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Synapse elimination and strengthening are central mechanisms for the developmental organization of
excitatory neuronal networks. Little is known, however, about whether these processes are also
involved in establishing precise inhibitory circuits. We examined the development of functional
connectivity before hearing onset in rats in the tonotopically organized, glycinergic pathway from the
medial nucleus of the trapezoid body (MNTB) to the lateral superior olive (LSO), which is part of the
mammalian sound localization system. We found that LSO neurons became functionally disconnected
from [75% of their initial inputs, resulting in a two-fold sharpening of functional topography. This was

accompanied by a 12-fold increase in the synaptic conductance generated by maintained individual
inputs. Functional elimination of MNTB-LSO synapses was restricted to the period when these
glycinergic/GABAergic synapses are excitatory. These results provide new insights into the mechanisms
by which precisely organized inhibitory circuits are established during development.

Elimination and strengthening of excitatory synaptic con-
nections by spontaneous or experience-evoked neuronal
activity are critical steps in the developmental organization
and fine-tuning of neuronal circuits!~”. However, direct evi-
dence for the involvement of synapse elimination/strength-
ening in the formation of organized inhibitory circuits has
remained largely elusive. Most cellular mechanisms and mod-
els thought to mediate synaptic plasticity and reorganization
depend on the depolarizing and spike-eliciting effects of exci-
tatory synapses, effects that generally are not associated with
inhibitory synapses.

Compared with the clear organization that is present in
topographically organized excitatory pathways, the detailed
anatomical organization of most inhibitory circuits is obscure.
In most brain areas, inhibition is generated by local inhibitory
networks, which are composed of anatomically and function-
ally distinct local interneurons. This organization represents a
major obstacle for specific experimental manipulations and the
developmental analysis of inhibitory circuits. Thus, despite
accumulating evidence for plasticity and developmental changes
in global levels of inhibition®~1% and its further influence on
excitatory plasticity! =13, interpretation of these changes at the
level of specific inhibitory connections has been difficult.

To date, perhaps the best evidence in support of spatial fine-
tuning of inhibitory networks comes from studies of the devel-
oping auditory system!'4~1°. In mammals, evidence from two
sound localization circuits has demonstrated the presence of
specific reorganization of inhibitory connectivity. In the medi-
al superior olive of gerbils, anatomical analysis shows an
activity-dependent cellular redistribution of glycinergic synaps-
es, a process that is thought to be important for processing
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interaural time differences in this species!®. In the lateral supe-
rior olive (LSO), pruning of immature glycinergic/GABAergic
axon terminals and refinement of LSO dendrites support the
hypothesis that elimination of inhibitory synapses sharpens
inhibitory connectivity”’ls. It remains unclear, however,
whether and to what degree these anatomical changes reflect
the reorganization of an operative inhibitory network rather
than the structural elimination of exuberant (and perhaps non-
functional) immature synaptic contacts or axonal processes.

Here we investigated the emergence of a precisely organized
inhibitory circuit by analyzing functional connectivity and
synaptic properties of MNTB-LSO connections in developing
rats before hearing onset. Neurons in the MNTB are glyciner-
gic in adult animals and glycinergic/GABAergic during devel-
opment!'®!® and give rise to a purely inhibitory and precisely
tonotopically organized pathway to the LSO'®2° (Fig. 1a). The
MNTB-LSO pathway carries auditory information from the
contralateral cochlea. The frequency-specific alignment of this
inhibitory pathway with excitatory inputs from the ipsilateral
cochlea provides the neuronal basis for encoding the inter-
aural intensity differences used for sound localization?!. Our
results indicate that the establishment of the functional topog-
raphy of the MNTB-LSO pathway is accomplished by exten-
sive, but specific, elimination of functional glycinergic/
GABAergic synapses and by an increase in the synaptic con-
ductance elicited by maintained connections. Notably, func-
tional elimination of MNTB-LSO connections takes place
while these connections are excitatory, lending support to the
hypothesis that the transient excitatory action of immature
inhibitory synapses is an important mechanism for organiz-
ing the development of inhibitory circuits.
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Whole-cell patch-clamp recordings were obtained from visually
identified principal neurons in the LSO in brainstem slices
(Fig. 1)1722. To determine the spatial distribution of presynaptic
MNTB neurons, 80—120 discrete locations spaced [50 pJm apart
were stimulated in the MNTB using focal photolysis of caged glu-
tamate (Fig. 1b and c)?. Detection of weak glycinergic/GABAergic
connections was enhanced by increasing the driving force for chlo-
ride to about —50 mV while blocking postsynaptic action poten-
tials (5 mM QX314 in the pipette solution). Under these
conditions, stimulation of glycinergic/GABAergic MNTB neurons
evoked depolarizing postsynaptic potentials (PSPs, Fig. 1b, inset)
or inward postsynaptic currents (PSCs). Consistent with the
glycinergic/ GABAergic nature of the immature MNTB-LSO path-
way!®24, synaptic responses were abolished by bicuculline (10 pM)
and strychnine (10 pM) (data not shown). At all ages, the rever-
sal potential of MNTB-evoked responses was about —20 mV, close
to the calculated value of the chloride reversal potential.

