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Changes in GABAergic systems have been widely docu- 
mented during development. Similar changes might also 
occur during aging, but little information is currently avail- 
able. Whole-cell and single-channel GABA,-activated cur- 
rents were studied in acutely dissociated basal forebrain 
neurons. An age-related increase in whole-cell GABA cur- 
rents was observed in cells from aged (19-25 month) Fi- 
scher 344 rats. The GABA current from aged animals dis- 
played a greater maximum response, with no change in 
EC,, or slope of the GABA response curve. A reduction in 
use-dependent slow receptor desensitization was also ob- 
served in aged cells. Single-channel conductance and 
channel open time were unchanged with age, suggesting 
no alteration in the properties of single GABA channels. 
The benzodiazepine, midazolam, potentiated GABA cur- 
rents to a greater degree in aged animals, consistent with 
previous reports of enhanced benzodiazepine activity with 
age. Ontogeny of the GABA, receptor/ion channel complex 
may continue through the stages of development, matura- 
tion, and aging. 

[Key words: aging, GABA, benzodiazepine, basal fore- 
brain, patch clamp, single channel] 

y-Aminobutyric acid (GABA) is the predominant inhibitory 
neurotransmitter in the CNS. In virtually every area of the brain, 
GABA activates heterooligomeric membrane receptors to open 
chloride ion channels and mediate fast inhibitory neurotrans- 
mission (see reviews, Bormann, 1988; Sivilotti and Nistri, 1991). 
Although the biophysical properties of these chloride channels 
have been studied in detail in developing and adult neurons, 
there are no quantitative descriptions of these channels in aged 
animals. An important question in neuroscience is whether on- 
togeny of neurotransmitter systems continues throughout adult 
life and late into aging. 

Numerous studies have demonstrated significant alterations in 
the early development of many neurotransmitter systems, such 
as the cholinergic (Sakmann and Brenner, 1978; Fischbach and 
Schultze, 1980; Mishina et al., 1986) and glutamatergic (N- 
methyl-D-aspartate) systems (Tsumoto et al., 1987; Ben-Ari et 
al., 1988; Kleckner and Dingledine, 1991; Hestrin, 1992). The 
GABA receptor/ion channel complex displays similar develop- 
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mental changes. Expression of mRNAs encoding the GABA, 
receptor change during development (Gambarana et al., 1991; 
Laurie et al., 1992; Zhang et al., 1992), as do electrophysiolog- 
ical responses to GABA and inhibitory synaptic potentials 
(Mueller et al., 1984; Cherubini et al., 1991; Luhmann and 
Prince, 1991; Zhang et al., 1991). 

In contrast to these well-defined and consistent developmental 
changes, reports of aging-related alterations in GABAergic in- 
hibitory processes are often controversial and the data conflict- 
ing. Decreased GABA levels have been reported in the medial 
septum (MS) of aged Fischer 344 rats (Banay-Schwartz et al., 
1989) with an age-related impairment of inhibitory synaptic 
transmission reported in the lateral septum (Garcia and Jaffard, 
1993). No age-related changes in total GABA, receptor binding 
or agonist affinity were seen in the hippocampus (Ruano et al., 
1991; Wenk et al., 1991), and no age-related changes in hip- 
pocampal inhibitory synaptic potentials were observed (Potier 
et al., 1992). However, an increased postsynaptic sensitivity to 
GABA was reported in the hippocampus of aged rats (Lippa et 
al., 1981). Similarly, an increased responsiveness to GABA was 
observed in oocytes injected with mRNA from aged rats as com- 
pared to those injected with mRNA from young animals (Car- 
penter et al., 1992). These results suggest that properties of GA- 
BAergic systems may change with age in certain brain areas. 

The purpose of the present study was to examine the bio- 
physical properties of the GABA, receptor/ion channel complex 
in the medial septum/nucleus of the diagonal band of young (l- 
3-month) and aged (19-25-month) male Fischer 344 rats. 
Whole-cell and single-channel GABA-activated currents were 
Cl- dependent, bicuculline sensitive, and predictably modulated 
by zinc, lanthanum, pentobarbital, and midazolam. An age-re- 
lated increase in whole-cell GABA currents was observed, but 
no changes in the properties of single GABA channels were 
seen. There was also an age-related increase in the ability of 
midazolam to potentiate GABA currents. These results suggest 
that GABAergic systems continue to be modified during aging 
and that changes in inhibitory processes occur in the aging brain. 

