
GABA and glycine are the major inhibitory transmitters in the mam-
malian central nervous system. Although they act at separate recep-
tors, they can be co-released from single synaptic terminals projecting
onto spinal motor neurons and brainstem trigeminal neurons1,2.
Postsynaptic clusters of both glycine and GABAA receptors appear to
be co-localized at the subsynaptic membrane3,4. Furthermore,
mIPSCs recorded from spinal neurons include both GABAergic and
glycinergic components, suggesting that both GABA and glycine are
co-released from a single synaptic vesicle5,6. Hence, at spinal cord
synapses, GABA and glycinergic transmission is closely related, and
this could have important implications for the strength and timing of
motor neuron inhibition7.

The coordinated combination of GABAergic and glycinergic
inhibitory transmission is also functionally critical in the lateral and
medial superior olive auditory relay neurons (LSO and MSO neurons,
respectively)8,9. In the normal development of the auditory system,
inhibitory synaptic transmission in the LSO and MSO changes from
being predominantly GABAergic to being predominantly glyciner-
gic8,9. Structural reorganization of the inhibitory synapses between the
medial nucleus of the trapezoidal body (MNTB) and the LSO also
occur throughout development10, and it is unclear whether this switch
from GABA to glycine occurs via a selective loss of GABAergic
synapses and an increase in glycinergic synapses, or whether this trans-
mitter switch occurs at individual synapses. Developmental changes in
receptor subunit expression patterns have been observed in the LSO11,
but there have been no reports of a presynaptic change in the nature of
the released neurotransmitter at the level of a single synapse. In the
present study, we further elucidate the mechanisms contributing to

this neurotransmitter switch, particularly focusing on whether pre-
synaptic changes occur and whether they occur at single synapses.

RESULTS
Evoked IPSCs (eIPSCs) were recorded from LSO neurons in response
to electrical stimulation of the ventromedial part of the LSO slice
preparation. Both CNQX (10–5 M) and APV (10–5 M) were added to
the external solution to block glutamatergic responses. In LSO neu-
rons from P2 rats, bicuculline (10–5 M) inhibited the eIPSC by about
70%, but only caused a mild (about 15%) inhibition in P14 rats 
(Fig. 1a,b). The bicuculline-insensitive component of the eIPSC was
completely abolished, at all ages, by adding strychnine (10–6 M). The
inhibitory effects of bicuculline on muscimol and glycine responses
were stable in potency throughout development (Fig. 1c). Thus,
inhibitory synaptic transmission to LSO neurons changed from 
predominantly GABAergic to predominantly glycinergic during
development. The switch is evident by P7, which is somewhat earlier
than observed in the gerbil LSO8, although it is virtually completed by
this time for inhibitory inputs to the rat MSO9.

To elucidate the underlying cause of this switch from predominantly
GABAergic to predominantly glycinergic inputs, we concentrated on
the nature of miniature IPSCs (mIPSCs), which are considered to be
single quantal events12,13. We mechanically dissociated LSO neurons
with adherent presynaptic terminals14 (Fig. 2a) and recorded mIPSCs
at a VH of –60 mV in the presence of CNQX (10–5 M), APV (10–5 M)
and tetrodotoxin (TTX; 3 × 10–7 M). This preparation allows us to
measure spontaneous synaptic currents under good space-clamp con-
ditions and without complications from other neurons or glia14. We
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Early in postnatal development, inhibitory inputs to rat lateral superior olive (LSO) neurons change from releasing predominantly 
GABA to releasing predominantly glycine into the synapse. Here we show that spontaneous miniature inhibitory postsynaptic currents
(mIPSCs) also change from GABAergic to glycinergic over the first two postnatal weeks. Many ‘mixed’ mIPSCs, resulting from co-
release of glycine and GABA from the same vesicles, are seen during this transition. Immunohistochemistry showed that a large
number of terminals contained both GABA and glycine at postnatal day 8 (P8). By P14, both the content of GABA in these mixed
terminals and the contribution of GABA to the mixed mIPSCs had decreased. The content of glycine in terminals increased over the
same period. Our results indicate that switching from GABAergic to glycinergic inputs to the LSO may occur at the level of a single
presynaptic terminal. This demonstrates a new form of developmental plasticity at the level of a single central synapse.
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initially pharmacologically isolated GABAergic and glycinergic com-
ponents of mIPSCs in LSO neurons from P6–7 rats (Fig. 2b, left). In
the presence of bicuculline (5 × 10–6 M), glycinergic mIPSCs were
observed with a relatively fast decay time constant (fit from 90–10% of
the mIPSC amplitude, τgly = 7.2 ± 1.3 ms, mean ± s.e.m., n = 5 neu-
rons, Fig. 2c,d). In the same neurons, GABAergic mIPSCs, in the pres-
ence of strychnine (3 × 10–7 M), were observed with a much slower
decay time constant (τGABA = 73.6 ± 4.5 ms, n = 5, Fig. 2c,d). In three
other neurons, the mIPSC decay in the presence of another selective
GABAA antagonist, SR-95531, was fit with a similar time constant as
observed in the presence of bicuculline (τgly = 8.3 ± 2.2 ms). These
results are consistent with previous reports that GABAergic mIPSCs
are characterized by a longer current decay time than are glycinergic
mIPSCs6,15,16 and indicate that the mIPSCs contain both GABAA
receptor– and glycine receptor–mediated components. Indeed, in con-
trol conditions, mIPSCs with two components were also detected 
(Fig. 2b, right). The decay of these dual-component, ‘mixed’ mIPSCs

