Structure Change Species References

GABA Cortex -23% SD rat 20D
NC SD rat (12)

Cerebellum —20% SD rat (21)
NC SD rat (12)

Striatum NC SD rat (12)
Hypothalamus —39% SD rat (12)
Substantia nigra —55% SD rat (12)
Midbrain —249% SD rat 20
Medulla -30% F344 rat (18)
Spinal cord — 60% F344 rat (18)
Muscimol Cerebellum NC Wistar rat (23)
NC F344 rat/monkey (39)

NC gerbil nH

+35% mouse (19)

Hippocampus NC F344 rat (22)
NC F344 ravmonkey (39)

NC guinea pig (14)

—24% gerbil [€D)]

Cortex NC guinea pig (14)
NC Wistar rat (23)

NC F344 rat (25)

NC F344 rat (39)

NC SD rat (10)

NC gerbil (1)

Thalamus NC guinea pig (14)
-23% gerbil (H

Striatum NC guinea pig (14)
NC gerbil (1)

Substantia nigra NC gerbil (n
Inferior colliculus NC F344 rat (26)
Brain Stem NC Wistar rat (23)

SD = Sprague Dawley; F344 = Fischer 344; NC = No statistically significant change.

zen in Lipshaw embedding matrix on powdered dry ice, and then
stored at — 80°C until the day of sectioning. Brains were allowed
to equilibrate in a cryostat (Minotome, International Equipment
Company) and serial transverse sections (20 wm) were cut at —20°
to — 15°C. Frozen sections were thaw mounted onto chrome-alum/
gelatin coated slides and stored at —20°C for no longer than 24 h.
Location was verified by counterstaining adjacent sections and
comparison of anatomical structures as previously described
(11,30).

[PH]GABA Quantitative Autoradiography

GABA, receptor binding sites were examined using a slightly
modified protocol as described (8). Sections were run in triplicate.
Sections were prewashed at 4°C in buffer containing 50 mM Tris-
HCl and 2.5 mM CaCl2 (pH 7.4 at 4°C) for 30 min and dried
under cool air. Sections were then incubated at 4°C for 45 min in
50 mM Tris-HCl and 2.5 mM CaCl, (pH 7.4 at 4°C) containing 10
nM [*HIGABA (Amersham, 86.5 Ci/mmole) and 10 pM isogu-
vacine (Research Biochemicals International), a selective GABA ,
agonist. This concentration of isoguvacine (10 pM) has been de-
termined to be the ideal concentration to displace [*HJGABA
bound to GABA , receptor sites (8). Nonspecific binding was de-
termined in adjacent sections by the addition of 100 pM (x)
baclofen (Research Biochemicals International). Following the in-
cubation, slides were removed individually and rinsed with 3

quick dips in 50 mM Tris-HCI and 2.5 mM CaCl, (pH 7.4 at 4°C)
and 1 quick dip in 2.5% glutaraldehyde in acetone and immedi-
ately dried with warm air. Autoradiograms were generated by
mounting the slides and a commercial standard containing known
amounts of radioactivity (ARC Inc.) in an X-ray cassette, apposed
to *H-sensitive film (Hyperfilm-*H, Amersham) for 3 weeks at
4°C. Films were developed in Kodak D19 for 4 min, fixed for 4
min in Kodak Rapid Fix, washed, and air dried.

Data Analysis

Ligand binding was quantified using computer-assisted densi-
tometry using Bioquant® software. Films were placed on a light
box and digitized images were captured using a CCD video camera
(Circon). Average optical density was determined by taking mul-
tiple density readings from the area of interest, as diagramed in
Fig. 2. Density values were converted to fmoles/mg Protein using
a standard curve generated from the co-exposed '“C-embedded
plastic standards. These standards have been previously calibrated
against known amounts of tritium and protein (29). Statistical
differences in the concentration of bound ligand for each structure
and between the age groups were assessed by one-way analysis of
variance (ANOVA), and a Tukey-HSD follow-up test, using the
statistical program Statgraphics Version 4.0.
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FIG. 1. GABAg receptor binding in three subdivisions of the inferior
colliculus in the F344 rat. Values represent GABAj receptor binding levels
(mean = SEM) compiled from data obtained in two experiments. In the
DCIC, GABAg receptor binding was significantly reduced in 26-month-
old rats when compared to young adults and middie-aged rats (**p =
0.0041). In CIC and ECIC, binding was significantly decreased in 26-
month-old rats when compared to young adults (*p = 0.0141 and p =
0.0424, respectively). Binding was significantly higher in the DCIC than
the ECIC and CIC (p < 0.01) and this difference was consistent across age
groups.