Materials and Methods 

Experimental animal. Fischer 344 rats were obtained from Harlan, Inc. 
(Indianapolis IN, NIA breeding colony) and were from l-25 months of 
age. Rats had free access to food and water and were maintained on a 
12 hr light/dark cycle. Only male rats were used for age-related statis- 
tical comparisons; however, data from 12 female rats (intermediate aged 
13-17 months) were included in Figure 1, illustrating the heterogeneity 
of the response to GABA. 

Acutely dissociated cells. Neurons of the medial septum/nucleus of 
the diagonal band were chosen for this study because this area of the 
brain contains both cholinergic and GABAergic neurons (Panula et al., 



2408 Griffith and Murchison l GABA Currents increase with Age 

1984). The GABAergic cells are both local interneurons and septo- 
hippocampal projecting neurons that control hippocampal information 
processing (Freund and Antal, 1988). Standard techniques were used to 
prepare brain slices of the medial septum/nucleus of the diagonal band 
(Griffith, 1988). Slices were microdissected to isolate only the sep- 
taVdiagona1 band region and then placed in an enzymatic solution con- 
taining trypsin (Sigma type XI, 0.6-0.8 mg/ml) in a PIPES (l,cpiper- 
azine-diethanesulfonic acid) buffer at pH 7.0. The enzymatic treatment 
lasted for 60 min at approximately 35°C and in other respects was 
similar to that described by Kay and Wong (1986). Individual cells were 
mechanically dispersed onto a coverslip following gentle trituration 
through a series of fire-polished pipettes and viewed on the stage of an 
inverted microscope (Axiovert 35, Zeiss). The coverslip was rinsed with 
Alcian blue (O.l%, Sigma) to facilitate cell adhesion. Acutely dissoci- 
ated cells were utilized between 2-10 hr after isolation, and no clear 
difference in viability was noted over this time period. All experiments 
were conducted at room temperature (22-25°C). 

Electrical recording. Whole-cell and outside-out configurations of the 
patch-clamp recording technique were used (Hamill et al., 1981). Patch 
pipettes were pulled from 1.5 o.d. glass capillary tubing (#7052, Garner 
Glass Co., Claremont, CA), coated with wax to reduce stray capaci- 
tance, and fire-polished to resistances of 2-10 MO. Data were collected 
using an Axopatch 200 (Axon Instr.) and the pClamp suite of programs. 
Cell capacitance was measured from the potentiometer used to zero the 
capacitance transients. This value of cell capacitance was used as a 
measure of cell size, and in most experiments, current values were ex- 
pressed as current densities (pA/pF). Whole-cell and single-channel cur- 
rents were filtered at 1 and 2 kHz, respectively (-3 dB, eight-pole low- 
pass filter, Frequency Devices) and sampled at 5-10 kHz. Unless oth- 
erwise stated, whole-cell GABA currents were recorded at a holding 
potential of -60 mV and were measured as the difference current from 
baseline immediately before drug application. Changes in standing leak 
current were corrected to the initial baseline. Voltage ramps (- 100 to 
+30 mV) were generated in some experiments to determine the reversal 
potential of the GABA-induced current. 

Data analysis. Sequential concentration-response curves were gen- 
erated by applying increasing concentrations of GABA (0.3-100 p,M) 

with washout periods of l&4 min between applications. Curves were fit 
using 

I/r,, = [1 + (EC,,/A)“]-‘, (1) 

where I is the GABA induced current, I,,. the maximal GABA current, 
A the concentration of GABA (agonist), and n the Hill coefficient or 
slope. Fits were obtained by a nonlinear regression using a maximum 
likelihood loss function. Only data that were fit with a correlation co- 
efficient greater than 0.95 were included. Parameters were obtained for 
an individual cell and mean values were compared across age groups. 
Mean data from all sequential concentration-response curves were also 
graphed for comparison with nonsequential concentration-response 
curves. These latter curves were compiled from experiments where dif- 
ferent agonist concentrations were applied in a random order. 

Two measures of desensitization were studied; (1) rapid desensitiza- 
tion during GABA application, and (2) slow desensitization of the 
GABA response that developed after repeated GABA applications. Rap- 
id desensitization was measured as the ratio of the current remaining at 
the end of a 5 set GABA application over the peak GABA current. 
Time constant measurements during this short application were quite 
variable and subject to error since steady-state current levels were never 
attained during this short application. Slow desensitization of the GABA 
response was expressed as the percent decline of the peak current am- 
plitude with time. 