was fit with the sum of two exponentials, a τfast and τslow, which were
6.2 ± 0.9 ms and 58.7 ± 10.3 ms, respectively (n = 5; Fig. 2d). These
time constants were very similar to the pharmacologically isolated τgly
and τGABA, and this excellent agreement between τslow and τGABA, and
between τfast and τgly was found throughout development. In neurons
from P1–2 rats, τfast was 7.3 ± 3.4 ms (n = 5) and τgly was 8.3 ± 2.5 ms
(n = 5), whereas τslow was 84.2 ± 8.5 ms (n = 5) and τGABA was 92.9 ±
10.2 ms (n = 5). In neurons from older rats (P16–17), τfast was 3.4 ±
1.4 ms (n = 5) and τgly was 3.7 ± 1.5 ms (n = 5), whereas τslow was 
42.2 ± 6.4 ms (n = 5) and τGABA was 38.2 ± 7.2 ms (n = 5). These results
show that these mixed mIPSCs reflect co-release of GABA and glycine
from a single vesicle. They also show how the mIPSC decay constants
get faster during development, presumably reflecting changes in
receptor subunit composition17.

Just as was observed for the eIPSCs, the chemical nature 
of mIPSCs also changed from predominantly GABAergic to predomi-
nantly glycinergic (Fig. 3). In the absence of any strychnine or 
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Figure 1 Developmental change in the bicuculline sensitivity of IPSCs
recorded in LSO neurons in response to electrical stimulation of the
ventromedial aspect of the LSO brain slice. (a) Five representative averaged
evoked IPSCs, recorded from P2, P7 and P14 rats, in the absence (Control)
and presence of 10–5 M bicuculline (+BIC). We used bicuculline rather
than strychnine to discriminate between GABAA and glycine receptor
responses because the potency of strychnine on muscimol (which affect
GABAA receptors) responses varied during development (unpublished data).
(b) Mean data showing the relative inhibition of eIPSCs by bicuculline, in
LSO neurons from different developmental stages (n = 6, respectively).
Evoked IPSCs were recorded using standard whole-cell patch-clamp
techniques. VH was 0 mV. (c) Inhibition of 10–5 M muscimol and 3 × 10–5

M glycine evoked responses by 3 × 10–6 and 10–5 M bicuculline, in LSO
neurons from P0–2 (strip columns), P6–8 (open columns) and P14–16
(closed columns) rats. Response amplitudes are plotted relative to that
observed in the absence of bicuculline (n = 5 or 6 in each case). The
relative inhibitory effect of bicuculline on GABAA and glycine receptor
mediated responses was constant throughout development.

