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Abstract
The responsiveness of the rat anterior substantia nigra pars reticulata (SNR) GABAergic neurons to
GABAAergic drugs changes with age and gender, altering its role in seizure control. To determine
whether maturational and gender-specific differences in the properties of spontaneous GABAARs-
mediated inhibitory postsynaptic currents (sIPSCs) underlie these events, we studied sIPSCs at
baseline and after application of the α1 GABAARs subunit selective agonist zolpidem, at postnatal
days (PN) 5-9, PN12-15, and PN28-32. Results were correlated with the α1 and α3 GABAARs subunit
immunoreactivity (-ir) at PN5, PN15, and PN30, using immunochemistry. The mean frequency,
amplitude and charge transfer increased whereas the 10–90% rise time and decay time accelerated
with age in both genderes. The faster sIPSC kinetics in older rats were paralleled by increased α1-ir
and decreased α3-ir. At PN5-9, males had more robust sIPSCs (frequency, amplitude, charge carried
per event and charge transfer) than females. At PN28-32, males exhibited higher amplitudes and
faster kinetics than females. The zolpidem-induced increase of decay times, amplitude and charge
transfer and α1-ir expression were the lowest in PN5-9 males but increased with age, in both genders.
Our findings demonstrate that alterations in GABAARs subunit expression partially underlie age-
and gender-specific sIPSC changes in SNR neurons. However, the observation of gender differences
in sIPSC kinetics that cannot be attributed to changes in perisomatic α1 expression suggests the
existence of additional gender-specific factors that control the sIPSC kinetics in rat SNR.
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The substantia nigra reticulata (SNR) is a midbrain structure involved in the regulation of
movement and seizure control (Iadarola and Gale, 1982, Moshe and Albala, 1984, Gale,
1985, Deransart et al., 1998, Veliskova and Moshe, 2006). The majority of cells in the SNR
are fast spiking GABAergic neurons (Richards et al., 1997), which receive inhibitory input via
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postsynaptic GABAARs from the striatum but also from the globus pallidus (Smith and Bolam,
1989, Smith and Bolam, 1991, Bolam et al., 2000, Misgeld, 2004). GABAARs are
heteropentamers composed of homologous subunits (α1-6, β1-3, γ1-3, δ, ε, π, θ) (Levitan et
al., 1988, Olsen et al., 1991, Barnard et al., 1998, Benarroch, 2007). Many studies have shown
that in particular the α subunit subtypes undergo significant changes in expression during brain
development. In most studied brain regions, including the SNR, the α2 and α3 subunits are
highly expressed in the early stages of postnatal maturation and their levels gradually decrease
with age while the α1 subunit mRNA and protein levels rise (Laurie et al., 1992, Fritschy et
al., 1994, Veliskova et al., 1998). The type of α subunit in GABAARs changes their
pharmacological and kinetic properties. The decay time of the inhibitory postsynaptic currents
(IPSCs) is faster when the α1 subunit is present, whereas it slows down if GABAARs contain
α2 or α3 subunits instead (Verdoorn, 1994, Gingrich et al., 1995, Lavoie et al., 1997). Our
previous studies on the α1 mRNA expression in the SNR showed higher levels in PN30 than
in PN15 rats (Moshe et al., 1994) and in female rats than age-matched male rats (Veliskova et
al., 1998, Ravizza et al., 2003).

In this study, we seek to determine whether there are age- and gender-related changes in
GABAARs-mediated sIPSCs and zolpidem sensitivity in the GABAergic SNR neurons of
PN5-32 rats.

Experimental procedures
We used Sprague-Dawley rats of both genders divided into 3 different age groups PN5-9,
PN12-15 and PN28-32, with the date of birth taken as PN0 (Taconic Farms, New York, USA).
Rats were kept at constant temperature (21 – 23°C), relative humidity (40 – 60%) and a 12 h
dark/12 h light cycle (lights on at 7:00am) with food and water ad libitum in our animal facility
accredited by the American Association for the Accreditation of Laboratory Animal Care. Rats
younger than 21 days were kept with a dam. All procedures and experiments were performed
in accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals.

Slices containing SNR were prepared from rats of either gender at PN5-9, 12-15 and 28-32.
Rats were deeply anesthetized with isoflurane and decapitated. The brain was quickly removed
and placed in oxygenated (95% O2/5% CO2) ice-cold sucrose slicing solution containing (in
mM): 187 sucrose, 3 KCl, 2 CaCl2, 1.9 MgCl2, 1.2 NaH2PO4, 26 NaHCO3 and 20 D-glucose,
pH 7.4, 300–310 mOsm. 300 μM thick sagittal slices were cut using a vibratome (Leica,
VT1000S). Slices were transferred into oxygenated artificial cerebrospinal fluid (aCSF)
containing (in mM): 124 NaCl; 2.5 KCl; 1 NaH2PO4; 26 NaHCO3; 2 CaCl2; 1.3 MgSO4 and
20 glucose, pH 7.3-7.4, 290–300 mOsm, and allowed to recover at room temperature for at
least 1 hour before recording.