Solutions and drugs. Cells in the recording chamber were continually 
perfused with the “normal” physiological solution consisting of (mu) 
NaCI, 140; KCl, 3; CaCl,, 1; MgCl,, 2; o-glucose, 33; and HEPES, 10 
(pH 7.4 with NaOH). GABA and other drugs were applied in a modified 
physiological solution in order to maximize chloride currents and reduce 
sodium and potassium currents. This solution contained (II~M) NaCl, 
132; BaCl,, 2; MgCl,, 2; o-glucose, 33; tetraethylammonium (TEA) 
chloride, 10; HEPES, 10; and tetrodotoxin (Calbiochem), 0.5 )LM (pH 
7.4; osmolarity 310-330 mOsm). The internal pipette solution contained 
in (111~) CsCl, 120; MgCI,, 2; TEA-Cl, 20; EGTA (Fisher), 10; GTP, 
0.1; ATP, 4; and HEPES, 10 (pH 7.2 with CsOH; osmolarity 280-300 
mOsm). The liquid junction potential that existed between solutions was 
(3 mV) calculated using the program JPcalc (N. B. Datyner, Wellesley, 
MA) and was not adjusted. Midazolam was a gift from Hoffmann- 

LaRoche. Pentobarbital was provided by S. B. Penick and Co. (NY). 
All other chemicals were obtained from Sigma, except as indicated. 

Rapid drug application. GABA and drug solutions were applied to 
isolated cells via two glass pipettes (500 mm i.d.) positioned adjacent 
to the recorded cell. Each pipette was attached via teflon tubing to a 
valve connecting it to one of six to eight different solution reservoirs. 
The first pipette was positioned directly over the neuron being recorded. 
A steady stream of drug-free solution prevented the drug-containing 
solution from the second pipette from diffusing to the cell. To apply 
GABA (or other drugs), the dual pipette assembly was rapidly moved 
1 mm, repositioning the drug stream immediately over the cell. After 
the desired application, the pipette assembly was returned to the starting 
position. Using this approach, rapid drug application (< 100 msec) 
could be achieved. Continual perfusion of the recording chamber further 
facilitated rapid removal of solutions. 

Short periods of drug application (5 set) were used to reduce the 
unavoidable desensitization of the GABA response that develops with 
repeated applications. The longer applications (60 set in Fig. 1) were 
used to illustrate the heterogeneity of the GABA current in these cells. 
Prior to experimental drug applications, cells were given short expo- 
sures of 0.3 PM GABA in order to standardize the initial response. 

Results 
Heterogeneity of GABA responses 
Membrane currents activated by rapid application of GABA 
(0.3-100 FM) were studied in 126 neurons from 57 young rats 
(l-3 months) and 95 cells from 33 aged rats (19-2.5 months). 
Virtually all neurons responded to GABA, and cells exhibited a 
tremendous heterogeneity of GABA responses. In Figure lA, 
increasing concentrations of GABA (l-10 p,M) produced the 
expected concentration-related increase in membrane current 
with development of rapid desensitization during the 60 set drug 
application in cells from both age groups. In contrast, Figure 1B 
illustrates that the same concentrations of GABA generate dif- 
ferent concentration response patterns in other cells. In these 
cells, 10 pM GABA rapidly desensitized, such that the peak 
response is similar in amplitude to that of 3 pM. Importantly, 
such variation was evident within both age groups. Not only 
was current amplitude variable, but development of rapid desen- 
sitization was also variable. Note that 3 pM GABA induced a 
more pronounced desensitization in the 1 month cell in Figure 
1B compared to the 2 month cell shown in Figure 1A. 

In addition to heterogeneity in concentration-response and 
rapid desensitization mentioned above, Figure 1C shows exam- 
ples of variability within the same cell. Responses to low con- 
centrations of GABA (0.3-3 FM) usually remained constant over 
time or increased after intervening application of higher concen- 
trations (Fig. 1C). The response to higher concentrations (lo- 
100 pM) of GABA generally declined over time (Fig. 1C). Fur- 
thermore, there was no clear correlation between cell capaci- 
tance (i.e., size) and membrane current at any age, nor were age- 
related changes in GABA current correlated to specific sized 
neurons (Fig. 1D). 