Figure 2 Pharmacological and kinetic isolation of GABAergic, glycinergic
and mixed mIPSCs in voltage-clamped, isolated LSO neurons. 
(a) Photograph of a mechanically dissociated LSO neuron from P7 rats
showing adherent functional synaptic boutons stained green with FM1-43.
FM1-43 (1 mM) was added to the perfusate with 20 mM K+ for 3 min, then
washed out with Ca2+-free, standard extracellular solution. Arrowheads
indicate examples of stained synaptic boutons. (b) Left, averaged mIPSCs
recorded in the presence of strychnine (300 nM, GABAergic mIPSC, blue, 
n = 121) and in the presence of bicuculline (5 µM, glycinergic mIPSC, red,
n = 96) from a LSO neuron isolated from a P7 rat. Right, a ‘mixed’ mIPSC
with a decay composed of both fast and slow components, recorded in the
absence of any receptor antagonists in a LSO neuron from a P7 rat. 
(c) Distribution of the decay time constants of GABAergic (blue bars,
strychnine 300 nM) and glycinergic mIPSCs (red bars, bicuculline, 5 µM)
in an LSO neuron from P7 rat. Bin size, 1 ms. (d) Mean decay time
constants for the three types of mIPSCs (mean ± s.e.m., n = 5 in each
case). The mixed mIPSCs were fit by the sum of two exponential equations
with time constants τfast and τslow, that corresponded to the decay time
constants of the pharmacologically isolated glycinergic (τgly) and GABAergic
(τGABA) mIPSCs, respectively.
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bicuculline, individual mIPSCs which were fit to either τfast or τslow
were defined as glycinergic and GABAergic events, respectively 
(Fig. 3a). In P1–2 neurons, the proportion of total mIPSCs whose
decay times indicated that they were GABAergic was 63.0 ± 7.5%, and
in neurons from P16–17 the proportion was 16.0 ± 6.5%. At the same
ages the proportions of glycinergic mIPSCs were 13.6 ± 2.8% and 
55.3 ± 5.2%, respectively (Fig. 3b). The remainder of the mIPSCs had
dual-component decay times (mixed mIPSCs). The incidence of these
mixed mIPSCs was highest at P6–7 where they comprised 34.9 ± 2.5%
of all mIPSCs (n = 10). In P1–2 and P16–17 rats, mixed mIPSCs com-
prised 23.4 ± 2.3% (n = 10) and 28.6 ± 3.2% (n = 12), respectively, of
the total mIPSCs.

The mixed mIPSCs result from co-release of GABA and glycine
from a single vesicle. To address whether the response to single vesi-
cles shows a developmental change from GABAergic to glycinergic,
we analyzed the relative contribution of the GABAergic (yGABA) and
glycinergic (ygly) components to the total peak amplitude (y) of the
mixed mIPSCs (Fig. 4a). If neurotransmitter switching also occurs at
the level of single synapses, the GABAergic component in the mixed
mIPSCs would be expected to decrease with age and the glycinergic
component would increase. The absolute amplitude of the glyciner-
gic component increased with age: 15.6 ± 3.2 pA at P1–2, 27.9 ± 3.6

pA at P6–7 and 43.4 ± 8.2 pA at P16–17 (n = 10–12 neurons at each
age). The amplitude of the GABAergic component also increased
from P1–2 (10.5 ± 2.9 pA, n = 10) to P6–7 (19.0 ± 1.5 pA, n = 10),
before declining again in older rats (13.3 ± 1.7 pA at P16–17, n = 12,
Fig. 4c). The relative contribution of the GABAergic component to
the total mixed mIPSC amplitude (yGABA/y) was not significantly
different between P1–2 and P6–7 rats, but was decreased in older
(P16–17) rats (38.9 ± 3.5% at P1–2, 53.2 ± 5.9% at P6–7 and 25.8 ±
3.9% at P16–17, Fig. 4b,d). Thus, the contribution of GABA to the
response to a single vesicle declines in older rats, whereas that of
glycine increases, consistent with neurotransmitter switching occur-
ring at a single synapse.

The above results demonstrate a developmental switch from
GABAergic to glycinergic neurotransmission at single synapses but
do not distinguish whether this change occurs presynaptically (that is,
a single terminal switches from GABA to glycine release), or post-
synaptically (that is, a change in subsynaptic receptors from GABAA
to glycine8,11 with a constant co-release of GABA and glycine
throughout development16), or a combination of both. The mean
responses of LSO neurons to exogenous GABA and glycine were not
significantly different throughout development. Specifically, GABA (3
× 10–5 M) induced an inward current at a VH of –60 mV of 305 ± 68
pA in neurons from P0–2 rats, 409 ± 38 pA from P7 rats and 364 ± 82
pA from P14 rats (n = 5 or 6 neurons at each age). At the same ages the
response to glycine (10–4 M) was 297 ± 57 pA at P0–2, 349 ± 84 pA at
P7 and 305 ± 58 pA at P14 (n = 5 or 6). Therefore, there does not seem
to be any gross developmental change in the response of the extra-
synaptic receptors, although this may not reflect what is occurring at
the subsynaptic receptors.
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Figure 3 Developmental change in mIPSCs recorded in isolated LSO
neurons. (a) Typical examples of GABAergic, glycinergic and mixed mIPSCs
in a P6 LSO neuron. Horizontal bars indicate how the mIPSC decay, from
90% to 10% of the peak amplitude, was fit with one or two exponential
functions (see Fig. 2b). The traces were obtained from a P6 LSO neuron.
(b) Relative proportion of GABAergic (closed columns), glycinergic (open
columns) and mixed mIPSCs (gray columns) in LSO neurons from P1–2,
P6–7 and P16–17 rats. The proportion of mIPSCs of each type are
expressed relative to the total number of mIPSCs recorded in each neuron
(>200 events in each neuron), and are the mean ± s.e.m. of results from
10–12 neurons in each age group.