Cells were visualized with an upright Eclipse E600-FN microscope (Nikon) in the anterior part
of the SNR (Veliskova and Moshe, 2001). Whole-cell patch clamp recordings were made from
electrophysiologically identified GABAergic neurons using an Axopatch 200B amplifier
(Molecular Devices, Union City, CA). Patch pipettes were pulled using Flaming/Brown
micropipette puller (Sutter Instruments Co, Novato, CA) from thin-wall borosilicate glass
tubing (1.5 mm OD; World Precision Instruments, Sarasota, FL) and had open tip resistance
2–3 MΩ when filled with an intracellular solution containing (in mM): 140 CsCl, 4 NaCl, 1
MgCl2, 10 HEPES, 10 EGTA, 2 Mg-ATP, 290 mOsm, pH 7.3 adjusted with CsOH. No
correction was made for the liquid junction potential of +4.3 mV. Slices were continuously
perfused at a rate of 4 ml/min with oxygenated aCSF solution. All recordings were performed
at room temperature. Neurons were voltage-clamped at a holding potential of −70 mV and
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broken in to establish whole cell configuration recordings. We waited 3–5 minutes after
breaking-in until the holding current stabilized.

The SNR consists predominantly of GABAergic neurons but it also contains a small portion
of dopaminergic cells. The two populations can be distinguished by their electrophysiological
responses to hyperpolarizing current. To determine whether neurons were GABAergic, they
were stepwise hyperpolarized in current clamp configuration by injection of negative current
(from −70 mV to −130 mV) and the decisive parameter for accepting a cell as GABAergic was
lack of hyperpolarization-induced inward rectification or sag (Richards et al., 1997, Radnikow
and Misgeld, 1998). After determining the cell phenotype, we switched back to the voltage
clamp mode and held the cell at −70 mV. All GABAergic events were thus observed as inward
currents. Series resistance was estimated by measuring the transient current in response to 1-
to 5-mV 200 ms-long hyperpolarizing voltage steps. Cells were accepted for further analysis
provided that the series resistance after 40–60% compensation did not exceed 15 MΩ and/or
did not change by more than 15% during data acquisition. The input resistance could not be
exactly measured due to the high intracellular Cs+ concentration, which blocks K+ channels
(Shao and Dudek, 2005). Synaptic currents were recorded in the presence of glutamate
antagonists D-(−)-2-Amino-5-phosphonopentanoic acid (D-AP5, 50 μM) and 6-cyano-2,3-
dihydroxy-7-nitro-quinoxaline (CNQX, 10 μM) to block excitatory amino acid-mediated
transmission.

Bicuculline methobromide (BIM) and D-AP5 were dissolved in distilled water whereas CNQX
and zolpidem were dissolved in dimethyl sulfoxide (DMSO, final dilution 0.001%). All drugs
were bath applied. BIM and zolpidem were purchased from Sigma-Aldrich, St. Louis, MO; D-
AP5 and CNQX from Tocris Bioscience, Ellisville, MO. Sprague –Dawley male and female
rats were transcardially perfused with saline and then formalin at PN5, PN15 and PN30. Their
brains were collected, fixed overnight in formalin, immersed in 30% sucrose and when they
sank they were frozen and kept at −80°C till use. Sagittal 40μm sections were cut in a MICROM
cryostat (MICROM International, Walldorf, Germany) and were stained with rabbit antibodies
specific for the α1 or α3 GABAARs subunits (Millipore, Billerica MA). The anti-α1 antibody
recognizes the aminoacid sequence 1–16 of the rat α1 subunit protein, whereas the anti-α3
antibody recognizes the aminoacid sequence 1–15 of the rat α3 subunit protein. Both were used
at a dilution of 1:800. Immunochemistries were done in free-floating sections. The steps
included incubation with 1% H2O2 in Tris based saline (TBS) for 30 minutes at room
temperature (RT); blocking in TBS with 10% normal goat serum (NGS) and 0.4% Triton-
X-100 (90 minutes, RT); incubation with the primary antibody in TBS with Triton X100 0.4%
and 3% NGS (2–3 days, 4°C with shaking); incubation with secondary biotinylated anti-rabbit
antibody (Vector Labs, Burlingame, CA) (1:200 dilution) in TBS with 0.4% Triton-X-100 and
3% NGS, RT; and further peroxidase based staining as per manufacturer’s protocols (Vector
Labs; ABC Elite kit and 3,3′-diaminobenzidine/nickel substrate kit). In every assay a
representative brain from all groups was included to minimize inter-assay variability. Brains
were coded to permit blinded assessment of the values.