Age-related increase in maximum response 

Since the previous history of GABA application to a cell could 
influence subsequent current amplitudes, two experimental pro- 
tocols were designed to assess the impact of this use-dependent 
variability on the results (see Materials and Methods). “Sequen- 
tial” concentration-response curves were generated from pro- 
tocols using increasing concentrations of agonist followed by l- 
4 min washout periods increasing with GABA concentration. In 
this protocol, the use-dependent history of the cells was stan- 
dardized. Typical sequential concentration-response curves are 
shown in Figure 2. Currents generated by 5 set GABA appli- 
cations are shown for cells from a young (1.5-month) and an 
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Figure 1. Heterogeneity of GABA, responses. A, GABA (l-10 pM) application to cells from different age groups. Note the concentration- 
response effects in both age groups. Holding potential (V,) was -60 mV in this figure and throughout. B, GABA (l-10 pM) application to different 
cells. A greater degree of desensitization is shown at 3 and 10 pM, while the peak at 10 FM is similar to that of 3 pM (compare A and B). C, 
Repeated GABA applications display changes over time. First (a) and second (b) applications are shown. Time between GABA application was 
17 min for the cell on the left (17 month animal) and 10 min for the cell on the right (1 month animal). Low concentrations of GABA showed 
potentiated responses after intervening applications of higher concentrations, while responses to higher concentrations decreased on second appli- 
cation due to desensitization. D, Graph of current amplitude versus cell capacitance (i.e., size) for different age groups. 

aged (20-month) animal. Analysis of the curves indicate GABA 
elicited a greater maximal response with no change in EC,, or 
slope in the aged cell. 

Composite sequential concentration-response curves are 
shown in Figure 3A. A statistically signifcant difference 0, < 
0.05, two-tailed independent t test) was observed at the three 
highest GABA concentrations. Sequential concentration-re- 
sponse data are summarized in Table 1. Each cell included in 
Figure 3 was individually analyzed, with EC,,, slope, and max- 
imum response being determined from Eq. (1) (see Materials 
and Methods). Only curves that were fit with correlation coef- 
ficients greater than 0.95 (least squares fit) and received at least 
five sequential GABA concentrations were included in the anal- 
yses. No statistical difference between the EC,, or slope was 
observed. Only the maximum current changed with age, show- 
ing an increase from 192.2 + 39.0 to 488 & 94.7 pA/pF (Table 
1). These data suggest a change in the maximum efficacy with- 
out change in receptor affinity or cooperativity with age. 

Qualitatively similar results were obtained when data from 
“nonsequential” application protocols were examined (Fig. 3B). 
In these cells, GABA concentrations were applied in more or 
less random order with higher concentrations of GABA often 
preceding lower concentrations. Random application of the var- 

ious GABA concentrations to a large number of cells minimizes 
use-dependent effects on the shape of the response curves. As 
in the sequential protocol, the concentration-response curve is 
shifted upward in aged cells with significant differences between 
ages observed at 10 and 30 p,M GABA (Fig. 3B). The EC,, and 
slope of the curves were not different. 

Since GABA-induced membrane currents display use-depen- 
dent modulation and show pronounced receptor desensitization 
(Fig. l), changes in either or both of these factors could con- 
tribute to the enhanced whole-cell current recorded in aged cells. 
For example, a decrease in rapid desensitization in aged cells 
may be reflected as an enhanced whole-cell current. We com- 
pared rapid desensitization in both age groups during 5 set 
GABA applications. The amplitudes of the GABA-induced cur- 
rent at the peak (I,,,,,) and end of the 5 set application (Z) were 
compared for the same data set used in the sequential concen- 
tration-response analysis. The ratio Z/I,, decreased as the con- 
centrations of GABA were increased but displayed no age-re- 
lated difference (Table 1). Therefore, reduction of rapid receptor 
desensitization could not explain the increased whole-cell 
GABA current observed with age. 

A second mechanism that could contribute to the observed 
changes in whole-cell current is use-dependent modulation in 
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Figure 2. Whole-cell GABA, currents increase with age. A, Normal- 
ized whole-cell currents generated by GABA (0.3-100 PM). GABA was 
applied for 5 set (during bar) in cells from a young (1.5 month) and 
aged (20 month) rat. B, Concentration-response curves for the two cells 
shown in A. Only the maximum response was increased in the cell from 
the aged animal (20 month). 

the form of slow desensitization of the GABA current. Rundown 
of the GABA response was prevented by the inclusion of 
ATPIGTP Mg2+, and EGTA in the pipette (Chen et al., 1990). 
Whereas the sequential and nonsequential dose-response curves 
are nearly the same in the aged cells, the sequential curve is 
shifted downward from the nonsequential curve in the young, 
suggesting a more pronounced use-dependent effect in those 
cells. We, therefore, tested the time course of slow GABA de- 
sensitization in both age groups (Fig. 4). Repeated 5 set appli- 
cations of GABA (30 pM) were tested over a period of approx- 
imately 30 min. A time interval of at least 3 min was allowed 
between GABA applications. In cells from young rats, GABA 
currents decreased to approximately 70% of their control value 
over a time course of 20-30 min. A significantly greater reduc- 
tion was observed starting at 11-14 min in young rats. Con- 
versely, there was very little mean decline of GABA currents in 

cells from aged animals (10%). This could be explained by our 
unpublished observation that aged cells recover from slow de- 
sensitization more quickly than young cells. 