To confirm that functional MNTB-LSO connectivity, as
revealed by uncaging glutamate, indeed reveals direct anatomical
MNTB-LSO projections, MNTB neurons were filled with bio-
cytin, and their axonal termination pattern in the LSO was deter-
mined (n = 10; Fig. 1c and d). MNTB neurons located inside the
functionally connected area formed axon terminals that closely
intermingled with the dendritic tree of the postsynaptic LSO neu-
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Fig. |. Focal photolysis of caged glutamate in auditory brainstem slices
reveals functional GABAergic/glycinergic connections in the
MNTB-LSO pathway. (a) lllustration of afferent connections to the lat-
eral superior olive (LSO). In adult animals, both inputs converge on sin-
gle LSO neurons in a precise tonotopic manner. The tonotopic
organization of the MNTB-LSO pathway is shown in the enlargement.
(b) Montage of video images taken during a mapping experiment. The
recording electrode (rec) is positioned in the medial limb of the LSO,
and the movable optical fiber (o.f.) is positioned above the MNTB.
Photo inset shows an |R-image of a typical LSO neuron with elongated
cell body and two emerging primary dendrites. The trace inset shows a
synaptic response elicited by uncaging glutamate in the MNTB of a P1 |
animal (flash duration 100 ms, indicated by horizontal bar). Vertical scale
bar, 10 mV. (c) The location and morphology of the recorded LSO neu-
ron in (b) is revealed by biocytin staining. Red circles in MNTB mark
uncaging sites from which PSPs could be elicited in the LSO neuron. For
clarity, non-responding sites in and around the MNTB are excluded. Two
MNTB neurons were filled with biocytin: one within the input map
(arrow) and the other outside the input map. (d) Camera-lucida draw-
ings of biocytin-filled neurons. Notice the close overlap of axonal termi-
nals from the MNTB neuron located inside the input map (red) with the
recorded LSO neuron (green). Additional MNTB axon collaterals are
visible in several other auditory nuclei. Scale bar, 200 pm.

ron. In contrast, axon terminals of MNTB neurons residing in
nonresponsive areas were completely segregated from the den-
dritic trees of recorded LSO neurons (Fig. 1d, blue). Together,
these results support the suitability of our approach to reveal
functional MNTB-LSO connectivity.

Spatial refinement of MNTB-LSO connectivity

To examine the development of the spatial organization of func-
tional MNTB-LSO connectivity, we determined MNTB-LSO
input maps to individual LSO neurons in rats at postnatal days 1
(P1) to P14. In all neonatal animals, PSPs could be elicited from a
large number of MNTB sites that gave rise to wide, dorsoventral-
ly oriented input areas (30,579 + 1,739 pm?, n = 8, P1-P4; Figs. 2a
and b and 3a). On average, these input areas covered about 36% of
the corresponding MNTB cross sectional areas (35.6 + 2.2%,
n = 8; Fig. 3a—c). Input maps were always contiguous, however,
suggesting that at birth, MNTB-LSO connections already show
some degree of topographical organization'®2>,

MNTB-LSO input areas from animals around hearing onset
were markedly smaller than those from neonatal animals
(10,988 + 1,668 pm?, n = 15, P11-P14, P < 0.001, Student’s
t-test; Figs. 2c and d and 3a), and gave rise to narrow, general-
ly dorsoventrally oriented maps that on average covered about
8% of the corresponding MNTB areas (8.3 + 1.3%, n = 15;
P11-P14, P < 0.001, Student’s t-test; Fig. 3a—c). Thus, during
the first two postnatal weeks, normalized MNTB input areas
decreased by about 75%. Elongated input maps observed
around the time of hearing onset were oriented perpendicular
to the mediolateral frequency axis in the MNTB2® and thus fol-
lowed isofrequency contours (Fig. 2c and d).