Because the SNR is sparsely populated, densitometric analysis of cellular perisomatic
immunostaining was done by sampling representative stained cells from 4–5 anterior SNR
sections per rat, using the Image J software (Wayne Rasband, Research Services Branch,
NIMH, Bethesda Maryland, USA). The densitometry values of these cells were averaged for
each brain and results were used in the statistical analysis. Details of this densitometric analysis
are as described in (Galanopoulou, 2006). Similar densitometric analysis of immunochemically
stained sections has been used extensively to provide semi-quantitative assessment of the level
of protein expression in the stained cells (Rieux et al., 2002, Galanopoulou, 2006,
Galanopoulou, 2008).
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Synaptic currents were filtered at 2 kHz (low-pass Bessel filter), sampled at 10 kHz and
recorded with pClamp 8 analysis software (Molecular Devices Co, Sunnyvale, CA) through a
Digidata 1322A digitizer (Molecular Devices Co, Sunnyvale, CA). Spontaneous inhibitory
postsynaptic currents (sIPSCs) were analyzed offline using Mini Analysis Program
(Synaptosoft, Decatur, GA). Individual events were automatically selected if their amplitude
and area under curve were 5-fold higher than the set threshold detection parameters. All
recordings were subsequently visually checked to remove artifacts. Both single and multiple
peaked events were included into the analysis. A minimum of 50 accepted events per cell was
analyzed (on average 450 events) and averaged to obtain mean values. The amplitude was
measured from the baseline to the peak of the synaptic current. We further analyzed the 10–
90% rise time, the 37 % decay time (measured as a time required for the current to decay to
37% of its peak amplitude) and the charge transferred by a single sIPSC (calculated by the
software as an integrated area under curve). The charge transfer was calculated as a product
of the mean sIPSC frequency and charge transferred by averaged sIPSC (q = fmean ×
qaveraged sIPSC). Baseline sIPSCs were analyzed before zolpidem 0.5 μM was applied and
compared with events when the drug was present in the slice for at least 5 minutes. Two-way
ANOVA followed by post hoc t-test (Tukey) was used to compare age and gender differences
in sIPSCs properties. Because the sensitivity of the two-way ANOVA and Tukey post hoc
decreases as the number of inter-group comparisons increases, we utilized unpaired t-test to
explore whether significant differences in the studied variables existed in specific same age
groups that demonstrated visible gender-related differences. The paired t-test was used to
assess zolpidem effects. The Kolmogorov-Smirnov (K-S) two-sample, two-tailed test was used
to compare cumulative amplitude, 10–90% rise time and decay time distributions. Statistics
on the densitometry measurements were carried on with repeated measures multiple factor
ANOVA and Tukey post hoc comparisons, using Statview and JMP softwares (SAS Institute,
Cary, NC, USA). All values are expressed as least square mean value ± standard error (SE).

Results
Baseline sIPSCs

Spontaneous IPSCs were recorded in the presence of CNQX 10 μM and D-AP5 50 μM. Under
these conditions all sIPSCs were blocked by BIM, which confirms that they were GABAARs-
mediated (Fig. 1A,B,C). The sIPSCs could be detected at all studied ages in both genders. The
events reversed close to 0 mV, the theoretical equilibrium potential for Cl− ions (Fig. 2A,B).
All numeric values are summarized in Table 1.

The results of the two-way ANOVA for the studied sIPSC parameters and inter-group
comparisons are presented in Figure 3. Specifically, the mean sIPSCs frequency significantly
rises with age in both genders. Although overall gender differences were not found using the
two-way ANOVA, separate comparisons of the average sIPSCs frequencies by the unpaired
t-test in the individual age groups revealed that PN5-9 males have greater frequency than PN5-9
females (Fig. 3A, Table 1). The mean sIPSCs amplitude also significantly increased with age
in both genders. Furthermore, male SNR neurons had higher sIPSC amplitudes than female
ones (Fig. 3B). Although, post hoc comparisons with Tukey test did not show any significant
gender differences between same age groups, possibly due to the high number of comparisons,
the unpaired t-test revealed significantly higher sIPSC amplitudes in males than in females in
the PN5-9 and PN28-32 groups (Figs. 3B, 4Aa,b, Table 1). Changes in the sIPSCs kinetics
seen in our experiments were similar to those found in other studies (Dunning et al.,
1999,Okada et al., 2000). Both the 10–90% rise time and decay time progressively accelerated
with age (Figs. 3C,D, 4A,B, Table 1). The unpaired t-test showed that both these parameters
are significantly faster in PN28-32 males than females. In the face of significant changes in
the amplitude and kinetic parameters, the charge transferred by averaged sIPSC remained quite
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stable during development. The only exceptions were events in PN5-9 males, which transferred
significantly bigger charge than PN5-9 females (Fig. 3E, Table 1, Tukey post hoc and unpaired
t-test). The total charge transfer carried by synaptic currents gradually grew with maturation
in both males and females. PN5-9 males demonstrated higher increase than same age females
(Fig. 3F and Table 1, unpaired t-test only).