Figure 4 Developmental decrease in the contribution of the GABAergic
component to mixed mIPCSs. (a) Example of a mixed mIPSC to illustrate
the meaning of y (the peak mIPSC amplitude) and yGABA (the amplitude of
the mIPSC due to the GABAergic component). Individual events were fit
with the double exponential function: y = y0 + yfast e (–x/τfast) + yslow e(–x/τslow),
in which yfast and yslow were defined as yglycine and yGABA and their sum as y.
(b) Distribution of yGABA in mixed mIPSCs from typical P6 (open bars) and
P16 (black bars) LSO neurons. mIPSCs from P6 and P16 neurons were
scaled so as to make their peak amplitudes equivalent. Note that the
GABAergic component (yGABA) of the mixed mIPSCs in P16 LSO neurons
was smaller than that in P6 LSO neurons. Bin size, 2 pA. (c) Comparison of
the mean absolute peak amplitude of mixed mIPSCs (y, open bars) and the
mean amplitude of the GABAergic component (yGABA, closed bars) in
different age groups. Note the steady increase in y throughout development
and the smaller contribution of yGABA in the P16–17 rats. (d) Relative
contribution of the GABAergic component to the peak amplitude of the
mixed mIPSCs (yGABA/y) at different developmental stages. Note the
marked decrease in yGABA/y after P6–7.
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We also examined any presynaptic changes during development by
looking directly at the composition of transmitters in single presynaptic
terminals using an immunogold technique and electron microscopy
(Fig. 5). Many terminals showed a background stain of about 1–5 gold
particles/µm2, so only terminals with a total number of GABA- and
glycine-reactive particles greater than this background level were con-
sidered to be clearly inhibitory synapses and included in the subsequent
analysis (Supplementary Fig. 1 online). At P8, 38/58 terminals satisfied
this criterion, and at P14, 41/80 terminals were included. At P14, the
density of glycine-reactive gold particles in a single terminal was 18.6 ±
1.5/µm2 (mean ± s.e.m., n = 41), which was significantly larger than
observed at P8 (11.8 ± 1.2 particles/µm2, n = 38, P < 0.05, unpaired 
t-test, Fig. 5b). In contrast, the GABA particle density in single terminals
significantly decreased over the same period, from 4.9 ± 1.8/µm2 at P8
(n = 38) to 0.9 ± 0.30/µm2 at P14 (n = 41; P < 0.05). The percentage of
terminals where both GABA- and glycine-reactive gold particles were
observed, decreased from 50% at P8 (19/38 terminals) to 32% (13/41) at
P14. Hence, switching of inhibition from GABAergic to glycinergic is
also reflected in an increase in glycine content in terminals, a decrease in
the proportion of terminals containing GABA, and a decrease in the
extent of GABA in terminals where both transmitters are present.

One mechanism that potentially could decrease the amount of
GABA in single presynaptic terminals is a decrease in the synthesis of
GABA in the LSO. To investigate this possibility, we used immuno-
histo-chemistry and confocal microscopy to examine levels of the
GABA synthesizing enzyme, glutamic acid decarboxylase (GAD). For
comparison, we also stained for glycine in these experiments. The
glycine antibody staining in the LSO markedly increaseed in intensity
during development, whereas GAD antibody staining (which recog-
nizes both GAD 65 and GAD 67) seemed to decrease in intensity over
the same period (Fig. 6). At higher resolution (Fig. 6g–l), similar
changes in the number of GAD- and glycine-reactive puncta are seen,
although several terminals still showed clear GAD staining even at
P18 (Fig. 6k). This developmental pattern of glycine staining parallels
that observed in the immunogold experiments (Fig. 5). The decrease
in GAD staining suggests that a decrease in GABA synthesis con-
tributes to the decrease in the GABA content in individual terminals.