To quantify the sharpening of MNTB-LSO input maps in terms
of refinement along the tonotopic axis, we measured the width of
maps along the mediolateral MNTB axis (input width). During
the first two postnatal weeks, absolute and MNTB-normalized
input width decreased by about 50% (absolute width: P1-P4, 113.7
+5.2 pm, n = 8; P11-P14: 62.6 £ 3.8 yum, n = 15; P < 0.001, Stu-
dent’s ¢-test; normalized width: P1-P4, 27.9%; P11-P14, 12.4%;
Fig. 3d—f). Thus, spatial refinement of the MNTB-LSO pathway
resulted in a two-fold sharpening of the topographic organization
in the frequency domain, rather than a general reduction of con-
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Fig. 2. MNTB-LSO input maps from a P3 (a, b) and a P14 rat (c, d). (a) Location of unresponsive (open circles) and responsive (colored circles) stim-
ulation sites are overlaid onto a video picture of the MNTB (outlined in black). Responsive areas are color-coded according to peak amplitudes of
postsynaptic LSO responses. Examples of synaptic responses elicited from three locations (marked with x) are illustrated in the lower traces.
(b) Interpolated 3-D plot of input areas. The size of the MNTB is scaled to match the size at P14 (d). (c, d) MNTB-LSO input map from a P4 rat.

Scale bars (a, c) are 100 pm.

nectivity over the entire map. This frequency-specific sharpening
of functional MNTB-LSO connectivity occurred mainly between
P3 and P8 and was essentially complete at P9, about 3-5 days
before hearing onset (Fig. 3b and e).

These conclusions depend on two premises: first, that the effi-
cacy of uncaging glutamate remains constant from P1 to P14,
and second, that uncaging glutamate at younger ages does not
activate polysynaptic pathways from the MNTB to the LSO.
Mpyelination of afferent and efferent fibers in the MNTB, how-
ever, could increase scattering of ultraviolet (UV) light and thus
affect the amount of free glutamate uncaged in the tissue. In addi-
tion, maturation of glutamate receptors and membrane proper-
ties of MNTB neurons?’ may alter the responses of MNTB
neurons to a given concentration of uncaged glutamate. To
address these issues, we determined the effective resolution of
glutamate uncaging in the MNTB of neonatal (P2-P3) and older
animals (P12-P13) by directly recording responses of MNTB
neurons to uncaging glutamate nearby. UV flashes aimed
directly at the cell body readily elicited action potentials at all
ages (Fig. 4a). In neonates, responses consisted of only one or
two slow action potentials, whereas trains of fast action poten-
tials occurred in older animals. The bursts of action potentials
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in older MNTB neurons should ease the detection of functional
connections, tending to increase, rather to decrease, the size of
input maps (See also Supplementary Figs. 1 and 2).

Uncaging glutamate at some distance from the cell body pro-
duced subthreshold depolarizations or no responses (Fig. 4a).
Because only spiking MNTB neurons generate synaptic
responses in LSO neurons, we determined uncaging resolution
as the maximum distance from the cell body at which UV flash-
es elicited spikes. Along the mediolateral axis, this distance was
about 25 pm and was equivalent in neonatal and older animals
(P2-P3,26.5+ 2.0 um, n = 8; P11-P13, 23.8 £ 1.5 pm, 1 = 6;
P > 0.3, Student’s t-test; Fig. 4b). Along the dorsoventral axis,
however, the distance was approximately twice as large in neona-
tal animals as in older animals (P2-P3, 48.4 + 11.2 um, n = 8;
P11-P13,21.4 £ 1.4 pm, n = 6; P < 0.05, Student’s ¢-test). The
decrease of spike-eliciting distance along the dorsoventral direc-
tion may reflect increasing myelination of horizontal fibers, which
would restrict diffusion of glutamate in the dorsoventral direc-
tion, or it may reflect developmental changes in the physiological
or morphological properties of dendrites of MNTB neurons.