The occurrence of slow sIPSC kinetics in younger groups and the opposite pattern observed
in older animals (Figs. 3,4) may result from the known maturational subunit changes in
GABAAergic synapses. We performed an additional analysis of the sIPSC 10–90% rise times
and decay times in a subset of PN5-9, PN12-15 and PN28-32 male and female cells with almost
similar series resistances (Rs ranged from 10.8 to 11.7 MΩ, P>0.05) to assess the datapoints
distribution. Only single events emerging from the baseline were included to avoid distortion
of the kinetic parameters and amplitudes by overlapping events. We analyzed 2223–2309
events from each group and plotted decay times of individual events against their 10–90% rise
times. The widespread distribution of events in PN5-9 groups most likely reflected greater
subunit heterogeneity of GABAARs. (Fig. 5A). In contrast, the scattergrams of PN28-32 groups
demonstrated that the occurrence of mainly fast events was confined to a very small area of
the plot (Fig. 5B) suggesting that the composition of GABAARs was more homogeneous
(Moshe et al., 1994).

Zolpidem
The age- and gender-dependent changes in sIPSCs amplitude and kinetics and different α1
mRNA subunit expression during maturation led us to investigate whether pharmacological
responses to zolpidem would also alter with age and gender.

Zolpidem 0.5 μM, an α1 subunit-selective positive modulator of type I benzodiazepine
receptors (Pritchett et al., 1989), was bath applied and changes in the mean sIPSCs decay time
and amplitude were analyzed after at least a 5-minute exposure to the drug.

Zolpidem significantly prolonged the decay time and increased the amplitude and charge per
event compared with baseline sIPSCs in most groups (P<0.05, K-S test, Fig. 6 P<0.05, paired
t-test, Fig. 7). The only exception was PN5-9 males where there was no significant increase in
any of these variables in response to zolpidem. This may mean that GABAA receptors in PN5-9
male SNR neurons have less α1 subunits than the other groups. In PN28-32 females, zolpidem
significantly increased the decay time and charge per event but not the sIPSC amplitude (Fig.
6 and 7). As PN28-32 females had the largest baseline amplitudes compared to the other groups,
this may reflect a ceiling effect (baseline amplitude 82.5±12.5 pA, zolpidem amplitude 89.8
±11.5 pA, n=6, p>0.05, mean±SE, paired t-test).

The overall age- and gender-related differences in sensitivity to zolpidem 0.5 μM were
determined using the two-way ANOVA by comparing ratios of drug-induced responses to the
pre-drug values. The zolpidem-induced percentage increases of the mean decay time and
charge per event were greater in older animals than in younger ones (P<0.05) but no gender
differences were observed (Fig. 7). No significant overall age and gender specific differences
in zolpidem-induced percentage increase of the mean sIPSCs amplitude were observed. (Fig.
7).

These results suggest that SNR neurons are sensitive to zolpidem at all studied ages, with single
exception the PN5-9 males, and that responsiveness to zolpidem increases with age.
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Age- and gender-related differences in the expression of α1 and α3 GABAARs subunits in
the anterior SNR

To correlate the described age- and gender-specific changes in the electrophysiological
properties of sIPSCs and zolpidem effects, we compared the expression of the α1 and α3
GABAARs subunits in the anterior SNR of PN5, PN15, and PN30 male and female rats, using
specific immunochemistries. Representative photos and the results of the statistical
comparisons of the densitometric comparison of perisomatic α1-immunoreactivity (-ir) and
α3-ir are presented in Table 2 and Figs. 8 and 9. The GABAARs α1-ir increased between PN15
and PN30 in both genders (Table 2, Fig. 8). Gender had a significant overall effect, with females
expressing more GABAARs α1-ir than males (Table 2, Fig. 8). However, in inter-group
comparisons of same age groups, only the PN5 females had statistically higher expression of
GABAARs α1-ir than males (Table 2, Fig. 8). In contrast, the GABAARs α3-ir decreased
between PN5 and PN30 in both genders, without any significant gender differences (Table 2,
Fig. 9). The decrease was steeper in females, with significant statistical differences among all
3 age groups. In males, significant differences were observed only between PN5 and PN30 rats
(Table 2, Fig. 9). Once again, gender differences were only observed at PN5, when females
expressed more GABAARs α3-ir than males (Table 2, Fig. 9).