Finally, we examined whether the extent of occupation of the post-
synaptic GABA receptor clusters changes during the transitional
period when the contribution of GABA to mIPSCs is changing. In
three out of seven neurons from P6 rats, diazepam (3 × 10–7 M)
increased the mean amplitude of mIPSCs by about 6–16%. This sug-
gests that, for these three neurons, the GABA content in a single vesi-
cle does not saturate the subsynaptic GABAA receptors. Given that the
concentration of GABA in the synaptic cleft at individual release sites
is typically sufficient to saturate postsynaptic GABAA receptor clus-
ters in central neurons18, this result further supports the decreased
content of GABA in single vesicles and suggests that the presynaptic
decreases in GABA may occur before significant decreases in the
number of postsynaptic receptors11.

DISCUSSION
In the present study, we used both electrophysiological analysis of
mIPSCs and immunohistochemistry to show that the neurotransmit-
ter phenotype of single presynaptic inhibitory terminals changes
from GABAergic to glycinergic during the first two postnatal weeks.
An initial period of expansion of both MNTB terminal arborizations
and LSO dendrites in the first one or two postnatal weeks is followed
by a refinement of these processes and a loss of synaptic specializa-
tions19. Recent studies indicate that the functional elimination of
inhibitory inputs from MNTB to the LSO may occur before the struc-
tural changes, even within the first two weeks20. If synapse elimina-
tion and refinement were solely responsible for this presynaptic
switch, terminals would need to be selectively eliminated based on
subtle differences in their relative presynaptic GABA and glycine con-
tent, and sequentially replaced with glycinergic terminals containing
an increasing amount of glycine and a decreasing amount of GABA.
We strongly favor a much simpler hypothesis; that the concentration
of glycine increases, while that of GABA decreases, in single terminals.
This inference is also supported by the decrease in GAD levels (Fig. 6).
Considering that the vesicular inhibitory amino acid transporter
(VIAAT) can pump both GABA and glycine into the presynaptic vesi-
cles21, this developmental change in terminal GABA/glycine content
is then reflected in the vesicular content of GABA/glycine and the
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Figure 5 Quantitative analysis of GABA and
glycine content in presynaptic terminals using
immunogold staining and electron microscopy.
(a) Typical electron micrographs of a synapse on
to an LSO neuron; in a P8 (left) and P14 (right)
rat. The large (20 nm) gold particles indicated
with blue arrow heads are coated with antibodies
specific to GABA, whereas the smaller (10 nm)
gold particles are coated with antibodies to
glycine (red arrowheads). T, presynaptic terminal;
S, soma of postsynaptic cell. (b) Summary of
group data from the immunogold experiments in
P8 (left) and P14 (right) LSO neurons. Number
of GABA-reactive particles/µm2 in each inhibitory
synapse is plotted against the number of glycine-
reactive gold particles observed in the same
synapse (total number of terminal micrographs
observed were 58 from three P8 rats, and 80
from three P14 rats). Note that all inhibitory
synapses observed contained glycine, but
significant quantities of GABA were only
colocalized in these synapses from the P8
neurons. The number of glycine particles was greater in P14 synapses than
in P8 synapses (P < 0.05, unpaired t-test). The specificity of each antibody
was examined using control experiments (Supplementary Fig. 2).
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decay time course of the mixed mIPSCs. Our
preliminary data indicate that VIAAT is
expressed at relatively high levels in the rat
LSO. A change in the content of neurotrans-
mitter, from noradrenaline to acetylcholine,
has also been found in peripheral sympa-
thetic nerve terminals following innervation
of their targets in the sweat gland22,23.
A switch from GABA to glycine has already been reported for IPSCs
evoked by stimulation of multiple MNTB inputs8–11, but here we pro-
vide new evidence that neurotransmitter switching at a central
synapse can occur at the level of a single presynaptic vesicle.

One intriguing result from the present study is that although the
switch from GABAergic to glycinergic eIPSCs was evident at P7 
(Fig. 1) and there was a decline in the proportion of GABAergic
mIPSCs over the same period, the contribution of GABA to the mixed
mIPSCs did not significantly decrease until after the second postnatal
week (Fig. 4). One possible explanation for this difference is that
switching of terminal and vesicle neurotransmitter content may
occur over a shorter time period in individual terminals, but these
effects in a population of terminals may not be apparent until later.
For example, pure GABAergic terminals may be converted to a mixed
phenotype in the first postnatal week, while at the same time, other
mixed terminals are converted to pure glycinergic terminals (and
hence would no longer be included in the population of mixed
mIPSCs). If such temporal heterogeneity does occur, one may not
expect to see changes in the population responses until all the termi-
nals had already showed significant switching.