The greater desensitization in young cells could be reflected 
in the large difference observed between the sequential concen- 
tration-response curves. Sequential concentration-response 
curves required at least 15 min to obtain all the desired data. At 
this time, high (30 PM) GABA concentrations are already show- 
ing significant desensitization in young cells (Fig. 4). Decreased 
slow desensitization in aged cells could contribute to the striking 
difference observed in sequential concentration-response 
curves, but it cannot explain the difference seen in the nonse- 
quential data. 

Pharmacological modulation of GABA currents 

GABA-induced membrane currents were predictably modulated 
by a number of agents previously shown to affect the GABA 
receptor/ion channel complex. GABA (3 pM) was applied alone 
and then in the presence of modulators (Fig. 5). Lanthanum 
(La3+, 300 PM), pentobarbital (10 FM), and the benzodiazepine 
midazolam (1 pM) all increased GABA-induced currents. No 
age-related differences in the degree of enhancement were ob- 
served with La*+ or pentobarbital. However, midazolam pro- 
duced a significantly larger increase in aged cells (Fig. 5B). This 
age-related enhancement was specific for midazolam since it 
was not observed with any of the other modulators. Interestingly, 
a change in modulator sensitivity with age may indicate a switch 
in the functional properties of the channel, as previously shown 
by Smart and Constanti (1990), for developmental changes in 
the GABA receptor/ion channel complex. Two negative modu- 
lators of the GABA receptor/ion channel complex were also ex- 
amined. Zinc (300 pM) and bicuculline (30 FM) decreased 
GABA-induced currents (Fig. 5) in both age groups. There were 
no age-related differences in effects of these two compounds. 

Single-channel GABA currents 

Many properties of single GABA channels previously identified 
in other cell types were also present in basal forebrain neurons. 
Multiple subconductance states, rapid channel desensitization, 
and complex channel kinetics were all features of single GABA 
channels recorded from both young and aged animals. Figure 6 
shows single-channel currents from a 24-month animal. Subcon- 
ductance levels of approximately 11 and 19 were often observed 
in addition to the main conductance state of 25 pS (Fig. 6A). 
Similar subconductance levels were also observed in cells from 
young animals (data not shown). High concentrations of GABA 
(30 FM) invariably induced rapid channel desensitization when 
applied continuously (Fig. 6B). The outside-out patch in this 
example had multiple channels that quickly desensitized to one- 
or two-channels opening. Such channel activity is well charac- 
terized for many neuron types; therefore, single GABA channels 
in basal forebrain neurons appear to have standard physiological 
properties. 

No change in single-channel properties were observed with 
age. For the main unitary conductance level, slope conductances 
were 25.3 & 1.6 pS in cells from young rats (n = 6) and 26.7 
? 1.4 pS in aged cells (n = 5; Table 1). In Figure 7B, a single 
line best describes the slope conductances in young and aged 
cells. No change in the GABA reversal potential was observed 
(Table 1). Likewise, open channel kinetics were similar in both 
age groups. In Figure 7, C and D show channel open time his- 
tograms from patches from young and aged cells. Data was 
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Figure 3. Comparison of concentration-response curves for different GABA application protocols. A, Concentration-response curves for those 
cells where sequential concentration-response curves were obtained (see Materials and Methods). GABA was applied in the order of lowest to 
highest concentration (*p < 0.05, two-tailed t test). B, Composite concentration-response curves from nonsequential protocols (n = 60 aged, n = 
109 young). Not all cells received all concentrations, and high concentrations of GABA were often applied prior to lower concentrations. (*p < 
0.05, two-tailed t test; *p < 0.05, one-tailed t test). 