Discussion
The current study describes age- and gender-related differences in the properties of sIPSCs in
GABAergic neurons of the anterior SNR, a region that undergoes developmental changes in
terms of its ability to modify seizure thresholds (Veliskova and Moshe, 2001). Our data show
that the mean frequency, amplitude and charge transfer increase and 10–90% rise time and
decay time accelerate in both genders with age. The developmental increase in GABAARs
α1-ir and parallel decrease in GABAARs α3-ir may partially explain some of these changes.
The amount of charge transferred by averaged sIPSC remains practically constant during
maturation in both genders except in PN5-9 males. Gender differences are detected in some of
the studied parameters in PN5-9 and PN28-32 groups. The potency of zolpidem 0.5 μM to
prolong the decay time is age-dependent in both genders. However, the responsiveness to
zolpidem appears earlier in females (PN5-9 group), and this may be due to the higher expression
of GABAARs α1-ir in female than in male PN5-9 SNR.

Increased mean sIPSCs frequency and higher amplitude in PN28-32 GABAergic rat SNR
neurons in both genders along with marked acceleration of the sIPSCs kinetics can have several
explanations including a) an increased number of GABAAergic synaptic terminals, b) higher
density of postsynaptic GABAARs containing mainly α1 subunit and c) decreased expression
of postsynaptic GABAARs containing α3 subunits.

The higher frequency of sIPSCs in PN28-32 animals can be due to a greater number of synapses
formed on nigral GABAergic neurons with age (Phelps and Adinolfi, 1982) (Kraszewski and
Grantyn, 1992, Swanwick et al., 2006). However, age-related increases in firing rates of
presynaptic striatal and pallidal neurons can also contribute to higher sIPSCs frequency as we
measured both action potential-dependent and -independent events.

The sIPSCs amplitude is determined by the number of open synaptic GABAARs and the
amount of released GABA (Frerking et al., 1995). The role of an α subunit type in affecting
the amplitude of sIPSCs may be limited because, despite the increase in α1 mRNA with age,
the mean amplitude decreases in cerebellar granule cells (Brickley et al., 1996) or does not
change in dentate gyrus granule cells (Hollrigel and Soltesz, 1997). Furthermore, the reduction
of amplitude in α10/0 knockouts most likely relates to a decreased number of GABAARs at
synapses rather than to a different subunit composition (Vicini et al., 2001, Goldstein et al.,
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2002). Therefore the increase in the amplitude of sIPSCs after PN15, in both genders, indicates
an increased availability of postsynaptic GABAARs in GABAergic SNR neurons.

The acceleration of the decay and rise times in PN28-32 reflects age-related changes in a variety
of pre- and post-synaptic factors that control the kinetics of sIPSCs. An important variable is
the type of expressed α subunit (Verdoorn, 1994). Currents produced by recombinant α1
subunit-containing GABAARs deactivate faster than those mediated by GABAARs composed
of α2 or α3 subunits and, as a result, such receptors close more rapidly and their decay time is
reduced (Verdoorn, 1994, Gingrich et al., 1995, Lavoie et al., 1997). To determine whether the
observed changes in the kinetics of sIPSCs can be attributed to changes in α subunit
composition, we utilized more α1 subunit-specific functional and expression assays. We
studied the responsiveness of SNR neurons to the α1-selective agonist zolpidem as well as
compared the perisomatic expression of α1-ir across the different groups, using semi-
quantitative densitometric immunochemical analysis. Indeed, the zolpidem-induced
percentage increase of the decay time in PN28-32 animals was significantly higher than in
PN5-9 group in both genders. This finding is in agreement with the developmental increase in
α1 mRNA expression (Moshe et al., 1994, Veliskova et al., 1998) and α1-ir (Fig. 8) in the
anterior SNR, as well as with the age-related increase in high-affinity binding sites for the α1
GABAARs agonist muscimol in rat SNR (Wurpel et al., 1988).

The zolpidem effect on the sIPSCs amplitude is mediated by increasing the affinity of closed
GABAARs for GABA rather than by increasing the probability of channel opening or
enhancing conductance (Perrais and Ropert, 1999, Hajos et al., 2000, Goldstein et al., 2002).
Zolpidem increased the amplitude and charge per event in most age groups, although without
any overall age- and gender-related differences. The only group that did not respond to
zolpidem was the PN5-9 male rats, which can be explained by the lower expression of α1-ir
in the anterior SNR of PN5-9 males compared to same age females. The little change of the
mean sIPSCs amplitude and great enhancement of the decay observed in PN28-32 females
reflects most likely near-to-complete saturation of GABAARs containing the α1 subunit.