RESULTS

GABAG, receptor binding data are shown in Fig. 1 and 2. In the
DCIC, GABAg receptor binding was significantly reduced in 26-
month-old rats when compared to young adults (—44%) and 18-
20-month-old animals (—40%), F(2, 17) = 7.732, p = 0.0041.
In CIC and ECIC, binding was significantly decreased in 26-
month-old rats when compared to young adults (—32% in CIC,
F2,17) = 5.53, p = 0.0141 and —36% in ECIC, F(2, 17) =
3.827, p = 0.0424. GABAy receptor binding was significantly
higher in the DCIC than in the ECIC and the CIC and this differ-
ence was consistent across age groups (p < 0.01). No other sta-
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tistically significant differences were observed between the age-
groups or the subdivisions of the IC (Fig. 1).

As a comparison, GABAg binding was also determined in the
region of cerebellum located in the recess of the IC. In the mo-
lecular layer of this region, no statistically significant difference in
receptor binding was observed between young, mature, and aged
rats (185.75 = 23, 202.8 = 20, and 163.6 = 17.0 fmoles/mg
protein, respectively) (mean = SEM) (Fig. 2).

To evaluate possible changes in the size of the IC, we deter-
mined the cross-sectional area at the level of the CIC, approxi-
mately — 9.0 Bregma (30). No statistically significant difference
was observed between young (7.12 =+ 0.28 mm?), mature (7.04 *
0.45 mm?), and aged (7.53 = 0.26 mm>) rats.

DISCUSSION

The present study demonstrates a significant decrease in
GABAg receptor binding in the IC of aged versus young F344
rats. This finding is particularly compelling because GABA , re-
ceptor binding appears to be unchanged in the IC in F344 rats (26).
In addition, data from the present study and a study in progress
(R.L.A.) suggest GABAj binding is unchanged in the cerebellum
of aged rats, thus, deficits may be regionally selective.

The underlying mechanism(s) for the decrease in GABAy bind-
ing is not known, and the present study is unable to determine if
the loss is occurring at pre- and/or postsynaptic sites. Preliminary
results from an ultrastructural immunocytochemical study suggest
a decrease in the number of GABA-immunoreactive and non-im-
munoreactive presynaptic terminals in the CIC of F344 rats (15).
Because significant numbers of GABAy receptors are thought to
be presynaptic and receptor activation has been shown to modulate
the release of GABA, glutamate, catecholamines, and neuroactive
peptides (3,13,33,35,38), it is possible that the decrease in binding
is reflecting a decrease in the number of nerve terminals. Addi-
tionally, no statistically significant differences were observed in
the cross-sectional area of the IC between age groups. This finding
appears to be consistent with previous findings in the IC of aged
macaques (17) and mice (41). Currently, saturation analysis stud-
ies are in progress to determine if the decrease in GABAy, binding
is due to a decrease in number of binding sites and/or an altered
affinity for GABA.

It is not apparent whether age-related changes in GABA neu-
rotransmission in the IC are due to changes occurring within the IC

FIG. 2. Autoradiographs of [*HJGABA binding to GABAg-receptor sites in the inferior colliculus (IC) of a representative (A) 3 and (B) 26 month F344
rat. Dotted lines in panel (A) represent the borders of the three subdivisions sampled for data analysis. Color bar on the right indicates color scale for this

pair.
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or are a direct result of peripheral loss of input. In F344 rats, there
is a significant age-related decrease in the density of spiral gan-
glion cells especially from the basal turn (20). This loss of spiral
ganglion cells may result in a decrease in neural input to central
auditory structures that could be responsible for the neurotrans-
mitter changes observed in the IC. The present study is unable to
determine if the decrease in GABAy binding is secondary to a
peripheral loss of input. Denervation studies in combination with
receptor binding may provide answers to these types of questions.

These data, in combination with previous studies showing age-
related changes in GABA neurotransmission, suggest the potential
for an altered balance between excitation and inhibition in the IC
of aged animals. Such an imbalance might alter the ability to
process acoustic information. Future physiological and behavioral
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studies are needed to evaluate in vivo changes associated with the
age-related deficits in GABAergic neurotransmission. An under-
standing of the changes related to GABAergic neurotransmission
with age is crucial for the development of compounds which may
be useful in the treatment of certain types of hearing and cognitive
disorders that affect the elderly population.

ACKNOWLEDGEMENTS

We thank Larry Hughes and Steven Verhulst for aiding in statistical
analysis, Chris Jeffery and Tom Roth for assistance with image analysis
and figure generation, and Barbara Armour and Peggy S. Palombi for
assistance in manuscript preparation. We would also like to thank the
reviewers of this manuscript for their excellent critique and suggestions.
This research supported by NIH DC 00151 to D.M.C.

REFERENCES

1. Araki, T.; Kato, H.; Kanai, Y.; Kogure, K. Selective changes of
neurotransmitter receptors in middle-aged gerbil brain. Neurochem.
Int. 23:541-548; 1993.

