BIOFILM FORMATION PROCESS

(A)

s o [

12 br

24 hr’

(B) 90

80 r
70 f
60
07
40 F
3 r

Thickness (um)

0 r agggaygation

Biofilm

277

Spotty
aggregation

375+ 10.3 um
(n=10)

48.1 7.6 um
(n=10)

68.7 £ 10.7 um
(n=10)

' i —

0 5 10

15 26 25

Time (hr)

Figure 2. (A) CLSM photographs of vertical section of biofilms on PU at 3, 6, 12, and 24 h of incubations. Bar: 100 pm. (B)
Biofilm thickness was determined by measuring the present images at 3, 6, 12, and 24 h of incubations. Ten vertical lines were
randomly chosen for the analysis of each image. Values are expressed as means = SD.

Protein coating of materials

Round PU sheets were incubated with bovine fibronectin
(Ttoham Foods Inc., Hyogo, Japan), bovine vitronectin (Yagai
Co., Yamagata, Japan), and bovine serum albumin (Itoham
Foods) at 1 mg/mL (0.1%} at 37°C for 24 h. Then, Luria-
Bertani medium containing E. coli (2 X 10° CFU/mL) was
poured over the protein-precoated round FU sheets and
adherence was examined.

Statistical analysis

Statistical analysis was performed with the StatView 5.0
program (Abacus, Berkeley, CA). Data are shown as

means * SD. Statistical analysis was performed by analysis
of variance. Differences at p < 0.05 were considered signif-
icant.

RESULTS

CLSM observation

To observe the 3D structure of the biofilm formed
on the PU film, GFP-expressing YMel was cultured on
the substrate under static condition for up to 24 h.
After gentle washing with PBS, EPS generated during
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Figure 4. Transmission electron microscopic photographs by negative staining. (A) YMel in biofilm at 24 h; (B) YMel in
planktonic state; (C) YMel in biofilm at 24 h with high magnification; and (D) YMel-1 in bicfilm at 24 h. Arrows demonsirate

curli.

orescence intensity remained almost constant, irre-
spective of the inifial cell concentration.

Precoated-protein-dependent bacterial adhesion

To evaluate the effect of precoated proteins on bac-
terial adhesion, YMel was examined on round PU
sheets precoated with the following proteins: fibronec-
tin, vitronectin, and albumin (note that fibronectin and
vitronectin are cell-adhesive, and albumin is non—cell-
adhesive). As shown in Figure 7, for up to 12 h of
incubation, there was a small significant difference in
the number of adherent cells, irrespective of the type
of precoated protein. However, at 24 h of incubation,
the difference in the number of adherent cells was
noted. The highest cell proliferation was observed on
the fibronectin-coated surface, followed by the vitro-
nectin-coated one, the proliferation potential of which
was slightly higher than the noncoated surface; how-
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Figure 5. Correlation between fluorescence intensity and
viable bacterial count in bacterial adhesion study at 24 h of
incubation. The solution containing E. coli detached from PU
sheets was diluted to different concentrations. Values are
expressed as means * SD.
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Figure 6. 'Time-dependent adhesion and proliferation of E.
coli on PU. Initial concentration of bacterial cells: 2 X 10% (4),
2 X 10* (W), 2 x 10° (®) CFU/mL (r = 5). Values are
expressed as means = SD.

ever, there is only a small statistical difference be-
tween them. For the albumin-coated surface, although
its initial adhesion potential is almost the same as that
of the adhesive-protein-coated surfaces, minimal pro-
liferation occured even with prolonged incubation
time.

The curli-deficient mutant strain YMel-1 was used
to determine the role of curli in bacterial adhesion. The
curli-producing strain, YMel, and the curli-deficient
isogenic mutant strain, YMel-1, were examined on PU
surfaces with or without fibronectin coating. The num-
ber of adherent cells, measured by the plate count
method, shows that the adhesion of YMel-1 was less
than that of YMel to both fibronectin-coated and non-
coated substrates. Precoating the PU sheets with fi-
bronectin did not increase the adhesion of YMel-1 (Fig.
8), indicating that curli participate in fibronectin-me-
diated bacterial adhesion.
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Figure 7. Bacterial adhesion to and proliferation on PU
precoated with proteins at 3, 6, 12, and 24 h of incubations
(n = 5). Control is noncoated PU. Values are expressed as
means * SD.
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Figure 8. Bacterial adhesion and proliferation of curli-pro-
ducing strain, YMel, and curli-deficient isogenic mutant
strain, YMel-1 in fibronectin-coated PU and noncoated PU at
24 h of incubation {n = 5). Adhesion was determined by the
plate count method. Values are expressed as means = SD.

DISCUSSION

Bacterial adhesion is an important initial step in
infection at the site of implanted biomaterials, which
often causes life-threatening events in clinical situa-
tions.'? Among bacteria capable of foreign-body-in-
duced infection, E. coli is an important pathogen in the
blockade of biliary stents or urinary catheters. The
understanding of biofilm formation on synthetic bio-
materials and the quantitative detection method for
biofilm are key issues leading to the surface design of
biomaterials with a high antibacterial adhesion poten-
tial. Electron microscopy has been used to examine
biofilms on various materials.’® However, sample
preparation for electron microscopic observation re-
quires sample dehydration, during which biofilms are
often easily collapsed, structurally damaged, or de-
stroyed. These dehydrated samples provide a deceiv-
ingly simplistic view of biofilms.*

To overcome this problem, we utilized fluorescent-
compound-labeled E. coli strains that were frans-
formed with a plasmid harboring the gene encoding
GFP from jellyfish Aequorea victoria as an in situ cell
marker. EPS are mainly responsibie for the morphol-
ogy and function of biofilms, and are considered to be
key components that determine the physicochemical
and biological properties of biofilms."”*® The co-use of
GFP for bacteria and a fluorescent-compound-labeled
marker specific to EPS in CLSM study provides new
insights into the structure and nature of biofilm for-
mation.

In our study, the imaging of 3D fine structures was
acquired using fully hydrated samples for CLSM
without any complex fixation such as the dehydration
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Figure 9. Scheme of time-dependent formation of biofilm architecture.

necessary in electron microscopy. In the early phase [3
h after plating: Figs. 1 and 2(A)}, E. coli YMel emitting
green flucrescence spottily aggregated on the PU sur-
face and then vertically elongated. The number of
aggregates increased with incubation time and scat-
tered EPS-rich domains were observed [Figs. 1 and
2(A)]. Finally, a 3D structure including water channels
was formed. The thickness of the biofilm increased
with time, reaching to several tens of microns at 24 h
after plating [Fig. 2(B}]. The channels as integral parts
of the biofilm structure, which were identified as a
black spotty area at 12 and 24 h of incubations (Fig. 1),
are, in esserce, the lifeline of the system, because they
provide a means of circulating nufrients as well as
exchanging metabolic products such as oxygen.’® In-
terestingly, a dense interpenetrable structure of bio-
film composed of E. coli and EPS, which was observed
as the yellow region in Figures 1 and 2, existed at the
middle part of the thick biofilm. Such time-dependent
morphological events including bacterial adhesion,
the secretion and organization of EPS, colony forma-
tion, and biofilm formation with water channels are
shown in Figure 9.

As for the quantification of E. coli cells in biofilms,
the fluorescence intensity of GFP expressed by ad-
hered E. coli cells, which is directly proportional to the
viable-bacterial count obtained by the plate count
method (Fig. 5), allows us to easily and rapidly deter-
mine the number of adhered E. colf cells as compared
with the conventional plate count method which re-
quires overnight culture to detect colony formation.
The growth rate of the E. coli cells examined for up to
24 h showed that the number of adhered and prolif-
erated E. coli cells increased exponentially with time

up to 12 h, and then appeared to increase at a mark-
edly reduced rate with prolonged time, regardless of
the initial bacterial cell concentration.