The age-dependent change in resolution along the dorsoven-
tral axis could produce an overestimation of input areas in younger
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Fig. 3. Age-dependent decrease in the size and width of MTNB-LSO input maps. (a—c) Changes in input areas. (a) MNTB-LSO input areas (filled circles)
and MNTB cross-sectional areas (open squares) as a function of age. (b) Input areas normalized to the corresponding MNTB cross-sectional area.
(c) Normalized input areas in newborn and 2-week-old animals (P1-P4, n = 8; PI 1-P14, n = I5; P < 0.001; Student’s t-test). (d—f) Extent of input maps
along the tonotopic axis in the MNTB (input width). (d) Absolute input width (filled circles) and mediolateral extension of the MNTB (open squares) as
a function of age. (e) Input width normalized to corresponding MNTB width. (f) Normalized input width in newborn and 2-week-old animals (P1-P4,

n=8;Pl1-Pl4,n=15; P <0.00l; Student’s t-test).

animals because of the possible ‘filling in” of small MNTB areas that
in fact are not connected to the recorded LSO neuron. However,
because uncaging efficacy along the mediolateral axis remained sta-
ble, our measurements of input width are not affected by matura-
tion of the MNTB. Using the 50% decrease in input width (Figs. 2
and 3d-f) as a conservative estimate, we conclude that individual
LSO neurons become functionally disconnected from at least 50%
of their initial presynaptic MNTB partners.

Developmental changes in stimulus-response functions
A parsimonious explanation for the observed topographic sharp-
ening is that it reflects the selective elimination of topographi-
cally exuberant connections. Alternatively, at these early
developmental stages, topographic reorganization of MNTB-LSO
connectivity might be caused by concentrating initially dispersed
MNTB neurons with similar ‘tonotopic identities’ into LSO
‘isofrequency stripes’ In addition, our mapping studies cannot
address the question of whether elimination of inappropriate
connections is counterbalanced by the formation of new con-
nections from topographically appropriate areas.

To address these issues, we analyzed synaptic responses to elec-
trical stimulation of MNTB inputs while blocking potential con-
tamination of postsynaptic currents by glutamatergic inputs!®2*
with kynurenic acid (1 mM). The maximum synaptic peak current
at saturating stimulation intensities (see Methods) increased more
than threefold during the first two postnatal weeks (P1-P5,

Fig. 4. Spatial resolution of uncaging glutamate during MNTB matura-
tion. (a) Responses of a P3 and a PI1 MNTB neuron to photolysis of
caged glutamate. At both ages, stimulation sites that elicit action poten-
tials (filled red circles) are restricted to the immediate vicinity of the cell
body at the tip of the recording electrode (rec). Stimulation sites at
greater distances elicit subthreshold membrane depolarizations (black
filled circles) or no responses (open yellow circles). D, dorsal; M, medial.
Scale bar, 100 pm. (b) Maximal dorsoventral and mediolateral spike-
eliciting distance (P2-P3,n = 8; P 1-P13, n = 6).
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1.4 +£0.33 nA, n = 16; P9-P14, 4.5 £ 0.54 nA, n = 18; P < 0.01,
Student’s t-test; Fig. 5a). These results indicate that the elimination
of MNTB-LSO connections is either outweighed by the forma-
tion of new connections or counteracted by an increase in the
synaptic conductance elicited by maintained connections.

To distinguish between these possibilities, we estimated the
number of MNTB axons that converge on individual LSO neu-
rons by gradually increasing electrical stimulus intensities. Small
increments in stimulus intensity gradually recruit more fibers,
and the number of discrete response amplitude increments should
provide a lower estimate of the number of converging fibers’ 28,
In all LSO neurons recorded from neonatal animals (P1-P5,
n = 16), PSC peak amplitudes smoothly increased as a function
of stimulus intensity (Fig. 5b). This is consistent with the idea that
at this early age, LSO neurons are innervated by a large number
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Fig. 5. Number of inputs to LSO neurons declines postnatally.
(a) Maximal synaptic peak currents in PI-P5 (n = 16) and P9—P14 ani-
mals (n = 18). (b) Stimulus—response relationship in a P3 neuron. Left,
superposition of synaptic currents elicited by electrical stimulation of
the MNTB axon bundle with intensities between 30 PA and 500 pA.
Right, plot of synaptic current peak amplitudes versus stimulus intensi-
ties reveals a smooth stimulus—response relation. (c) Stimulus-response
curve relationship in a P12 neuron. Left, superposition of synaptic cur-
rents elicited by electrical stimulation with intensities between 30 pHA
and 120 pA. Right, plot of synaptic current peak amplitudes versus stim-
ulus intensities reveals three pronounced increments. Dotted lines indi-
cate medians for each step as derived from cluster analysis. Recording
solution contained the L-type calcium channel antagonist D600 (I mM).
(d) Histogram of number of response steps (number of non-zero clus-
ters) identified in 18 neurons from P9—P14 animals.