2. Banay-Schwartz, M.; Lajtha, A.; Palkovits, M. Changes with aging in
the levels of amino acids in rat CNS structural elements I. Glutamate
and related amino acids. Neurochem. Res. 14:555-562; 1989.

3. Bonanno, G.; Raiteri, M. Functional evidence for multiple ~y-ami-
nobutyric acidg receptor subtypes in the rat cerebral cortex. J. Phar-
macol. Exp. Ther. 262(1):114-118; 1992.

4. Bowery, N. G. GABAg receptor pharmacology. Ann. Rev. Pharma-
col. Toxicol. 33:109-147; 1993.

5. Bowery, N. G.; Hill, D. R.; Hudson, A. L.; Doble, A.; Middlemiss,
D. N.; Shaw, J.; Turnbull, M.J. (-)Baclofen decreases neurotransmit-
ter release in the mammalian CNS by an action at a novel GABA
receptor. Nature 283:92-94; 1980.

6. Caird, D. Processing in the colliculi. In: R. A. Altschuler, R. P.
Bobbin, B. M. Clopton, D. W. Hoffman (eds.) Neurobiology of
hearing: The central auditory system. Raven Press, NY; 1991.

7. Caspary, D. M.; Raza, A.; Lawhorn Armour, B. A_; Pippin, I.; Ar-
neri¢, S. P. Immunocytochemical and neurochemical evidence for
age-related loss of GABA in the inferior colliculus: Implications for
neural presbycusis. J. Neurosci. 10:2363-2372; 1990.

8. Chu, D. C. M,; Albin, R. L.; Young, A. B.; Penney, J. B. Distri-
bution and kinetics of GABAg binding sites in rat central nervous
system: A quantitative autoradiographic study. Neurosci. 34(2):341-
357; 1990.

9. Dutar, P.; Nicoll, R. A. A physiological role for GABAg receptors in
the central nervous system. Nature 332:156-158; 1988.

10. Erdo, S.L.; Wolff, J.R. Age-related loss of t-[**S]butylbicyclophos-
phorothionate binding to the y-aminobutyric acid, receptor-coupled
chloride ionophore in rat cerebral cortex. J. Neurochem. 53:648-651;
1989.

11. Faye-Lund, H.; Osen, K. K. Anatomy of the inferior colliculus in rat.
Anat. Embryol. 171:1-20; 1985.

12. Govoni, S.; Memo, M.; Saiani, L.; Spano, P. F.; Trabucchi, M.
Impairment of brain neurotransmitter receptors in aged rats. Mech.
Age. Dev. 12:39-46; 1980.

13. Grey, J.; Green, A. R. GABAy receptor-mediated inhibition of po-
tassium-evoked release of endogenous 5-hydroxytryptamine from
mouse frontal cortex. Br. J. Pharmacol. 91:517-522; 1987.

14. Hara, H.; Onodera H.; Kato, H.; Kogure, K. Effects of aging on
signal transmission and transduction systems in the gerbil brain: Mor-
phological and autoradiographic study. Neuroscience 46:475-488;
1992.

15. Helfert, B. H.; Sommer, T. J.; Jeffery, C.; Hughes, L. F.; Caspary,
D. M. Age-related changes in the synaptic organization of the inferior
colliculus of the Fischer 344 rat. Soc. Neurosci. Abstr. 19:1425;
1993.

16. Hill, D. R.; Bowery, N. G. *H-baclofen and *H-GABA bind to bicu-
culine-insensitive GABAp sites in rat brain. Nature 290:149-152;
1981.

17. Hoeffding, V.; Feldman, M. L. The morphology of the inferior col-
liculus in young adult and aging macaques (M. mulatta). Assoc. Res.
Otolaryngol. Abstr. 12:93; 1989.

18. Hunter, C.; Chung, E.; Van Woert, M. H. Age-dependent changes in
brain glycine concentration and strychnine-induced seizures in the rat.
Brain Res. 482:247-251; 1989.

19. Tto, Y.; Ho, I. K.; Hoskins, B. Cerebellar GABA, and benzodiaze-
pine receptor characteristics in young and aged mice. Brain Res. Bull.
21:251-255; 1988.

20. Keithley, E. M.; Ryan, A. F.; Feldman, M. L. Cochlear degenera-
tion in aged rats of four strains. Hear. Res. 59:171-178; 1992.

21. Kendall, D. A.; Strong, R.; Enna, S. J. Modifications in rat brain
GABA receptor binding as a function of age. In: E. Giacobini, ed.
The aging brain: Cellular and molecular mechanisms of aging in the
nervous system. New York: Raven Press; 1982:211-221.

22. Lippa, A. S.; Critchett, D. J.; Ehlert, F.; Yamamura, H. I.; Enna,
S. J.; Bartus, R. T. Age-related alterations in neurotransmitter recep-
tors: An electrophysiological and biochemical analysis. Neurobiol.
Aging 2:3-8; 1981.