Presynaptic changes in neurotransmitter content, that is, an
increase in glycine and a decrease in GABA, can be added to the range
of changes in inhibitory synaptic transmission and its modulation
that have been reported in the LSO throughout development.

Morphological changes include extensive remodeling of pre- and
postsynaptic elements. In the first postnatal week, expansion of
MNTB afferents is apparent in the gerbil LSO, and this is followed by
a more prolonged period (for up to 4 weeks) of refinement and eli-
mination of both the terminal boutons and the LSO dendrites10,19.
For the rat LSO, the number of dendritic end-points begins to decline
during the first postnatal week, although the most marked decreases
in the relative size of LSO dendrites and their fields occurs after P14
(ref. 24). Synapse elimination and functional reorganization of
MNTB–LSO connections have also been recently demonstrated in the
rat20. In this previous study, the functional refinement of the
inhibitory inputs was completed by P8, suggesting that functional
refinement of the inhibitory inputs may precede structural refine-
ments. The shift from GABAergic to glycinergic eIPSCs in the gerbil
occurs slightly later than observed for rat LSO (Fig. 1) and MSO
inputs9—it is only about 40% complete by P8 (ref. 8). If synapse eli-
mination is in fact completed by P8 in the rat, this would further sup-
port our hypothesis of changes in transmitter content in preexisting
synapses. Our demonstration of mixed mIPSCs also indicates that
glycine and GABAA receptors are colocalized at LSO synapses.
Changes in receptors and their associated accessory proteins have also
been reported in the developing LSO. Gephyrin immunoreactivity is
very low at birth in the gerbil LSO but increases markedly over the
first few weeks8. Antibody staining for GABAA receptor subunits β2
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Figure 6 Immunohistochemical staining of GAD
and glycine in the developing LSO.
Immunofluorescent double-labeled confocal
laser scanning microscope images for glycine
(a,d,g,j), glutamic acid decarboxylase (GAD;
b,e,h,k) and when both images are merged
(c,f,i,l). Both lower-magnification images (a–f)
and higher-power images (g–l) from sections from
P5 (a–c, g–i) and P18 rats (d–f, j–l) are shown.
At P5, there is weak glycine immunoreactivity
throughout the LSO but intense GAD
immunoreactivity (a–c). The high-power images
(g–i) further show that only a few glycine-positive
puncta exist in the LSO, whereas there are
numerous GAD-positive puncta. At P18, the low-
power images (d–f) show the intense glycine
immunoreactivity and the weak GAD
immunoreactivity in the LSO. The high-power
images (j–l) reveal that many glycine-positive
puncta are present in the LSO, but there are only
a few GAD-positive puncta. Arrowheads indicate
example boutons containing both glycine and
GAD immunoreactivity. The scale bar in a applies
to the low-power images (a–f; 100 µm); the scale
bar in g applies to the high-power images 
(g–l; 10 µm). Under our experimental conditions,
soma staining for GAD and glycine in the LSO
neurons is not shown as clearly as that for the
presynaptic boutons. Staining and image-
capturing conditions were optimized for
visualization of boutons.
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and β3 shows a parallel decline over this period8. Expression of the
glycine α1 receptor subunit increases markedly over the first 
2 weeks10, replacing the neonatal (presumed α2) receptor isoform.
This subunit switch is likely to contribute to the briefer decay times of
glycinergic mIPSCs over the course of development25. The increased
amplitude of glycinergic mIPSCs could also reflect changes in sub-
synaptic receptors, although we did not observe any developmental
change in the amplitude of responses to exogenous glycine.