Although the age-related changes in decay time correlated well with the α1-specific assays
(zolpidem responses and α1-ir), additional gender-specific factors, not necessarily related to
α1 subunit, seem to interfere with the shaping of sIPSC kinetics in PN5-9 and PN28-32 males
and females. The absence of significant gender differences in decay time at PN5-9, despite the
enhanced α1-ir expression and zolpidem sensitivity in PN5-9 females, may be partially
explained by the higher expression of α3-ir in PN5-9 females. The increased number of α3-
containing GABAARs in PN5-9 females may therefore create a subpopulation of sIPSCs with
slower kinetics, blunting the differences in decay times between males and females.

In the absence of gender differences in zolpidem sensitivity and perisomatic α1-ir or α3-ir, the
slower decay and 10–90% rise times of sIPSCs, along with the lower amplitude, in PN28-32
females may suggest a more distant site of origin of their sIPSCs compared to same age males.
The significantly slower rise times combined with lower amplitudes in PN28-32 females thus
support the hypothesis that their synaptic events may be more subjected to dendritic filtering
than those in PN28-32 males. There are no studies to date describing sexual dimorphism in the
organization and size of the dendritic tree of GABAergic neurons and GABAAergic synapses
in the SNR of PN28-32 animals but gender differences have been reported in other brain
structures, e.g. in the anterior cingulate cortex (Markham and Juraska, 2002), accessory
olfactory bulb (Caminero et al., 1991) and subiculum (Andrade et al., 2000).

Based on our in situ hybridization data showing higher α1 mRNA expression in PN15 and
PN30 females (Ravizza et al., 2003), we expected that the baseline decay time would be faster
and zolpidem-induced prolongation of the decay time significantly greater in females than in
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males. Our current electrophysiological data did not, however, show gender differences
between PN12-15 groups and the only significant difference was found between PN28-32
males and females, males having quicker decay time (Fig. 3D, Table 1). The discrepancy
between in situ α1 mRNA hybridization, somatic α1-ir and expected kinetic data in PN12-15
and PN28-32 rats may have the following explanations: First, despite the higher α1 mRNA in
PN15 females, the synaptic α1 protein levels may be similar in males and females as reflected
by the same decay time and somatic α1-ir (Fig. 8). This thought is further supported by the
same zolpidem-induced prolongation of the decay time. PN12-15 females, however, may have
an increased α1 subunit expression in the extrasynaptic compartment. Such α1-containing
GABAARs do not participate in shaping the decay time. This hypothesis is currently being a
subject of our next experiments as some studies have already suggested that α1-containing
GABAARs may indeed be present extrasynaptically and play an important role in modulating
tonic GABAARs-mediated currents by benzodiazepines such as zolpidem or lorazepam (Liang
et al., 2004, Shen et al., 2005). Second, as discussed earlier, it is possible that the previously
reported increased α1 mRNA expression in PN30 females may reflect α1 subunit that is
ultimately targeted to GABAARs located at distal dendritic synaptic sites. Additional variable
that may influence the sIPSC shape is the vesicular transmitter release. The vesicular GABA
release may be more asynchronous in PN5-9 animals than in PN28-32, yielding sIPSCs with
slower decay and rise times in the younger age group (Vautrin and Barker, 1995, Williams et
al., 1998). Another factor that may contribute to the gender differences in GABAA receptor
function in the SNR are naturally occurring neurosteroids as their site of action was recently
identified in the α1 (Ueno et al., 2004, Rahman et al., 2008) and other α subunit subtypes
(Hosie et al., 2009). Neurosteroids or their metabolites may also regulate the expression of
specific GABAAR subunit (Maguire and Mody, 2007, Peden et al., 2007). However, more
studies will be necessary to confirm whether they could underlie observed age and gender
sIPSCs differences in the SNR. The amount of charge transferred by averaged sIPSC is
conserved during maturation. The amount of charge is determined to a large extent by the
amplitude and decay time of sIPSC. Therefore, older animals, despite shorter decay time,
develop equal charge transfer owing to the higher amplitude. The importance of phasic
inhibition during development increases nonetheless as the charge transfer is significantly
augmented in PN28-32 males and females. The main reason is increased frequency of sIPSCs
due most likely to higher firing rate of presynaptic neurons and/or increased number of active
GABAAergic synapses.