Many studies have reported that bacterial adhesion
to and biofilm formation on material surfaces are
affected by the type of protein adsorbed to the sur-
faces.'* > In the present study, three kinds of protein
were preadsorbed: fibronectin and vitronectin as cell-
adhesive proteins, and albumin as a non-cell-adhe-
sive protein. Regardless of the presence or absence
and the type of preadsorbed protein, there was only a
small difference in the number of bacterial adhesion
up to 12 h. Among the proteins tested, only fibronectin
exhibited a markedly high proliferation activity only
at 24 h of incubation, whereas albumin exhibited a
high inhibitory activity against bacterial proliferation
at 24 h of incubation. There is a small difference in
bacterial proliferation activity between the vitronec-
tin-coated and noncoated PU surfaces. This may be
becausge the E. coli YMel does not produce cutli in the
early phase for up to 12 h of incubation but produces
abundant curli (Fig. 4} in the biofilm at 24 h of incu-
bation, although YMel does not produce curli in the
planktonic state at 37°C.** These results are consistent
with the finding by Kikuchi et al:* that curli were
expressed in biofilm after growth at 37°C. Because
curli specifically bind to fibronectin and are associated
with biofilm maturation, curli-mediated biofilm for-
mation occurred on the fibronectin-coated FU surface
with a prolonged incubation time. However, the curli-
deficient isogenic mutant, YMel-1, did not enhance
bacterial adhesion and proliferation on the fibronec-
tin-coated PU surface (Fig. 8).

In conclusion, we developed a novel method of deter-
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mining morphological events during biofilm formation
on synthetic palymers using GFP-expressing E. coli un-
der CLSM observation, without the destruction of very
fragile 3D structures, which may help logical surface
design with a high antibacterial potential.

The authors thank T. Kikuchi, K. Yasutake, E. Koga, and

M. Sato for technical assistance, and T. Kanemaru and A.
Takade for electron microscopic examination.
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Developmental switch from GABA to glycine release
in single central synaptic terminals

Junichi Nabekura->® Shutaro Katsurabayashi®»%, Yasuhiro Kakazu!, Shumei Shibatal, Atsushi Matsubara?,
Shozo Jinno?, Yoshito Mizoguchi!, Akira Sasaki® & Hitoshi Ishibashi'

Early in postnatal development, inhibitory inputs to rat iateral superior olive (LS0) neurens 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 posinatal 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.

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 neurons™,
Postsynaptic clusters of both glycine and GABA 4 receptors appear to
be co-localized at the subsynaptic membrane®* Furthermore,
miPSCs recorded from spinal neurons include both GABAergic and
alycinergic components, suggesting that both GABA and glycine are
co-released from a single synaptic vesicle®®. 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 inhibition?.

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 MSQO neurons,
respectively)®. In the normal development of the anditory system,
inhibitory synaptic transmission in the LSO and MSO changes from
being predominantly GABAergic to being predominantly glyciner-
gic®?. Structural reorganization of the inhibitory synapses between the
medial nucleus of the trapezoidal body (MNTB) and the LSO also
occar throughout development!?, and it is unclear whether this switch
from GABA to glycine occurs via a sefective loss of GABAergic
synapses and an increase in glycinergic synapses, or whether this trans-
rmitter switch occurs at individual synapses. Developmental changes in
receptor subunit expression patterns have been observed in the LSO,
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 (107° M) and APV (10-° M) were added to
the external solution to block glutamatergic responses. In LSO neu-
rons from P2 rats, bicuculline (107> 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 e[PSC was
completely abolished, at all ages, by adding strychnine {10-¢ 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 LSO, although it is virtually completed by
this time for inhibitory inputs to the rat MSO®.

To elucidate the underlying cause of this switch from predominantly
GABAergic to predominantly glycinergic inputs, we concentrated on
the nature of miniatare IPSCs (mIPSCs), which are considered tw be
single quantal events'®!3, We mechanically dissociated LSO neurons
with adherent presynaptic terminals'* (Fig, 2a) and recorded mIPSCs
ata V}; of —60 mV in the presence of CNQX (107 M}, APV (10-5 M)
and tetrodotoxin (TTX; 3 x 1077 M). This preparation allows us to
measure spontaneous synaptic currents under good space-clamp con-
ditions and without complications from other neurons or glia'%, We

iDepartment of Cellular and System Physiology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan. ZDepartment of Developmental
Physictogy, National Institute for Physiclogical Sciences, Okazaki 444-8585, Japan. 3pepartment of Otorhinclaryngology, School of Medicine, Hirosaki University,
Hirgsaki 036-8562, Japan. Department of Anatomy and Neurcbiology, Graduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582, Japan. 5These
authors contributed equally to this work. Correspondence shoutd be addressed to J.M. (nabekura@nips.ac.jp).
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initially pharmacologically isolated GABAergic and glycinergic com-
ponents of mIPSCs in LSO neurons from P67 rats (Fig. 2b, left). In
the presence of bicuculline (5 x 1078 M), glycinergic mIPSCs were
observed with a relatively fast decay time constant (fit from 90~102 of
the mIPSC amplitude, 1y, = 7.2 1.3 ms, mean £ s.em., n = 5 neu-
rons, Fig. 2¢,d). In the same neurons, GABAergic mIPSCs, in the pres-
ence of strychnine (3 x 107 M), were observed with a much slower
decay time constant (Tgapa = 73.6 £ 4.5 ms, n = 5, Fig. 2¢,d). In three
other neurons, the mIPSC decay in the presence of another selective
GABA,, antagonist, SR-95531, was fit with a similar time constant as
observed in the presence of bicuculline {'cgly = §.3 £ 2.2 ms). These
results are consistent with previous reports that GABAergic mIPSCs
are characterized by 2 longer current decay time than are glycinergic
miPSCsH1918 and indicate that the mIPSCs contain both GABA,
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

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 (I mM) was added to the perfusate with 20 mM K* for 3 min, then
washed out with Ca2t-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 pM, glycinergic mIPSC, red,
n=96) from a LSO neuron isolated from a F7 rat. Right, a ‘mixed’ mIPSC
with a decay composed of both fast and slow components, recorded in the
absence of any receptor antagenists in a LSO neuron from a P7 rat.

{c) Distribution of the decay time constants of GABAergic (blue bars,
strychnine 300 nM) and glycinergic m!PSCs {red bars, bicuculline, 5 uM)
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 g and 1, that corresponded to the decay time
constants of the pharmacaologically isolated glycinergic {1gy) and GABAergic
(Taaga) MIPSCs, respectively.

Figure 1 Developmental change in the bicuculline sensitivity of 1PSCs
recorded in LSC 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 rais, in the absence (Cantrol)
and presence of 10°3 M bicuculline (+BIC). We used bictculline rather
than strychnine to discriminate between GABA,, and glycine receptor
responses because the potency of strychnine on muscimol (which affect
GABA, receptors) responses varied during development (unpublished data).
{b} Mean data showing the relative inhibition of elPSCs by bicuculling, in
LSO neurons from different developmental stages (n = 6, respectively}.
Evoked IPSCs were recorded using standard whote-cell patch-clamp
techniques. Yy was O mV. (¢) Inhibition of 10-% M muscimol and 3 x 1075
M glycine evoked responses by 3 x 10-8 and 10-% M bicucufiine, in LSO
nieurons from PO-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 bicucuiline {#n= 5 or 6 in each case). The
relative inhibitory effect of bicucuiiine on GABA, and glycine receptar
mediated rasponses was constant throughout development.

was fit with the sum of two exponentials, a 14, and 1, 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 T,
and T¢ap,, and this excellent agreement between Ty, and Tg,p,, and
between T, and 1,5, was found throughout development. In neurons
from P1-2 rats, Tg,,, was 7.3 £ 3.4 ms {n=5) and Tgy was 8.3 £ 2.5ms
{n = 5), whereas 7, was 84.2 £ 8.5 ms (n = 5) and T, was 92.9 =
10.2 ms (# = 5). In neurons from older rats (P16-17), g, was 3.4 +
14 ms (n = 5) and 1y, was 3.7 = 1.5 ms (r = 5), whereas g, was
42.2 & 6.4 ms (n=35) and Tg,p, was 38.2 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 composition'?,