What could be the functional significance of the switch from
GABAergic to glycinergic transmission? Both GABA and glycine depol-
arize neonatal LSO neurons due to their high intracellular Cl– con-
tent26,27. The depolarizing GABA/glycine responses in the rat LSO
convert to hyperpolarizing responses during the first two postnatal
weeks26. This occurs because, in more mature neurons, the outwardly
directed Cl– transporter, KCC-2, is integrated into the plasma mem-
brane and becomes functional28. The longer-duration GABAergic
responses observed in this study and others9 would be expected to pro-
duce a more prolonged depolarization than glycine would produce,
thereby allowing greater Ca2+ influx. In fact, Ca2+ transients in response
to MNTB stimulation have been observed in rat and mice LSO neurons
during the first postnatal week29. The Ca2+ transients generated by
exogenous GABA were also larger than those generated by exogenous
glycine (although the synaptic Ca2+ transients were similar for
GABAergic and glycinergic inputs)29. GABA-induced membrane depo-
larization in immature neurons has been shown to be important for
neuronal maturation30–32. The aggregation of glycine receptors by
gephyrin, for example, is promoted by Ca2+ influx through channels in
the postsynaptic membrane33. Thus, GABA-induced elevation of Ca2+

might be similarly important for insertion of glycine receptors into the
subsynaptic membrane in developing LSO neurons.

Another possible contribution from the GABAergic inhibition in
the younger rats concerns GABAB receptor–mediated responses. In
LSO neurons from P4–P8 rats, postsynaptic GABAB receptors medi-
ate a form of frequency-dependent synaptic plasticity34,35. Hence
GABAergic neurotransmission may also be important in developing
LSO neurons due to actions via GABAB receptors.

In the adult, the briefer hyperpolarizing responses mediated by
glycine receptors would be more appropriate for accurate processing of
temporal differences in the sound input from both ears. Our results
show that, in addition to synaptic remodeling and changes in postsy-
naptic receptors, changes in the neurotransmitter content of presynap-
tic terminals and their vesicles also contribute to the developmental
switch from GABAergic to glycinergic inhibition in the rat LSO.

METHODS
All experiments were performed in accordance with the Guiding Principles for
the Care and Use of Animals approved by the Council of the Physiological
Society of Japan.

Electrophysiology. Wistar rats, at 1–17 d after birth (P1–P17), were quickly
decapitated under ether anesthesia. Coronal midbrain slices containing the
LSO were made (280-350 µm thickness) as previously described36. The ionic
composition of the internal (patch pipette) solution for the whole-cell record-
ings contained 50 mM CsCl, 30 mM Cs2SO4, 0.5 mM CaCl2, 2 mM MgCl2,
5 mM EGTA, 5 mM TEA-Cl, 5 mM Mg-ATP and 10 mM HEPES. pH was
adjusted to 7.2 with Tris-base. QX-314 (5 mM, Research Biochemicals) was
added to the internal solution to block voltage-dependent Na+ channels. The
external solution for the brain slice recordings contained 124 mM NaCl, 5 mM
KCl, 1.2 mM KH2PO4, 1.3 mM MgSO4, 2.4 mM CaCl2, 10 mM glucose, 24 mM
NaHCO3, and was well-oxygenated with 95% O2/5% CO2.

Single LSO neurons were mechanically dissociated from brain slices, so as to
preserve functional presynaptic nerve terminals15 (Fig. 2a). The internal patch-
pipette solution for these recordings was as described above. The standard

external solution contained 150 mM NaCl, 5 mM KCl, 1 mM MgCl2,
2 mM CaCl2, 10 mM HEPES and 10 mM glucose (pH 7.2). Antagonists and
agonists were applied to acutely dissociated LSO neurons using a Y-tube 
perfusion device37. Neurons were pre-incubated with receptor antagonists for
at least 30 s before recording data or applying agonists.

Spontaneous mIPSCs were acquired using pClamp 8.2 (Axon Instruments)
and analyzed using both pClamp 8.2 and the MiniAnalysis program
(Synaptosoft). Events were detected using an amplitude threshold of 2 pA and
events were further rejected or accepted on the basis of their rise and decay
times. Large numbers of mIPSCs (>200) were obtained from each neuron
recording. mIPSC decay time constants were obtained by fitting a double
exponential function to the mIPSC decay from the time period corresponding
to between 90% and 10% of the peak mIPSC amplitude. Individual events
were fitted (with >150 iterations) to the function: y = y0 + yfast e

(–x/τfast) + yslow

e(-x/τslow). mIPSCs where considered to have a mono-exponential decay when
the relative contribution of one of the exponential distributions was <1%.
Thus, the decision about whether a single mIPSC decayed with a single or dual
components was completely objective. The proportion of GABAergic, glycin-
ergic or mixed mIPSCs, in each recording, was automatically determined from
the distribution of mIPSC decays. Numerical values are presented as means ±
standard error of the mean (s.e.m.).