Table 1. Comparison of GABA responses in young and aged rats 

Aged Young” 

Whole cell 
Dose-response relationship 
EC,, (PM) 9.7 * 3.5 (9) 9.9 * 1.9 (12) 

Slope 1.7 + 0.2 (9) 2.1 2 0.2 (12) 
Lx (PNPF) 192.2 + 39.0 (9) 488.0 t 94.7 (12)* 

I/l,,,,, ratio for GABA 5 set application 
0.3 /.LM 0.98 + 0.01 (9) 0.98 _t 0.03 (12) 

1.0 PM 0.93 + 0.02 (9) 0.97 -+ 0.02 (12) 

3.0 FM 0.85 + 0.03 (9) 0.86 + 0.02 (12) 

10 FM 0.70 f 0.03 (9) 0.68 + 0.04 (12) 

30 FM 0.55 L 0.04 (9) 0.45 k 0.06 (12) 

100 fJ,M 0.51 2 0.06 (9) 0.44 + 0.09 (7) 

Reversal potential for GABA 3 yM 
4,, (mV) 1.8 + 0.9 (16) -0.7 -c 0.9 (19) 

Single channel 
Unitary conductance (pS) 25.3 + 1.6 (6) 26.7 k 1.4 (5) 

Reversal potential (mV) -2.1 + 2.2 (6) -3.1 + 1.7 (5) 

Values are mean + SE; numbers in parentheses indicate n values; for ratio 
measurements, I was defined as the current near the end of a 5 set GABA 
application, and I,,,,, was the peak current. 
” (Young refers to l-2 months old; aged refers to 19-25 months old). 

*p 4 0.05. 

pooled from three patches (4772 channel openings) in young 
(1-3-month) and three patches (6158 channel openings) in aged 
(24-25-month) animals. Both histograms were best fit with an 
exponential function utilizing three time constants, suggesting 
no age-related changes in open time kinetics. Since it was not 
possible to obtain a single isolated channel in the outside-out 
recording configuration, no estimate of closed time kinetics was 
determined. 

Discussion 
Aging is associated with numerous morphological and biochem- 
ical changes including alterations of neurotransmitter systems in 
the brain. It is now well established that embryonic and early 
postnatal rat GABA, receptors differ markedly from those in 
adult brain, both in terms of subunit composition (Laurie et al., 
1992; Zhang et al., 1992) and pharmacology (Smart, 1992; 
Aguayo and Alarcon, 1993; Rovira and Ben-Ari, 1993). 
Changes in GABAergic mechanisms during senescence are less 
well documented. Our results indicate that ontogeny of GABA,- 
mediated systems continues during development, maturation, 
and aging. The present experiments demonstrate an age-related 
increase in whole-cell GABA currents without changes in the 
properties of the unitary GABA channels. The pharmacological 
profile of the GABA, receptor also changed, as the benzodiaz- 
epine, midazolam, produced a greater potentiation of the GABA- 
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Figure 4. Time course of slow desensitization of GABA current. A, 
GABA (30 FM) was reapplied at various times after the initial GABA 
application (Control). The cell to the left is from a young (I month) 
animal, whereas the cell shown to the right is from an aged (24 month) 
animal. Note the time-dependent decline in current amplitude in the 
young but not the aged cell. B, Time course of the slow desensitization 
of GABA currents. Mean data for all experiments as shown in A. GABA 
(30 M,M) was auulied at different time intervals after the initial GABA 
application (time 0). There was at least a 3 min interval between ap- 
plications. (*p < 0.05, two-tailed t test; n = 5-25 in young and 5-19 
for aged). 

mediated current in aged cells. These latter results suggest 
changes in the subunit composition or in allosteric interactions 
between the subunits of the receptor. The current amplitude in- 
crease could be explained by several mechanisms: first, GABA 
channels could continue to be expressed during aging, resulting 
in progressively more channels present in the membrane; sec- 
ond, the same number of channels could be present in a reduced 
area of membrane surface, thus producing an increased current 
density; third, receptor subunit composition could change with 
age such that ligand binding, channel kinetics, and/or ion spec- 
ificity are altered; finally, second-messenger and intracellular 
systems that regulate phosphorylation and desensitization could 
change with age. Discovery of these changes may provide in- 
sight into some of the consequences of aging on brain function. 

Age-related changes in whole-cell GABA currents 

There are several plausible mechanisms by which whole-cell 
GABA-mediated currents might be increased in aged neurons. 
During development, GABA appears to mediate an increase in 
the number of its own receptors (Kim et al., 1993). The opera- 
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Figure 5. Age-related regulation of GABA currents by receptor mod- 
ulators. A, GABA (3 pM) application (bar) to two different cells; first 
alone (GABA), second in the presence of midazolam 1 p.~ (GABA + 
Mid), and finally in the presence of bicuculline 30 FM (GABA i- Bit). 
Note the greater percentage increase with midazolam in the aged cell 
(from a 20-month animal) as compared to the young (1 month) cell. B, 
Changes in GABA-activated currents caused by lanthanum (La, 300 
PM), zinc (Zn, 300 FM), pentobarbitol (Pento, 10 FM), midazolam (Mid, 
1 FM), and bicuculline (Bit, 30 PM). Results represent mean + SE (n 
= 9-13 for each age group) of responses from cells tested with 3 pM 