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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bicuculline, individual mIPSCs which were fit to either gy OF Tyey
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 & 5.296, respectively (Fig. 3b). The remainder of the mIP5Cs had
dual-component decay times (mixed mIPSCs). The incidence of these
mixed mIPSCs was highest at P67 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 (yaps) and
glycinergic (y,,) 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
mIP5Cs would be expected to decrease with age and the glycinergic
component would increase. The absolute amplitude of the glycinez-
gic component increased with age: 15.6 £3.2 pA atP1-2,27.9+3.6

Figure 4 Developmental decrease in the contribution of the GABAergic
component to mixed mIPCSs. () Example of a mixed mIPSC to illustrate
the meaning of y (the peak mIPSC amplitude} and yzaga {the amplitude of
the mIPSC due to the GABAergic component). Individual events were fit
with the double expanential FURCLION: Y= yo+ Vg & C¥H0 4 ) efFtston),
i WIRCN Yiaer aNT Vg Were defined 85 Yo cine 3Nd Ygapa 8NG Their sum as y.
(b} Distribution of ygaga in mixed MIPSCs from typical P& {open bars) and
£16 (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 (Vepga) Of the mixed miPSCs in P16 LSO neurons
was smaller than that in P& LSO neurons. Bin size, 2 pA. {¢) Comparisen of
the mean absoiute peak ampiitude of mixed mIPSCs (y, open bars) and the
mean amplitude of the GABAergic compenent (ygagp. closed bars) in
different age groups. Note the steady increase in y throughout development
and the smaller contribution of ygaps in the P16-17 rats. (d) Relative
contribution of the GABAergic component to the peak amplitude of the
mixed miPSCs (Yeapa’y) at different developmental stapes. Note the
marked decrease in ygaga'y after P67,
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Figure 3 Developmental change in mIPSCs recorded in isciated LSO
neurons. {a) Typical examples of GABAergic, glycinergic and mixed mIPSCs
in a P& LSO neuron. Horizontal bars indicate how the miPSC decay, from
0% to 10% of the peak amplitude, was fit with one or two exponential
functions (see Fig. 2b). The traces were obtained from a P& LSO neuron.
{b) Relative proportion of GABAergic {closed columns), glycinergic (open
columns) and mixed mIPSCs (gray columns) in LSC neurons from P1-2,
P&—7 and P16-17 rats. The proportion of mIPSCs of each type are
expressed relative 1o the total number of mIPSCs recorded in e2ch neuron
{>200 events in each neuron), and are the mean z s.e.m. of results from
1012 neurons in each age group.

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 P67 (12.0 £ 1.5 pA, n = 10),
before declining again in older rats {13.3 £ 1.7 pA at P16-17, 7 = 12,
Fig. 4c). The relative contribution of the GABAergic component to
the total mixed mIPSC amplitude (ygapaly) was not significantly
different between P1-2 and P67 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 zbove 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 GABA,
to glycing®!! with a constant co-release of GABA and glycine
throughout development!®), 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 ¥y of -60 mV of 305 £ 68
PA in neurons from P0-2 rats, 409 38 pA from P7 rats and 364 + 82
pA from Pl4rats (n =5 or 6 neurons at each age). At the same ages the
response to glycine (10~ 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 S Quantitative analysis of GABA and
glycine content in presynaptic terminals using
immunogold staining and electron microscopy.
(a) Typical efectron micrographs of a synapse on
to an L3S0 neuron; in a P8 (left) and P14 {right)
rat. The large (20 nm) goid pariicles indicated
with blue arrow heads are coated with antibodies
specific 1o GABA, whereas the smaller {10 nm}
gold particles are coated with antibodies to

s

Wk, - ;

glycine (red arrowheads). T, presynaptic terminal; L A RS L
S, somna of pastsynaptic cell. (b} Summary of ¥ {20 nm); GABA, ¥ (10 nm); Glycine
group data from the immunogold experiments in b - -

P8 (left) and P14 (right) LSO neurons. Number E 0 D

of GABA-reactive particles/um? in each inhibitory g o 7 4

synapse i3 plotted against the number of glycine- T 30 T 30

reactive gold particlas observed in the same T 20 " % 20

synapse (total number of terminal micrographs £ 40 }’ < o £ 10

cbserved were 58 from three P8 rats, and 80 & obSl_ .o i

from threg P14 rats), Note that all inhibitery

10 20 30 48 50 60 7¢

10 20 30 40 50 60 70

synapses observed contained glycine, but
significant quantities of GABA were only
colocalized in these synapses from the P&
neurons. The number of glycine particles was greater in P14 synapses than
in P& synapses (F < 0.05, unpaired ftest), The specificity of each antibody
was examined using control experiments (Supplementary Fig, 2},

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/um?, 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 Pi4, the
density of glycine-reactive gold particles in a single terminal was 18.6 +
1.5/um? (mean * sen, » = 41), which was significantly Jarger than
observed at P8 (11.8 % 1.2 particles/um?, 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/um? at P8
(n=38) 10 0.9 £ 0.30/jtm? 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 329 (13/41) at
Pi4. 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 stzining {(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-1), similar
changes in the nurnber of GAD- and glycine-reactive puncta are seen,
although several terminals siill showed clear GAD staining even at
P18 (Fig. 6k). This developmental pattern of glycine staining paralleis
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.

GABA {particies/um® J

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 x 107 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 daes not saturate the subsynaptic GABA , receptors. Given that the
concentration of GABA in the synaptic cleft at individual release sites
is typically sufficient to saturate postsynaptic GABA,, receptor clus-
ters in central neurons®®, 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 receptors!i,

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 LS5O dendkrites in the first one or two postnatal weeks is followed
by a refinement of these processes and a loss of synaptic specializa-
tions*?, 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 fisst two weeks®®. 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-
cles?, 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 6 Immunohistechemical staining of GAD
and giycine in the developing LSOC.
Immunoflyorescent doubie-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
(¢,f.i,1). Both lower-magnification images (a-f)
and higher-power images {g-1) from sections from
P5 (a—, g-i) and P18 rats {(d—{, |-1) 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 2 few glycine-pesitive
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-1) reveal that many glycine-positive
puncta are present in the LS0, 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 tow-power images (a-f; 100 um); the scale
bar in g applies to the high-power images

{g-1; 10 um). 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.

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 gland?2%,
A switch from GABA 10 ghycine has already been reported for IPSCs
evoked by stimulation of multiple MNTB inputs®-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 elPSCs 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 nenrotransmitfer 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.

ARTICLES

Morphological changes include extensive remodeling of pre- and
postsynaptic elements. In the first postnatal week, expansion of
MNTR afferents is apparent in the gerbil LSO, and this is followed by
2 more prolonged period (for up to 4 weeks) of refinement and eli-
mination of both the terminal boutons and the LSO dendrites!®1?,
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
rat®, 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 eIlPSCs in the gerbil
oceurs slightly later than observed for rat LSO (Fig. 1) and MSO
inputs®—it is only about 40% complete by P8 (1ef. 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 GABA, 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 weeks?, Antibody staining for GABA,, receptor subunits 2
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and (33 shows a parallel decline over this period®, Expression of the
glycine ol receptor subunit increases markedly over the first
2 weeks!?, replacing the neonatal {presumed 002) receptor isoform.
This subunit switch is likely to contribute to the briefer decay times of
glycinergic mIPSCs over the course of development?®. 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 CI- con-
tent?®”. The depolarizing GABA/glycine responses in the rat LSO
convert t0 hyperpolarizing responses during the first two postnatal
weeks?®, This occurs because, in more mature neurons, the outwardly
directed CI” transporter, KCC-2, is integrated into the plasma mem-
brane and becomes functional®®. The longer-duration GABAergic
responses observed in this study and others® would be expected to pro-
duce a more prolonged depolarization than glycine would produce,
thereby allowing greater Ca®* influx. In fact, Ca®™ transients in response
to MNTB stimulation have been observed in rat and mice L3O neurons
during the first postnatal week?”. The Ca®* transients generated by
exogenous GABA were also larger than those generated by exogenous
glycine (although the synaptic Ca®* transients were similar for
GABAergic and glycinergic inputs)®. GABA-induced membrane depo-
larization in immature neurons has been shown to be important for
neuronal maturation®®32. The aggregation of glycine receptors by
gephyrin, for example, is promoted by Ca®* influx through channels in
the postsynaptic membrane®?, Thus, GABA-induced elevation of Ca®*
might be similarly important for insertion of glycine receptors into the
subsynaptic membrane in developing L3O neurons.