Post-embedding immunohistochemistry. Rats were deeply anesthetized with
sodium pentobarbital (100 mg per kg body weight) and transcardially perfused
with saline, followed by 15 min perfusion with fixative (a mixture of 2.5% glu-
taraldehyde and 4% paraformaldehyde in 0.1 M phosphate buffer). The brain-
stem was removed and incubated overnight (4 °C) in the same fixative.
Subsequently, small blocks of brainstem, containing the LSO, were treated with
1% OsO4, dehydrated in ethanol and propylene oxide, and embedded in
Durcupan (ACM Fluka). Ultrathin slices were cut and mounted on nickel grids.
Postembedding double immunogold labeling of GABA and glycine was per-
formed as described38. The GABA antibody (1:8,000, gift of O.P. Ottersen,
University of Oslo, Oslo, Norway) was visualized using an IgG coupled to 
20 nm gold particles (GAR 20; 1:20, British Biocell International). The glycine
antibody (1:1,000, Biogenesis) was visualized using a Fab fragment coupled to
10 nm gold particles (GFAR 10; 1:20, British Biocell International). The ultra-
thin specimens were initially incubated for GABA immunogold labeling, fol-
lowed by that for glycine labeling. Specimens were exposed to formaldehyde
vapor for 1 h at 80 °C to avoid any interference between the sequential incuba-
tions. Specimens only stained positive for the 20 nm gold-conjugated particles
when they were incubated with the GABA-specific antibody while the smaller
gold-conjugated particles were only observed when specimens contained the
glycine-specific antibody (Supplementary Fig. 2 online). The specificity of the
antibodies under our conditions was tested39. Brain sections were processed
alongside control sections containing a series of different amino acids gluter-
aldehyde-conjugated to brain macromolecules. For quantification of the
amount of presynaptic glycine and GABA we manually counted the number of
gold particles observed within presynaptic terminals that could be clearly seen to
synapse onto the soma. Many terminals examined contained a low level of stain-
ing for GABA and glycine reactive gold particles (1–4 particles/µm2). A second
population contained a greater density of gold particles (Supplementary Fig. 1
online). The presence of >5 particles/µm2 was the only criteria used to accept
inhibitory terminals for study. To compare particle density across different ter-
minals and specimens, results are expressed as particles/µm2. Three rats from
each age group were used and the specimens derived from rats at the two differ-
ent ages were grouped together. Sections contained terminals that synapsed on
to the soma, or on the larger proximal dendrites.

Immunocytochemistry. Rats were deeply anesthetized with sodium pentobar-
bital (100 mg/kg body weight), and then were transcardially perfused with
phosphate buffered saline (PBS, pH 7.4) followed by a mixture of
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). The brains were left in situ for 1–2 h at room temperature (22–24 °C)
and then were removed from the skull. Small blocks containing the LSO were
separated from the brain and then sliced transversely into 50 µm-thick serial
sections. The thin sections were incubated in 30% sucrose in 0.1 M phosphate
buffer (pH 7.4) for 1 h, and were then freeze-thawed in liquid nitrogen.
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No detergents were used, as they can reduce the degree of glutamic acid decar-
boxylase (GAD) immunostaining. Slices were then incubated overnight in PBS
containing 1% bovine serum albumin and 0.05% sodium azide, before being
incubated in mixture of rabbit polyclonal anti-glycine antibody (1:10,000;
Chemicon) and goat polyclonal S3 antibody against GAD (1:2,000; NIMH
Laboratory of Clinical Science) for 5 d at 20 °C. The S3 antibody recognizes
both GAD65 and GAD67 forms40. After this, the sections were rinsed briefly in
PBS, and then incubated with a mixture of fluorescein isothiocyanate (FITC)-
conjugated donkey anti-rabbit antibody (1:1,000; Jackson Immunoresearch)
and rhodamine red-conjugated donkey anti-goat antibody (1:1,000; Jackson
Immunoresearch) for 3 h. The sections were rinsed briefly in PB, mounted in
Vectashield (Vector Laboratories) and examined with a confocal laser-
scanning microscope (CLSM; TCS-SP2; Leica). Single laser beams, of 488 and
543 nm in wavelength, were alternately focused on to the specimen to collect
fluorescent images for FITC (glycine) and rhodamine red (GAD), respectively.
In the absence of the primary antibodies, only negligible background staining
was observed in the LSO (data not shown), confirming the specificity of our
GAD and glycine immunolabeling.

Note: Supplementary information is available on the Nature Neuroscience website.
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