The above findings support that during development, PN5-32 GABAergic anterior SNR
neurons acquire more active GABAAergic synapses per neuron, more activated synaptic
GABAARs per sIPSC, their sIPSCs have faster kinetics and increased zolpidem-sensitivity,
which is partially attributed to the increase in α1-ir and decrease in α3-ir. This developmental
transformation may contribute to the late appearance of the GABAA-sensitive anticonvulsant
region of the anterior SNR, which has been linked to an increase in high affinity binding sites
for muscimol, an agonist for α1-containing GABAARs (Wurpel et al., 1988).
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spontaneous inhibitory postsynaptic currents

PN  
postnatal days

-ir  
immunoreactivity

GABAARs  
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TBS  
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RT  
room temperature
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Kolmogorov-Smirnov test
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Fig. 1.
Raw traces of spontaneous GABAARs-mediated inhibitory postsynaptic currents (sIPSCs)
recorded in voltage-clamp configuration from GABAergic SNR neurons. Whole cell patch
clamp recordings were made at a holding potential of −70 mV in the presence of glutamate
antagonists CNQX 10 μM and D-AP5 50 μM in males (A) and females (B) of different ages.
All sIPSCs were invariably blocked by GABAARs antagonist bicuculline methobromide
(BIM) 50 μM in all groups (C).
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Fig. 2.
GABAARs-mediated sIPSC reversal potential. (A) The recorded sIPSCs were inward at
negative holding potentials and outward at positive holding potentials. (B) A current-voltage
plot of the average sIPSC amplitude vs. holding potential from the cell in (A) shows that the
events reversed close to the theoretical equilibrium potential for Cl−, as expected with
symmetrical intra- and extracellular chloride concentrations, confirming that they were
mediated by GABAARs. The plot was best fitted with a linear regression.
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Fig. 3.
Baseline properties of the sIPSCs during development. (A) The mean sIPSCs frequency in
PN28-32 groups is significantly higher than in the two remaining groups in both genders
(P<0.05, two-way ANOVA, see Table 1 for numerical values). An additional inter-group
analysis using the unpaired t-test (see Methods) showed that the mean sIPSCs frequency is
higher in PN5-9 males than in females (P<0.05, unpaired t-test). (B) The mean sIPSCs
amplitude is greatest in the oldest group compared with PN5-9 and PN12-15 animals and males
have higher amplitudes than females (P<0.05, two-way ANOVA). The unpaired t-test
comparisons demonstrate that PN5-9 and PN28-32 males exhibit higher amplitudes than their
female counterparts (P<0.05). The mean 10–90% rise time (C) and decay time (D) shorten
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with age in both genders and significant differences were observed between each age group
(P<0.05, two-way ANOVA). The only sex differences were noted in PN28-32 animals, males
having faster decay and 10–90% rise time than females (P<0.05, unpaired t-test). (E) The mean
charge transferred by averaged sIPSC remains constant during development in both males and
females. PN5-9 males have significantly greater charge than PN5-9 females (P<0.05, unpaired
t-test). (F) The importance of synaptic GABAARs-mediated inhibition rises with age as the
synaptic charge transfer considerably grows in both genders (P<0.05, two-way ANOVA). No
differences were found between PN5-9 and 12–15 animals. The unpaired t-test revealed that
the PN5-9 males have bigger charge transfer than PN5-9 females (P<0.05). (*P<0.05 two-way
ANOVA; #P<0.05, unpaired t-test; numbers in graph A represent the numbers of cells).
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Fig. 4.
Age-related changes in the averaged GABAARs-mediated sIPSC traces of male and female
GABAergic SNR neurons. (Aa) and (Ab) show averaged representative sIPSC traces derived
from 232–469 events recorded from PN7, PN14, PN31 male and PN6F, PN15, PN30 female
GABAergic SNR neurons. The overlapped traces demonstrate acceleration of decay time with
age in both genders. The mean amplitude is highest in both PN28-32 groups. (Ba) and (Bb)
figures in expanded time scale illustrate shortening of the 10–90% rise time during
development.
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Fig. 5.
The sIPSCs decay times of single events of SNR GABAergic neurons were plotted against 10–
90% rise times in PN5-9 and PN28-32 animals of both genders. The broad dispersion of
datapoints in the PN5-9 group plots (column A) reflects heterogeneous GABAARs subunit
composition. The majority of events have slow activation and deactivation times. The situation
is different in PN28-32 groups (column B), where the decay vs. rise time plots show that most
events are confined to one limited area of the graph representing fast values. This finding
suggests that GABAARs subunit composition is more homogenous.
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Fig. 6.
Decay time (column A) and amplitude (column B) cumulative probability plots were
constructed from representative cells in PN5-9 (male cell 450 events, female 164) and 28–32