Another possible contribution from the GABAergic inhibition in
the younger rats concerns GABAg receptor-mediated responses. In
LSO neurons from P4-P8 rats, postsynaptic GABAg receptors medi-
ate a form of frequency-dependent synaptic plasticity®*°. Hence
GABAergic neurotransmission may also be important in developing
LSO neurons due to actions via GABAg 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. Coroneal midbrain slices containing the
LSO were made (280-350 wm thickness) as previously described?s, The ionic
composition of the internal (patch pipette) solution for the whole-cell record-
ings contained 30 M CsCl, 30 mM Cs,30,, 0.5 mM CaCl,, 2 mM MgCl,,
5 mM EGTA, 5 mM TEA-Cl, 5 mmM 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 KH;PQy, 1.3 mM MgS0,, 2.4 mM CaCl,, 10 mM glucose, 24 mM
NaHCOy, and was well-oxygenated with 95% (/5% CO,.

Single LSO neurons were mechanically dissociated from brain slices, so asto
preserve functional presynaptic nerve terminals!® (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 MgCl,,
2 mM CaCl;, 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 device®’. 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
(Synaptasoft). 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 (>20G) were obtained from each neuron
recording, mIPSC decay time constanis 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 =y, pp,, €950 4y
et#/%slow) TPSCs 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 duzl
components was completely objective. The proportion of GABAergic, glycin-
ergic ot 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
sodivm pentobarbital (100 mg per kg body weight) and transcardially perfused
with saline, followed by 15 min perfusion with fixative (a mixture of 2.5% gho-
taraldehyde and 4% paraformaldehyde in 0.1 M phosphate bugfer), The brain-
stemn was removed and incubated overnight (4 °C) in the same fixative,
Subsequently, small blocks of brainstem, containing the 150, were treated with
1% OsQ,, dehydrated in ethanol and propylene oxide, and embedded in
Durcupan {ACM Fluka). Ultrathin slices were cut and rounted on nickel grids.
Postembedding double immunogold labeling of GABA and glycine was per-
formed as described®. The GABA antibody (1:8,000, gife of O.F. 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 giycine
antibody {1:1,000, Biogenesis) was visnalized 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 | 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-comjugated particles were only observed when specimens contained the
glycine-specific antibody (Supplementary Fig, 2 online). The specificity of the
antibodies under our conditions was tested®. Brain sections were processed
alongside control sections containing 2 series of different amino acids gluter-
aldehyde-conjugated to brain macromelecules. 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 cleatly seen to
synapse onto the soma. Many terminals examined contained a low level of stain-
ing for GABA and glycine reactive gold particles (14 particles/um?). A second
population contained a greater density of gold particles (Supplementary Fig. 1
online). The presence of >5 particles/im? was the only criteria used to accept
inhibitory terminals for study. To compare particle density across different ter-
minzls and specimens, results are expressed as particles/im?. 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
1o 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 ptrn-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 polydonal anti-glycine antibody (1:10,000;
Chemicon) and goat polyclonal 83 antibody against GAD {1:2,000; NIMI
Laboratory of Clinical Science) for 5 d at 20 °C. The §3 antibody recognizes
both GADES5 and GADS7 forms?0. 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-5P2; Leica). Single laser beams, of 488 and
543 nm in wavelength, were alternately focused on to the specimen to collect
flworescent images for FETC {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: Supplernentary information is available on the Nature Neuroscience website,
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Abstract

A developmental change in GABA and glycine responses, from a depolarization to a hyperpolarization, have been reported for a range of
CNS neurons, and has been demonstrated to be due to a developmental decrease in the intracellular C1~ concentration ([Cl~];). We examined
{Ci~); in isolated rat lateral superior olive (LSO} neurons using patch-clamp recordings of glycine gated Cl™ currents and by measuring
intraceliular Cl™-fluorescence. In neurons from 14-16-day-old rats (P14-P16}, which had previously received unilateral or bilateral cochlear
ablations before the onset of hearing, there was no developmental decrease in [C1™};. No significant differences in [CI~1; were observed amongst
rats with either ipsi- and contralateral ablations. implanted strychnine pellets also prevented the decrease in [Ci~}; in most neurons. In some
of these neurons in which [Cl~}; remained high, there was a lack of expression of the K*—C1~ cotransporter 2 (KCC2) mRNA. These results
demonstrate that the developmental decrease in [Cl™]; in LSO neurons is dependent on neuronal activity and that both GABAergic/glycinergic

and glutamatergic afferent activity contribute to this maturation of the C1~ regulatory mechanisms.
© 2003 Elsevier Ireland Lid and The Japan Neuroscience Society. All rights reserved.

Kevwords: Develepment; Ablation; KCC2; LSO; Auditory brainstem; Perforated-patch clamp; RT-PCR

1. Introduction

Many studies have indicated that excitatory neuromal cir-
cuits can be modified by sensory experiences (Wiesel and
Hubel, 1963; Klinke et al., 1999; Rittenhouse et al., 1999,
Di Cristo et al., 2001). There are also reports that inhibitory
circuits are also adversely affected when sensory input is
disrupted. In the visual and auditory systems, for exampie,
deafferentation affects the development of appropriate in-
hibitory neuronal circuits (Hensch et al., 1998; Rajan, 1998;
Mossop et al., 2000; Kapfer et al., 2002).

Deafferentation can also affect the subsequent properties
of synaptic transmission across surviving synapses. At many
immature synapses, activation of GABA or glycine receptor
channels can evoke a membrane depolarization mediated by
CI™ efflux and resulting from a high intracellular C1~ con-
centration ([Cl17];} (Cherubini et al., 1991, Luhmann and

“ Corresponding author. Tel.: +81-92-642-6090;
fax: +81-92-642-6094.
E-mail address: nabekura@physiol2.med kyushu-u.ac.jp (J. Nabekura).

Prince, 1991; Chen et al., 1994; Kaila, 1994; Rohrbough
and Spitzer, 1996; Hollrigel and Soltesz, 1997). With mat-
uration, [C17]; becomes lower, and GABA and glycine typ-
ically cause a Cl~ influx and a hyperpolarization in mature
neurons. Changes in [CI7]; throughout development are
thought to be mediated by a developmental change in Cl1™
transport proteins, which include the Na™—KT—CI~ and
K*—C1~ cotransporters (NKCC and KCC, respectively), and
the C1"-HCO3~ and Na™~C17-HCOQs ™~ exchangers (Kaila,
1994; Payne et al., 2003). Among these CI™ transporters, a
developmental up-regulation of the K™-Cl™ cotransporter
has been suggested to be responsible for the developmental
decrease in [C17); (Rivera et al., 1999; Kakazu et al., 1999).
In the inferior colliculus, bilateral cochlea ablations cause
the reversal potential of evoked inhibitory postsynaptic cur-
rents (IPSCs) to remain at a more depolarized level (Vale and
Sanes, 2000, 2002). The ablations also reduced the ability
of neurons to transport CE~, although the levels of NKCC]
and KCC2 mRNA were unchanged {Vale et al., 2003).
Bilateral ablations also reduced the postsynaptic conduc-
tance change associated with the IPSC, affected presynaptic

0168-0102/$ - see front matter @ 2003 Elsevier freland Ltd and The Japan Neuroscience Society. All rights reserved.

doi: 10.1016/j.neures.2003.10.01 1

170



212 5. Shibaia et al. /Neuroscience Research 48 (20042 211-220

transmitter release and altered excitatory transmission in
the inferior colliculus (Vale and Sanes, 2000, 2002). Just
how deafferentiation leads to these changes is not clear.