GABA alone and in combination with the modulator. (*,n < 0.05, two- 
tailed r test). 

tion of such a process throughout ontogeny could result in a 
cumulative increase in the number of GABA receptors, and thus, 
the magnitude of GABA responses, with age. However, most 
data indicate no change or a decrease in receptor binding sites 
with age (Lippa et al., 1981; Concas et al., 1988; Erdo and 
Wolff, 1989; Mhatre and Ticku, 1992). 

An age-related decrease in the size of basal forebrain neurons 
has been widely observed (review, Decker, 1987). Aged neurons 
in the present study were significantly smaller than young neu- 
rons, as judged by reduced-cell membrane capacitance (13.3 + 
0.5 vs 17.0 t- 0.6, p < 0.05, two-tailed t test). This could be 
due to a selective loss of larger cells with age or to a general 
reduction in cell size because of a loss of membrane surface. If 
the latter possibility is true, then the age-related increase in 
whole-cell current density could be explained as the result of a 
stable number of receptors occupying a smaller area of mem- 
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A 
Subconductance states 

the age-related differences observed in GABA response. Func- 
tional changes during development can occur in cholinergic and 
glycinergic transmitter systems by substitution of receptor sub- 
units (Mishina et al., 1986; Takahashi et al., 1992). The func- 
tional properties of GABA receptors are dependent on the spe- 
cific subunit composition (Levitan et al., 1988; Verdoorn et al., 
1990; review, Macdonald and Angelotti, 1993). Thus, the altered 
GABA responses observed in aged neurons could be supported 
by changes in the receptor subunit composition that increase the 
efficacy of agonist at high concentrations and the actions of ben- 
zodiazepines. Possible subunit changes in GABA receptors of 
aged neurons might be expected to alter the single-channel ac- 
tivity or ion specificity. Indeed, changes in single-channel con- 
ductance or open time would be a likely explanation for changes 
in whole-cell currents; however, no changes in single channel 
kinetics were detected (see below). Likewise, no change in the 
reversal potential for Cl- was observed. The predicted and cal- 
culated reversal potentials for the whole-cell currents were not 
different (Table 1). These results are in contrast to developmen- 
tal changes in GABA, receptor function where the reversal po- 
tential for Cl- shifts from depolarizing in neonatal neurons to 
hyperpolarizing in mature cells (Cherubini et al., 1991). 

No universal theory regarding age-related changes in GABA 

GABA 30 pM 

function currently exits. However, changes in receptor subunit 
composition with age could be of principal importance. Mhatre 
and Ticku (1992) reported a specific decline in mRNA levels 
for the (~1 subunit (not the (~2 or a3) in cerebral cortex with age 
but an increased a6 mRNA level in aged cerebellum. These data 
suggest a selective rearrangement of subunits that may not be 
reflected in a receptor binding study. Our results, showing an 
increased efficacy with no change in affinity or cooperativity, 
are consistent with previous reports of alterations in GABA re- 
ceptor functioning without change in binding parameters (Lippa 
et al., 1981). Switching of receptor subunits could explain such 
results, in which there is no change in receptor binding but a 
change in receptor efficacy. For example, decreasing al relative 
to (~3 subunits could result in no net change in receptor binding 

/ 
2.25 pA 

5ooms 

Figure 6. Properties of GABA channels in outside-out patches from 
cells of aged rats. A, Subconductance states of the GABA channel are 
shown with dashed lines approximating the different current levels (V, 
= -80 mV). The graph below plots unitary current versus holding 
voltage for this same cell and demonstrates slope conductances of 11.5, 
19.2. and 25.8 DS. The main conductance state was 25.8 DS. B, GABA- 
channel desens’itization with continuous (30 FM) GAB-A application. 
Traces are continuous records and GABA was present continuously af- 
ter the arrow. V,, = -80 mV. Note the characteristic burst mode of 
channel activity that is similar to that described previously in other 
nonaged preparations. 

brane surface. However, the present results do not support this 
possibility. A general increase in receptor density would be ex- 
pected to manifest a greater current density at all agonist con- 
centrations, but aged current densities were only larger at high 
concentrations and were actually smaller at the lowest concen- 
tration (0.3 PM). 