groups (male cell 373 events, female 450). Zolpidem 0.5 μM significantly changed cumulative
amplitude and decay distribution in all cells shown (P<0.05, K-S test) except in the PN5M cell
(no change in decay time and amplitude) and PN28F cell (no change in amplitude) (P>0.05 K-
S test). While the lack of zolpidem effect both on decay time and amplitude in the PN5M cell
can be explained by low α1 subunit expression, the near-to-complete saturation of GABAARs
may underlie the failure of zolpidem to augment the average sIPSCs amplitude in the PN28F
cell. Please note that PN12-15 male and female SNR neurons were also responsive to zolpidem
(data not shown). The insets in graphs in the column B show overlapped baseline and zolpidem
averaged events from the same cells.
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Fig. 7.
The percentage increase relative to the pre-drug baseline of decay time (panel A), amplitude
(panel B), and charge per event (panel C) was used to compare age- and sex-related differences
in response to zolpidem 0.5 μM. In most groups, zolpidem increased decay time, amplitude
and charge per event compared to their baseline values, as indicated by the pound key (#) marks
(P<0.05, paired t-test, data no shown). However, the only group that showed no response to
zolpidem was the PN5-9 males. In PN28-32 females, zolpidem increased decay time and charge
per event but not the amplitude of sIPSCs. This probably reflects a ceiling effect, as the baseline
amplitudes in this group were already the highest (baseline amplitude 82.5±12.5 pA, zolpidem
amplitude 89.8±11.5 pA, n=6, p>0.05, mean±SE, paired t-test).
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(A) The graph shows a significantly greater prolongation of decay time in PN12-15 and
PN28-32 groups compared with PN5-9 groups. No sex-related differences were detected
(unpaired t-test). (B) In contrast, the increase of sIPSCs amplitude by zolpidem does not differ
significantly across ages and genders. (C) The overall increase of charge transferred per event
is greater in PN12-15 and PN28-32 animals compared with PN5-9 groups. There is a significant
effect of the age*sex interaction, which indicates sex-specific patterns in the developmental
changes in zolpidem sensitivity. Specifically, PN5-9 females show significantly bigger
enhancement in zolpidem compared with PN5-9 males (“a” indicates P≤0.05, unpaired t-test),
and this zolpidem sensitivity remains stable till PN28-32. In contrast, there is a significant
increase in zolpidem sensitivity in males between PN5-9 and PN12-15. The pound keys (#)
indicate groups in which zolpidem induced significant changes compared to baseline levels
(P<0.05, paired t-test, data no shown). The asterisks (*) indicate significant differences from
the respective PN5-9 group (P<0.05, two-way ANOVA, numbers in the plot A indicate the
number of cells).
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Fig. 8.
Expression of GABAARs α1-ir in the anterior SNR of PN5, PN15, and PN30 male and female
rats.
Panel A: Representative photographs of anterior SNR neurons stained with anti-GABAARs
α1 specific antibody. The α1-ir increases with age in both genders, in both the somata and the
dendritic processes. The scale bar indicates 100μm distance.
Panels B: Densitometric comparisons of perisomatic α1-ir confirmed the developmental
increase in GABAARs α1-ir in both male and female rats between PN5 and PN30. As the SNR
is sparsely populated, densitometry was done on individual α1-ir anterior SNR cells and was
averaged for each brain. At PN5, females expressed more GABAARs α1-ir than PN5 males.
The asterisks indicate statistically significant differences (P<0.05) between the groups linked
with bars.
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Fig. 9.
Expression of GABAAR α3-ir in the anterior SNR of PN5, PN15, and PN30 male and female
rats.
Panel A: Representative photographs of anterior SNR neurons stained with anti-GABAARs
α3 specific antibody. The α3-ir decreases with age. The scale bar indicates 100μm distance.
Panels B: Densitometric comparisons of perisomatic α3-ir confirmed the developmental
decrease in GABAARs α3-ir in both male and female rats between PN5 and PN30.
Densitometry was done on individual α3-ir anterior SNR cells and was averaged for each brain.
At PN5, females expressed more GABAARs α3-ir than males. The asterisks indicate
statistically significant differences (P<0.05) between the groups linked with bars.
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Table 2
Age and sex specific effects on the expression of α1 and α3 GABAAR-ir in rat anterior SNR.

A. Main effects, two-way ANOVA, repeated measures.

Groups n (rats/group) Age (F-value) Sex (F-value) Age*Sex (F-value)

α1 GABAAR-ir 5 8.4* 6.5* 0.6

α3 GABAAR-ir 4 12.2* 0.2 1.8

B. Least squares means tables.

Groups α1 GABAAR-ir somatic expression α3 GABAAR-ir somatic expression

n (rats)
Least Squares Means

(% of PN15 male group) n (rats)
Least Squares Means (% of

PN15 male group)

PN5 M 5 93.1±4.7# 4 115.4±6.1#

PN15 M 5 100±4.3# 4 100±5.5

PN30 M 5 124.8±4.5 4 86±5.5

PN5 F 5 116.7±4.8§ 4 131.9±6#

PN15 F 5 109.4±4.3# 4 100.9±5.6 # ¶

PN30 F 5 133.2±4.6 4 75.56±5.5

*
P<0.05

#
P<0.05 vs PN30 same sex group;

§
P<0.05 vs PN5 males;

¶
P<0.05 vs PN5 females; Tukey post hoc comparisons.
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