The lateral superior olive (I.SO) is the first auditory center
involved in processing. the different sound intensity experi-
enced by the two ears (Sanes, 1993; Koyano and Ohmori,
1996). The LSO receives glutamatergic innervations directly
from the ipsitateral cochlea nucleus, and GABA/glycinergic
inputs from the contralateral cochlear nucleus via the me-
dial nucleus of the trapezoid body (MNTBY (Grothe et al.,
1994; Suneja et al., 1995; Vater, 1995; Winer et al., 1995;
Kotak et al., 1993). Cochlea ablations in the first postnatal
week have been shown to alter the morphology of LSO neu-
rons and their inhibitory inputs {Sanes et al., 1992; Sanes
and Chokshi, 1992). Contralateral cochlear ablation in im-
mature gerbils, as well as in vivo application of strychnine,
both of which should preferentially deafferentiate inhibitory
inputs, disrupts the developmental refinement of LSO den-
drites (Sanes and Takacs, 1993).

In this study, we investigate the effects of auditory experi-
ence on CI~ homeostasis and KCC2 expression, in rat lateral
superior olive neurons. We were particularly interested in
whether just inhibitory input from the contralateral cochlea
was sufficient to sustain the typical changes in [Ci™}; and
TPSCs seen during LSO development. We have also inves-
tigated whether there is any correlation between [CI™]); and
the levels of KCC2.

2. Methods
2.1. Cochlea ablations and hearing tests

Bilateral and unilateral cochlear ablations were performed
at P7. Rats were anesthetized with diethyl ether, and an in-
cision was made just behind the pinna. Under a dissecting
microscope, the middie ear cavity was exposed and the bony
wall of the cochlea was identified. The cochlea was then
carefully destroyed using a needle. Control sham-operated
rats only received the incisions behind the pinna. After su-
turing the incision, we placed the animals on a heating pad
until recovery from anesthesia was complete after which the
pups were returned to their original cages and reared until
P14,

At Pl4, the extent of hearing was tested by measure-
ments of the auditory brainstem response (ABR) (Morishita
et al., 2001). Briefly, rats were first anesthetized with injec-
tion of pentobarbital (60 mg/kg of body mass) and subcu-
taneous needle electrodes were placed at the vertex of the
head, in the right and left retro-auricular region, and in the
pre-sacral region of the rats. The sound stimulus was a 1 ms
burst of 75 dB clicks presented at 5 kHz clicks (duration of
each click was 0.1 ms), delivered to the rats through a probe
designed to fit the external ear canal. For each recording
condition, responses to 1000 bursts of clicks were averaged.
All tests were performed in a soundproof room and the ABR

was recorded with a SYNAX ER1100 system (NEC, Japan).
The sound intensity through the probe was calibrated by
a sound pressure meter (NL-04, Rion). The stimuli were
delivered to control and test rats derived {from the same
litter.

2.2. Strychnine implants

Te pharmacologically block glycinergic inputs, we im-
planted slow release strychnine pellets (i.e. strychnine-rear-
ing). These strychnine pellets {0.05 mg 21-day-release, In-
novative Research of America, Toledo, OH) were implanted
subcutaneously at a posterior mid-dorsal location (Kotak and
Sanes, 1996). Implantations were performed at P3, because
rats suffered from general seizure when pellets were em-
bedded at ages older than P5. After implantation, rats were
returned to their litter.

2.3. Preparation of slices and acute dissociation of LSO
nenrons

Acute dissociation of central neurons was as described
previously (Nabekura et al., 1996). Wister rats between
P0O-P3 or between P14-P16, either with or without cochlea
ablation, or with strychnine pellets, were guickly decap-
itated under ether anesthesia and the brain was rapidly
excised and immersed in ice-cold standard solution (below).
Approximately 400 pm slices were cut using a vibratome
(VT1000, Leica) and incubated in standard solution at
room temperaiure for Th before a single slice was trans-
ferred to a petri dish and observed under the light micro-
scope. Fine glass pipettes were placed on the surface of
the LSO and gently vibrated so as to liberate single, me-
chanically dissociated LSO neurons. The dissociated LSO
neurons were left for about 10min to adhere to the bottom
of the Petri dish before commencing electrophysiclogical
recordings.

2.4. Solutions

The standard solution contained: NaCl, 150 mM; KCl,
5mM; MgCl,, 1 mM; CaClp, 2mM; glucose, 10mM and
HEPES, 10mM (pH = 7.4 with Tris-base). The artifi-
cial cerebrospinal fluid (ACSF) solution contained: NaCli,
124 mM; KCl, 5mM; KHzPO4, 1.2 mM; MgSOy4, 1.3 mM;
CaCl;, 24mM; glucose, 10mM and NaHCOs;, 24 mM
{(pH = 7.45 with 93% O3 and 5% CO,). The pipette solu-
tion for the gramicidin perforated patch-clamp recordings
contained: KCI, 150mM; HEPES, 10mM (pH = 7.2 with
Tris-base). Gramicidin D, purchased from Sigma (USA),
was dissolved in methanol as a 10mg/ml stock solution,
and this stock solution was diluted in the pipette solution to
the given concentration. As the effectiveness of the diluted
gramicidin stock solution gradually declined over time, it
was prepared just before each experiment, and was only
used for up to a maximum of 5 h.
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2.5. Electrophysiological recordings

All electrical recordings utilized the gramicidin per-
forated patch-clamp technique. Membrane currents and
voltages were continuously measured with a patch-clamp
amplifier (EPC-7, List-Electronic), low pass filtered at
1 kHz (FV-665, NF Electronic Instruments), and monitored
on both an oscilloscope (HS-5100A, Iwatsu) and a pen
recorder (RECTI-HORIZ-8K21, Nihondenki San-ei). Data
were simultaneously recorded on videotapes after digital-
ization (at 5kHz) with a PCM processor (PCM 501 ESN,
Nihon Koden}. Patch pipettes were made from glass capil-
laries (outer diameter .5 mm) using a vertical pipette puller
(PB-7, Narishige Scientific Instruments). The tip resistance
was 4-8 M2, Voltage offsets were nulled before formation
of the G2 seal. After making contact with the cell surface,
a G2 seal was established by applying gentle suction to
the patch pipette interior. After the cell attached configu-
ration had been aitained, the pipette potential was set to
—50 and —10mV hyperpolarizing step pulses were period-
ically delivered to monitor the access resistance. The access
resistance typically reached a steady level below 20M&
within 40 min after making the G€2 seal. In all experiments,
75-80% series resistance compensation was employed. All
experiments were carried out at 28-30 °C.

2.6. Drug application

External solutions were applied to single neurons using
a “Y-tube” (Nabekura et al., 1993). Using this technique,
solutions could be completely exchanged within 10-20 ms.

2.7. Drugs

Drugs used in the experiments were gramicidin D
(Sigma, USA), glycine (Kanto, Japan; Tokyo Kasei, Japan),
tetrodotoxin (TTX) (Sankyo, Japan). Final drug concentra-
tions were made up from $tock solutions just before use,

2.8. Optical imaging of intracellular CI~

The highly membrane permeant compound DiH-MEQ,
was produced by reducing MEQ (Fukuda et al, 1998).
Briefly, under protection from light, 5 mg of MEQ was dis-
solved in 100wl of distilled water gassed with 100% N».
The dissolved MEQ was reduced by addition of 15 ul of
12% NaBHi. DIH-MEQ was extracied from the reaction
mixture as a yellow organic layer with the aid of diethyl
ether. This organic layer was dehydrated using 100mg of
MgSQOy4 for 5 min, and the ether was then evaporated under
a stream of 100% N> in a glass test tube. A portion of the
organic extract was dissolved in 15wl of ethyl acetate and
added to the ACSF to yield a final concentration of 740 uM
diH-MEQ.