Ontological changes in GABA receptor subunit composition, 
such as those seen during development, could be responsible for 

but an increased efficacy (Pritchett and Seeburg, 1991; Puia et 
al., 1991). 

It is well known that the subunit composition dictates the 
pharmacology (Levitan et al., 1988; Pritchett et al., 1989). Our 
data, showing an enhanced benzodiazepine response in aged 
cells, is consistent with an interpretation of altered subunit com- 
position. The enhancement was specific, since no age-related 
change was seen with the other allosteric modulators. An age- 
related increase in benzodiazepine efficacy has been reported in 
clinical studies (Greenblatt et al., 1989) and in viva rodent stud- 
ies (Barnhill et al., 1990). Our results are also supported by 
earlier findings of an increased efficacy independent of any 
change in benzodiazepine binding parameters (Ruano et al., 
1991; Suhara et al., 1993). 

The heterogeneity of the GABA, receptor has been confirmed 
(Schonrock and Bormann, 1993). Results of our study also dem- 
onstrate heterogeneity of GABA responses in both young and 
aged neurons. Variation in receptor subunit composition between 
cells could be reflected in the heterogeneity of GABA responses 
observed. Also, part of the GABA receptor heterogeneity could 
be due to differences in posttranslational processing of the same 
subunit (Sivilotti and Nistri, 1991). 

Age-related changes in second-messenger or intracellular reg- 
ulatory systems could also be responsible for the changes ob- 
served in the present study. It has been known for some time 
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Figure 7. Properties of single GABA channels in cells from young (l-3 month) and aged (24-25 month) rats. A, Unitary GABA currents from 
patches taken from cells from 2-month (young) and 25month (aged) rats. Patch potential shown to the right. All patches were exposed to 0.3 pM 

GABA. B, Unitary GABA current versus patch potential graph for young (1-3-month) and aged (24-25-month) cells. Values are mean 2 SE for 
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that second-messenger systems may influence GABA-mediated 
currents (Gyenes, et al., 1988; Stelzer et al., 1988). The catalytic 
subunit of protein kinase A (cPKA), applied intracellularly, de- 
creased whole-cell GABA currents (Porter et al., 1990) and de- 
creased the rapid phase of receptor desensitization (Moss et al., 
1992). Likewise, PKC phosphorylation has been shown to dif- 
ferentially modulate GABA, receptor function in both recom- 
binant and native receptors (Krishek et al., 1994). Our demon- 
stration that slow desensitization is reduced in aged cells raises 
the possibility that there is an alteration in the regulation of 
phosphorylation of the GABA receptor in medial sep- 
tum/nucleus of the diagonal band neurons. 

Single-channel currents 

No age-related changes were observed in the properties of single 
GABA-activated channels when recorded in out-side out patch- 
es. Single-channel conductance, Cl- dependence and open time 
kinetics were similar between age groups (Table 1). Further- 
more, the properties of basal forebrain GABA-activated channel 
currents were similar to those described previously for the 
GABA channel, including multiple conductance states, rapid 
channel desensitization, and complex open time kinetics (Hamill 
et al., 1983; Gray and Johnston, 1985; Bormann et al., 1987; see 
review, Macdonald and Olson, 1994). These observations sup- 
port the notion that GABA channel activity retains similarities 
across cell types, despite possible subunit composition differ- 
ences. 

Physiological sigr$cance 

Cells of the medial septum/nucleus of the diagonal band provide 
a substantial cholinergic input to the hippocampus (Fibiger, 
1982), and alterations in the inhibitory regulation of these cells 
by GABA could profoundly affect hippocampal systems regu- 
lated by the septo-hippocampal pathway. Since many cells of 
the medial septum/nucleus of the diagonal band are themselves 
GABAergic (Panula et al., 1984), an increased responsiveness 
to GABA in these cells would have implications for both local 
inhibitory circuits and inhibitory outputs (Freund and Antal, 
1988). Aging has been associated with a loss of GABAergic 
cells in the medial septum/nucleus of the diagonal band (Miet- 
tinen et al., 1993). It is thus possible that the observed increase 
in GABA response is triggered as a compensatory mechanism 
in aged cells, although it is unknown whether this increase has 
a positive or negative effect in vivo. Interestingly, chronic ad- 
ministration of the benzodiazepine antagonist flumazenil pro- 
longed life-span and protected rats against age-related cognitive 
loss (Marczynski et al., 1994), suggesting enhanced GABAergic 
and/or endogenous benzodiazepine activity may produce dele- 
terious effects in the aging brain. 
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