23. Maggi A.; Schmidt, M. J.; Ghetti, B.; Enna, S. J. Effects of aging on
neurotransmitter receptor binding in rat and human brain. Life Sci-
ences 24:367-374; 1979.

24. McGeer, E. G.; McGeer, P. L. Age changes in the human for some
enzymes associated with metabolism of catecholamines, GABA and
acetylcholine. In: J. M. Ordy, K. R. Brizzee (eds.} Neurobiology of
aging. New York: Plenum Press; 1975: 287-305.

25. Mhatre, M. C.; Fernandes, G.; Ticku, M. K. Aging reduced the
mRNA of a; GABA, receptor subunit in rat cerebral cortex. Eur. J.
Pharmacol. 208:171-174; 1991.

26. Milbrandt, J. C., Albin, R. L.; Caspary, D. M. Effects of aging on
GABA, and glycine receptor binding in the inferior colliculus and
cochlear nucleus of the Fischer 344 rat: A quantitative autoradio-
graphic study. Soc. Neurosci. Abstr. 19:1425; 1993.

27. Newberry; N. R.; Nicoll, R. A. Similarities between the action of
baclofen and the slow i.p.s.p. transmitter in rat hippocampus pyramidal
cells in vitro. J. Physiol. 353:99; 1984.

28. Olsen, R. W.; Tobin, A. J. Molecular biology of GABA , receptors.
FASEB J. 4:1469-1480; 1990.

29. Pan, H. S.; Frey, K. A.; Young, A. B.; Penney, J. B. Changes in
[*Hlmuscimol binding in substantia nigra, entopeduncular nucleus,
globus pallidus, and thalamus after striatal lesions as demonstrated by
quantitative autoradiography. J. Neurosci. 3:1189-1198; 1983.

30. Paxinos, G.; Watson, C. The rat brain in stereotaxic coordinates, 2nd
ed. Orlando, FL: Academic Press; 1986.

31. Potashner, S. J. Baclofen: Effects on amino acid release and metab-
olism in slices of guinea pig cerebral cortex. J. Neurochem. 32:103-
109; 1979.

32. Raza, A; Americ, S. P.; Milbrandt, J. C.; Caspary, D. M. Age-
related changes in brainstem auditory neurotransmitters: Measures of
GABA and acetylcholine function. Hearing Res. 77:221-230; 1994.

33. Reimann, W.; Zwimstein, D.; Starke, K. y-aminobutyric acid can
both inhibit and facilitate dopamine release in the caudate nucleus of
the rabbit. J. Neurochem. 39:961-969; 1982.

34. Rogers, J.; Bloom, F. E. Neurotransmitter metabolism and function
in the aging central nervous system. In C. E. Finch, E. L. Schneider
(eds.) The handbook of the biology of aging. New York: Van Nos-
trand Reinhold; 1985:645-690.



EFFECTS OF AGING ON GABAg RECEPTORS

35.

36.

37.

38.

Rosenstein, R. E.; Chuluyan, H. E.; Cardinali, D. P. Presynaptic ef-
fects of gamma-aminobutyric acid on norepinephrine release and up-
take in the rat pineal gland. J. Neural. Transm. 82:131-140; 1990.
Schofield, P. R.; Darlison, M. G.; Fujita, N.; Burt, D. R.; Stephen-
son, F. A.; Rodriguez, H.; Rhee, L. M.; Ramachandran, J.; Reale,
V.; Glencorse, T. A.; Seeburg, P. H.; Barnard, E. A. Sequence and
functional expression of the GABA, receptor show a ligand-gated
receptor super-family. Nature 328:221-227; 1987.

Sieghart, W. Molecular basis of pharmacological heterogeneity of the
GABA, receptors. Cellular Signalling 4:231-237; 1992.

Taniyama, K.; Niwa, M.; Kataoka, Y.; Yamashita, K. Activation of
protein kinase C suppresses the y-aminobutyric acidB receptor-

39.

40.

41.

703

mediated inhibition of vesicular release of noradrenaline and acetyl-
choline. J. Neurochem. 58:1239-1245; 1992.

Wenk, G. L.; Walker, L. C.; Price, D. L.; Cork, L. C. Loss of
NMDA, but not GABA,, binding in the brains of aged rats and
monkeys. Neurobiol. Aging 12:93-98; 1991.

Willott, J. F. Aging and the auditory System: Anatomy, physiology
and psychophysics. San Diego, CA: Singular Publishing Group;
1991.

Willott, J. F.; Bross, L. S.; McFadden, S. L. Morphology of the
inferior colliculus in C57BL/6] and CBA/J mice across the life span.
Neurobiol. Aging 15:175~183; 1994.