Neurons were loaded with MEQ by incubating slices with
diH-MEQ (740 uM) in ACSF for 60-90 min. DiH-MEQ is
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Cl™-insensitive, but it is readily loaded into cells where
it is readily oxidized in the cytosol to form MEQ, which
is both Cl™-sensitive and membrane impermeable (Biwersi
and Verkman, 1991). The MEQ remains trapped in the cy-
tosol for several hours. Pre-incubated slices were laid on
the glass bottom of a submerged-type chamber, placed on
a microscope stage and continuously perfused at a rate of
3—4 ml/min with ACSE.

For calibration of MEQ fluorescence we used ACSF solu-
tions containing different CI™ concentrations, in which the
NaCl was replaced with equimolar concentrations of K glu-
conate.

MEQ flucrescence was excited at 330 nm (and emitted at
450 nm) using a Xenon arc lamp (75 W)} and a band pass
filter set. Fluorescence images were obtained using a CCD
camera (Cool Snap cf., Roper Scientific) fitted to an upright
microscope (DIA PHOT 300, Nikon). Images were digitized
on-line, 128 frames being averaged to improve the signal
to noise ratio. Data were analyzed using an image proces-
sor and data analysis software (MetaMorph/MetaVue, Roper
Scientific). The apparent leakage and/or bleaching of MEQ
under the recording conditions described here, was indicaied
by a gradual and linear decline in fluorescence, and was
about 10-30% after 30 min. MEQ fluorescence was mea-
sured in the center of the soma of LSO neurons, once every
6-10s. MEQ fluorescence was normalized to that initially
observed, and plotted against time. Drugs were applied to
the slices by bath perfusion.

2.9. Single-cell multiplex RT-PCR analysis

For harvesting celi cytoplasm for subsequent single-cell
multiplex RT-PCR reactions, 10 pl of the standard pipette
solution was injected Into each patch-clamp pipette. After
completion of the whole cell recording, mild suction was
used to aspirate the contents of the cell into the recording
pipette tip which were then expelied into a microfuge tube.
The harvested cytoplasm was frozen with crushed dry ice
and stored at —30°C for a maximum of 2 days. Several
target sequences were simultaneously amplified from a sin-
gle cDNA synthesis by multiplex PCR with nested primers
(below) and with two rounds of amplification. RT and
first-round PCR reactions took place in the same tube using
a OneStep RT-PCR kit (QIAGEN, GmbH). PCR analysis
was carried out to determine the presence of B-actin and C1~
transport proteins. For the initial RT-PCR, 10 pl of pipette
solution containing the cell cytoplasm was placed into a
thin-walled PCR tube and to this was added 10 pl of Qia-
gen OneStep RT-PCR buffer (5x), 2 ul of Qiagen OneStep
RT-PCR enzyme mix, 0.4 mM of dNTP, 8 units of RNase in-
hibitor {Promega, Tokyo, Japan} and 0.6 uM of each primer,
made up in buffer supplied by the manufacturer and added to
give a final reaction volume of 50 ul. After the RT reaction
at 50°C for 30 min, the first-round PCR was subsequently
performed in the same tube with a 15 min pre-incubation at
95 °C followed by 40 cycles of 30s at 94 °C (denaturation),
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30s at 55°C (annealing), 1 min at 72°C {extension} in
Program Temp Control System (PC-801, ASTEC Co. Lid,,
Fukuoka, Japan). Subsequently, first-round PCR prod-
ucts were diluted 25-fold and re-amplified for 40 cycles
(94°C, 30s; 60°C, 30s; 72°C, 1min) in separate reac-
tions using the internal primer pairs for each template.
The second-round PCR reaction was performed with 5l
PCR buffer (10x), 3mM MgClz, 0.2mM of each dNTP
{Amersham Bioscience, Tokyo, Japan), 1.25 units HotStar-
Taq DNA polymerase (QIAGEN, GmbH) in the buffer
supplied with enzyme and a reaction volume of 50 pl. The
solution containing ¢cDNA products was subjected to 10%
acrylamide gel electrophoresis with ethidium bromide.

2.10. PCR primers

Nested primers used for the PCR analyses were selected
based on the known rat cDNA or genomic sequences and are
listed below. The outside primer pair is listed first in each
case; the size of the final amplification product is shown in
parentheses:

KCC2 (GenBank # U55816, Gillen et al., 1996), 5'-
GATGAAGAAAGACCTGACCA-3/5 -CTGGTTCAAGT-
TTTCCCACT-3' and 5'-CATTCGGAGGAAGAATCCAG-
3/5'-TTTGTTCTTCTGAGCCGCTG-3" (238 bp; 2935-
3172 bp); B-actin (GenBank # V01217, Nudel et al., 1983),
5 -ACACGGCATTGTAACCAACT-3/5"-CATTGCCGAT-
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AGTGATGACC-3' and 3-AGAAGATTTGGCACCACA-
CT-3/5'-CCATCTCTTGCTCGAAGTCT-3' (435 bp).

3. Results
3.1. Developmental changes in [CI™]; in LSO nenrons

In the present study, we used gramicidin perforated
patch-clamp recordings from LSO neurons acutely disso-
ciated from rats aged between PO-P2 and P14-P16. The
gramicidin pore allows permeation of monovalent cations
but does not allow anion permeation and hence the physio-
logical [C1™}; is maintained {e.g., Kakazu et al., 1999). We
measured the tesponse to glycine at different membrane
potentials and considered that Egyy was close to the CI™
equilibrium potential. The intracellular CI™ concentration
(IC17];) could then be estimated using the Nernst equa-
tion {e.g., Kakazu et al., 1999). In neurons isolated from
PO-P2 rats, with a large number of LSO neurons contain-
ing a relatively high [C17};, there was a wide range of
[CI7);, from between about 5—45 mM, with a mean value of
19.6 £ 1.8 mM (n = 37) (Fig. 1Aa). For almost all neurons
from P16 rats, however, [CI™]; was below 10mM with a
mean value of 7.9 &= 0.3 mM, significantly lower than in
the immature neurons (P < (0.01) (Fig. 1Ab). These resuits
show that there is a fall in [C17]; in LSO neurons during

Glycing m==
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i

19

7

{min)

10 13 16

Fig. 1. Developmental increase in K*-dependent Cl~ extrusion in LSO newrons. (A) Distribution of [C17]; in LSO neurons, isolated from PO-F2 rats
(upper, n = 37) and P14-P16 (lowes, n = 37). Note the larger number of neurons with a relatively high [C17); in the PO-P2 neurons, while in P14-P16
neurons [CI™J; was typically below 10mM. (B(a)) K*-dependent Ci~ extrusion in ynature LSO neurons at P[4, ¥y was —50 mV. An increase in Ko
from 5 to 20 mM abolished outward currents, The vertical current transients in current traces are in respense to voltage ramps applied during the glycine
response. (B(b)) [CI™]; in LSO neurons from PO-P2 {open circles) and from P14-P16 rats (filled circles, mean = SE.M., n = 6-12} before, during and

after application of 20 mM [KK¥].
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the first two postnatal weeks, and this results in a switch of
glycine responses from excitatory to inhibitory.

3.2. Regulation of [CI™ ]; by cation-chloride cotransporters
during development

Several studies have demonstrated that the KT—Cl~ co-
ransporter (KCC) plays an important role in this develop-
mental decrease in [CIT];, including in the LSO (Rivera
etal., 1999; Kakazu et al., 1999), We also investigated the in-
volvement of KCC in the present study, by altering its activ-
ity by manipulating the K™ driving force across the plasma
membrane. An increase in the extracellular K+ concentra-
tion (IK*],) is expected to cause a decrease in the ability of
KCC to cotransport C1~ and K from inside cells. We mon-
itored changes in [CI™]; by repetitively evoking glycinergic
currents, which also causes some Cl™ loading into the cell at
a Vg of =50 mV (e.g., Thompson and Gahwiler, 1989; Haas
and Forbush, 1998; Kakazu et al., 2000; Ueno et al., 2002).

In neurons from P14-P16 rats, an increase in extracellu-
lar K* concentration ([K*],) from 5 to 20 mM resulted in a
gradual reduction in the amplitude of outwardly directed fgry
evoked at a Vy of =50 mV (Fig. 1B). During perfusion with
20mM [K*],, [C17); was estimated from Egy to gradually
increase to a significantly higher level than observed in the
presence of 5 mM [K*], (Fig. 1B; n = 5; P < 0.01; paired
f-test). At a Vy of —50mV, Igyy changed from an outward
to an inward current in the presence of 30 mM [K™ ], (data
not shown, see also Kakazu et al., 1999). After [K], was
returned from 20 to 5mM, [C17]; gradually recovered back
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to control values. This result indicates that [K*],-dependent
mechanism plays an important role in extruding CI~ at
P13-P15. In contrast, the initially higher [C17]; in neurons
from PO-P2 rats was less affected by a change in [K*],
(Fig. 1Bb), indicating that this [K¥),-dependent [C1™]; reg-
ulation is not well developed in LSO neurons at this age (see
also Kakazu et al., 1999).

3.3. Auditory activity alters the developmental
changes in [CI™ [;

The hearing ability of rats was tested by recording the
auditory brainstem response. Up until the age of P9, no ABR
was observed in response 10 a 75dB click, as previously
reported (Geal-Dor et al., 1993}. At P14 rats responded to
the 75dB click with a clear ABR (Fig. 2B, upper panel). In
contrast, rats that received bilateral cochlear ablation at P7
showed no ABR at P14-P16 (Fig. 2B, middle panel). In rats
who received a unilateral cochlear ablation at P7, the ABR
in response to a click presented to the ear with cochlear
ablation was diminished in amplitude, but the intact ear still
showed a clear ABR (Fig. 2B, lower panei).

We next addressed the question whether auditory-depen-
dent activity might influence the developmental decrease in
the intracellular C1™ concentration. Bilateral cochlear ab-
lations or sham control operations were performed at P7.
When nevrons were subsequently isolated at P14, a signif-
icantly greater proportion of neurons from the cochlear ab-
lation rats had a high [C17}; when compared to those from
the control rats (P < (.01, Mann—Whitney test)(Fig. 3).

P14-15

Experiments

(A} Birth (P0) P? onsetof*hearing
A
Cochlea ablation [bilateral
ipsilateral
contralateral
(B}
control
bilateral
unilateral

Fig. 2. Effects of cochlea ablation on the avditory brainstem responses. (A) Time line of experimental protocol. At P7, before the onset of hearing
(P10-P12), bilateral or unilateral cochlea ablations, or sham control operations, were performed and auditory brainstern responses {ABR) were obtained
at P14-P15, (B) ABRs recorded from control rats (upper trace), from rats with bilateral ablation in response to input to the left and right ears (center
traces) and from rals with unilateral ablation in response to input to the ipsilateral and contralateral ears (lower traces). No response 10 sound stimuli

applied to a cochlea-ablaied ear were obtained.
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Fig. 3. Intracellytar Ct~ concentration in £SO neurons from P14-P16 rats
with sham and bilateral cochlear ablations performed at P7. Histograms
showing the distribution of [CI™}; in LSO neurons from P14-P16 rats,
with control (shame-operated, A) or bilateral cochdear ablations (B). [C17];
was significant higher in the bilateral ablated rats, with a mean value of
11.6 £ 0.6mM (r = 32) than in the sham control operated rats, with a
mean value of 8.2 £0.2mM (r = 36) (P < 0.01, Mann—Whitney test).

This indicates that the developmental decrease in intracel-
lular C1~ concentration is affected by auditory experience.
On the other hand, [C17); in the bilateral ablation group
(Fig. 3B) was significantly lower than [C17]; in PO-P2 rats
(Fig. 1Aa, P < 0.03), indicating that the developmental
change in [Cl™]; can proceed in the absence of auditory in-
put and is accelerated by auditory experience.

We next investigated whether the ipsilateral auditory input
(which sends glutamatergic afferents to the LSO} or the con-
tralateral auditory input (involving GABAergic and glycin-
ergic afferents) (Kotak et al., 1998) was predominantly re-
sponsible for the effects of the bilateral ablations. We per-
formed unilateral cochlear ablations at P7 and recorded Jgry
in neurons isolated from the ipsilateral or contralateral LSO
at P14-P16. Ablation of either the ipsilateral or contralat-
eral cochlea both significantly affected the normal develop-
mental decrease in [C17]; (P < 0.05 contralateral ablation
versus conirol; P < 0.01 ipsilateral ablation versus control)
(Fig. 4). There appeared to be a larger number of neurons
with [Cl7}; > 15mM in neurons with an ablated ipsilateral
input (Fig. 4), although there was no significant difference
in the [C1™); between neurons with ipsilateral, contralateral
or bilateral ablations.

Finally, we examined the involvement of glycinergic neu-
rolransmission in the developmental decrease in [CI™]; by
using chronic in vivo blockade of glycine receptors with im-
planted strychnine pellets, which has previously been shown
to disturb the morphological development of LSO neurons
(Sanes and Chokshi, 1992). A significantly larger propor-
tion of LSO neurons isolated from strychnine-reared rats
at PI4-P16 had a high [C]7];, when compared to peu-
rons from control rats (Fig. 54, P < 0.05). We also con-
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Fig, 4. Inracellular C1~ concentration in LSO neurons from P14 rats

“with ipsi- or contralateral cochlear ablations performed at P7. Histograms
-showing the distribution of [C1™} in LSO neurons from P14-P16 rats,

with ipsilateral cochlea ablations {A) or contralateral cochlear ablations
(B). For both groups, [C1™]; was significant higher (ipsi- 11.3 £ 0.9 mM,
n = 19; contra- 9.8+ 0.6 mM, n = 23) than in contrel (Fig. 3A) but there
was no significant difference in the [C1~); distribution between the ipsi-
or contralateral ablations.

firmed that strychnine-rearing attenuated the developmen-
tal decrease in [Cl7]; using optical imaging with the CI™
sensitive dye, MEQ (Fukuda et al., 1998). In LSO neu-
rons in slices from P15 control rats, application of glycine
elicited a decrease in MEQ fluorescence, indicating an in-
crease in {C1™}; in response to glycine application (Fig. SA).
In contrast, application of glycine to LSO neurons in slices
from strychnine-reared P15 rats, an increase in fluorescence
was more typically seen in response to glycine, suggest-
ing an efflux of CI™ in response to glycine, consistent with
an elevated initial [C1™]; (Fig. 5B). There was also typ-
ically a lower level of basal MEQ fluorescence in neu-
rons from strychnine-reared rats, as compared to control
neurons, which is also consistent with their higher basal
[CI™ ]

3.4. Developmental changes in KCC2 mRNA expression

Among the various KCC isoforms, KCC2 i3 neuren spe-
cific and changes in its function andfor expression have
been shown io play a major role in the developmental de-
crease of [C17}; (Rivera et al., 1999) and in the diversity
of [CI™}; among neurons from various brain regions (Ueno
et al., 2002). Therefore we performed single-cell RT-PCR
to investigate any developmental change in KCC2 mRNA
expression. We found that every LSO neuron isolated from
P13-Pl6rats expressed KCC2, while only two of seven LSO
neurons from PO-P3 rats expressed KCC2. B-Actin was ex-
pressed at comparable levels in all neurons at both ages. In
an additional set of experiments, we investigated whether
there was a correlation between the [ClJ; concentration es-
timated during gramicidin perforated-patch recordings and
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Fig. 5. Strychnine-reared rats maintain a high intracellular CI~. (A) Distribution of [CI17]; in neurons from P14-PI6 rats in which strychnine pellets were
implanted subcutaneously at a posterior mid-dorsal location at P3. Note the greater number of neurons with high [C1™]; (11.1+ 1.1 mM, n = 18) than in
the cochlear ablated experimental groups (Figs. 4 and 5A). (B) Effects of glycine on MEQ fluorescence in neurons from control (a) and strychnine-reared
{b) rats. A decrease in fluorescence indicates an inerease of {C1™} and occurs in respense to glycine in sham-operated control rat neurons (a). In contrast,
in some neurons from strychnine-reared rats, there was an increase in fluorescence (i.e., a decrease in {CI™}) due to their higher resting [Cl™]; (b).

KCC2 mRNA expression in the cytoplasmic constituents to an up-regulation of KCC2 expression, causing increased

harvested from the same cell. K*-dependent C1~ extrusion and a developmental decrease
In three LSO neurons isolated from PO-P2 rats, KCC2 in [CI7}.

mRNA expression was only detected in the cell with the low-

est [C1™];, which was about 14 mM (Fig. 6). All three neu-

rons isolated from P14--P16 rats had [Cl~); about 10 mM or 4. Discussion

less, and all showed clear KCC2 mRNA expression (Fig. 6).

We also performed combined RT-PCR and [Cl™]; measure- In the present study, we have confirmed that there is a
ments on single LSO neurons isolated from P14-P16 rats developmental decrease in [C1™); in LSO neurons, and that
with previous cochlear ablations. In two neurons that had this change is promoted by auditory-experience and seems
received bilateral cochlea ablations, {C1™]; was maintained to involve, at least partly, activation of glycine receptors.

at a relatively high value and no KCC2 mRNA expression
was observed (Fig. 6). In neurons from P14-P15 rats which 4.1. Developmental changes of [CI™ }; and CI~ regulators
had received either ipsilateral or contralateral ablations at

P7, there was a good correlation between KCC2 mRNA ex- In many immature neurons, GABAa and glycine
pression and [Cl7];. with only those neurons with [CI™Y); receptor-mediated responses are depolarizing and excita-
below about 15 mM showing any KCC2 mRNA expression. tory, and this is due to a high [CI™]; in immature neurons.
This result suggests that activity in auditory afferents leads While a developmental decrease in [C1™]; has been widely
P0-3 P14-16 P14-15 P14-15
control

Bilateral ope Ipsi. ope

KCC2

B actin [ H HHH H

[CI}mm32 14 28 6 & 11 23 21 10 8 8 18 14

Fig. 6. KCC2 mRNA expression in single LSO neurons. Relationship between [Cl™]); and the presence of KCC2 trapscripts in individual LSO neurons
from PO-P3 rats (left panel), from control P14-P16 rats {second panel from left) and from P14—P16 rats with previcus cochlea ablations (right panels).
KCC2 mRNA expression by single-cell RT-PCR was correlated with [CI™]; from the same cell. For LSO from PO-P3 rats, and for rats with previous
bilateral, contralateral or ipsilateral ablations, KCC2 mRNA expression was only observed in those newroas in which [CI™]; was quite high, KCC2
expression was robust in all P14-P16 conirol acurons. B-Actin was expressed in all neurons.
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reported in neurons, there is not complete consensus as
to the underlying mechanisms, and particularly how KCC
contributes. In the hippocampus, an up-regulation of KCC2
mRNA correlates well with the developmental decrease in
[CI7]; (Rivera et al., 1999; Gulyas et al., 2001). Devel-
opmental increases in KCC2 expression levels have also
been reported for the rat neocortex (Clayton et al., 1998;
DeFazio et al., 2000) and the rat retina (Vu et al., 2000).
Conversely, KCC2 expression levels are down-regulated
following axotomy (Nabekura et al., 2002) and seizures
{Reid et al., 2001); both of these events are also associated
with increases in [C17];. Difference in the levels of KCC2
expression berween motor neurons and sensory deurons are
also well correlated with their [C17]; (Ueno et al., 2002).
Hence a number of studies support an increase in KCC2
expression levels as a significant cause of developmental,
pathological and random variations in neuronal [C1™};. On
the other hand, however, KCC2 is reported to be already
expressed in tmmature hippocampal neurons (Kelsch et al.,
2001), in inferior colliculus neurons (Vale et al., 2003) and
in LSO neuron (Balakrishnan et al., 2003) although, for
reasons not yet clear, it does not seem to function effec-
tively in extruding C1~ at this developmental stage (see
also Fig. 1, Kakazu et al., 1999). Our results suggest that
KCC2 mRNA levels are too low to detect in many neonatal
LSO neurons but becomes detectable in all neurons by 2
weeks after birth, a time when [C17); is reduced (Fig. 6A).
Our results also indicate some heterogeneity in the develop-
mental changes in CI™ homeostasis, with KCC2 expression
and low [Cl™}; being observed in some neonatal neurons
(Fig. 1).

Several reports indicate that neuronal activity is involved
in the developmental and pathological regulation of CI7.
In cultured hippocampal neurons, activation of GABA, re-
ceptors, but not glutamate receptor activation, promotes the
increase in KCC2 mRNA expression and the associated de-
crease in [CI7); (Ganguly et al., 2001). Deafferentation of
gerbil inferior colliculus neurons (by bilateral cochlea ab-
lation) at least partially prevents the typical developmental
shift in the equilibrium potential of TPSCs to more hyper-
polarized potentials (Vale and Sanes, 2000). The relatively
depolarized IPSC reversal potential in the ablated gerbils
was due 1o a lack of C1™ transport function rather than any
change in expression levels of KCC2 or NKCC1 (Vale et al.,
2003). In our experiments, bilateral cochlear ablation also
disrupted the normal developmental change in [C17];, this
is likely to be due to reduced LSO neuronal activity. Prior
to the onset of hearing (which occurs around P10-PI2 in
rats), activation of CI~ channels induces neuronal depolar-
ization in the LSO (Kandler and Friauf, 1995), due to the
high [C17}; (Kakazu et al., 199%; Ehrlich et al., 1999). Our
results are consistent with the hypothesis that this depolar-
izing afferent input, and the resulting membrane depolariza-
tion, are important in the development of KCC2 expression
and C!I” homeostasis. A similar disruption to CI™ regula-
tion was observed with either chronic strychnine treatment,

ipsilateral ablation (causing predominantly a Joss of gluta-
matergic afferents) or contralateral ablation (causing loss of
GABAergic/glycinergic afferents). This suggests that both
neurofransmitter systems can contribute to the changes in
[CI™};., possibly reflecting their common ability to excite
LSO neurons. Alternatively, ipsilateral ablation might also
indirectly reduce GABAergic/glycinergic inputs to the LSO
neurons, e.g., by decreasing excitatory input to local in-
terneurons. This would be more consistent with the obser-
vation that activation of GABA,4 receptors, but not gluta-
male receptors, coniributes to enhanced KCC2 expression
(Ganguly et al., 2001).

4.2. Changes in the auditory brain stem with
development

The LSO receives excitatory projections driven by sound
input into the ipsilateral ear, and inhibitory projections driven
by the contralateral ear. We show here that these inputs are
required for development of CI™ homeostasis. While this
may be associated with inhibitory synaptic transmission, a
number of other changes are occurring around the time when
rats and gerbils acquire hearing ability (between P10 and
P14). During the first 2 weeks after birth, massive synapse
remodeling takes place within the LSO that is associated
with changes in both morphology and function. Around the
onset of hearing, there is a refinement of inhibitory affer-
ent arborizations and the LSO dendrites that they innervate
{(Sanes and Friauf, 2000), including elimination of GABAer-
gic/glycinergic inhibitory inputs (Kim and Kandler, 2003)
and a change in the nature of the major inhibitory neuro-
transmitter from GABA to glycine (Kotak et al., 1998).

Several reports-also suggest a role for afferent activity in
these developmental changes. Removing the cochlear in the
first neonatal week disturbs these refinements of axonal and
dendritic morphology at inhibitory synapses (Sanes et al.,
1992: Sanes and Chokshi, 1992). Contralateral cochlear ab-
lation in immature gerbils, as well as in vivo application
of strychnine, disturbs the refinement of dendritic spread of
LSO neurcns (Sanes and Takacs, 1993).

Our present study provides evidence that another crucial
change in 1L.SO physiology, i.e., alterations in CI™ regula-
tion, is also dependent on hearing experience. Sound affer-
ents from the both the ipsilateral and contralateral ears are
important in the maturation of [CI™); homeostasis in LSO
neurons, possibly due to their common depolarizing effect.
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