of MNTB axons, each of which contributes only a small fraction
to the total postsynaptic current. In contrast, in all neurons
recorded from older animals (P9-P14, n = 18), PSC amplitudes
increased in discrete steps in response to increasing stimulus inten-
sities (Fig. 5¢). The beginning and end of different response steps
usually overlapped, consistent with the stochastic nature of fiber
recruitment at threshold intensities. The number of amplitude
steps, as determined by cluster analysis (Methods), varied between
1 and 4 (average 2.6 £ 0.2, n = 18), with 50% of neurons show-
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Fig. 6. Response steps are not caused by activation of postsynaptic
voltage-gated ion channels. (a, b) Response steps occur during voltage-
inactivation of postsynaptic voltage-gated ion channels. (a) Synaptic cur-
rents ina Pl | LSO neuron alternately held at =70 mV (inward currents)
or +30 mV (outward currents). Membrane potential was changed to
+30 mV 1.2 s before electrical stimulation. (b) Corresponding stimulus—
response curve. Notice the presence of response steps around 80 and
150 YA at each holding potential. Dotted lines indicate medians for each
cluster. (c, d) Activation of postsynaptic GABA receptors by rapid pho-
tolysis of caged GABA produces smooth stimulus—response curves.
(c) Overlaid postsynaptic currents elicited by gradually increasing UV
flash durations from 5 ms to 100 ms. (d) Peak responses vary smoothly
as a function of flash duration. V}, ;4 = =70 mV.

ing three response steps. These results are consistent with the idea
that around the time of hearing onset, LSO neurons are con
tacted by only a few MNTB fibers, each of which generates large
PSCs. It should be noted, however, that the number of converging
fibers probably represents a lower bound due to the severance of
some fibers during slice preparation. Nevertheless, these results
support the idea that functional elimination of MNTB-LSO con-
nections during topographic sharpening is paralleled by an
increase in the synaptic conductances generated by single fibers.

During the first two postnatal weeks, LSO neurons undergo
maturation both in dendritic complexity and in active and pas-
sive membrane properties'”2°, This could complicate the inter-
pretation of step-like responses in older LSO neurons if these steps
resulted from the activation of dendritic voltage-gated currents
that escaped voltage-clamp. Several observations, however, argue
against this possibility. First, discontinuous stimulus—response
curves were readily observed when Na*-channels and L-type Ca®*-
channels were blocked by the inclusion of QX314 (5 mM) and the
L-type calcium channel antagonist D600 (0.1 mM) in the pipette
solution (QX314, n = 18; QX314 + D600, n = 9; example shown
Fig. 5¢), and there was no difference in the number of steps
recorded in neurons with QX314 + D600 (2.7 = 0.3, n = 9) ver-
sus QX314 alone (2.6 £ 0.3, n=9). Second, discontinuous
stimulus—response functions were also obtained when voltage-
gated membrane currents were inactivated by holding neurons at
positive membrane potentials (+30 mV, n = 4; Fig. 6a and b) and
all steps observed at =70 mV were also observed at +30 mV
(2.5 £ 0.3 steps for both holding potentials, # = 4). Finally, direct
dendritic application of GABA by focal photolysis of caged GABA
(BC204, 200 pM) produced smooth stimulus—response curves
despite the fact that the same neurons produced step-like response
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Fig. 7. Minimal stimulation of MNTB inputs. (a—c) Synaptic responses in a P3 neuron. (a) Superposition of 250 consecutive currents. (b) Plot of peak
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increments with synaptic stimulation (1 = 2; Fig. 6c and d). We ~ most likely reflecting the decrease in the GABAergic component
therefore conclude that the step-like response increments observed ~ over this developmental period!®!. The average single-fiber

at older ages reflect activation of additional fibers rather than acti-  response was 57 = 10 pA in P1-P5 animals and 719 134 pA in
vation of postsynaptic active membrane conductances. P9-P14 animals (P < 0.01; Student’s ¢-test). Thus, synaptic cur-

rents generated by single MNTB fibers increased more than
Developmental increase of single-fiber inputs 12-fold during the first two postnatal weeks. There was no corre-
Quantitative measurements of convergence based on stimulus—  lation between rise times and amplitudes of single-fiber currents in

response increments critically depend on the ratio of increment ~ older animals (10%-90% rise times, 0.71-1.47 ms; amplitudes,
size to variability, such that cluster analysis may not detect weak ~ 30.6 pA to 2.4 nA; n = 23; r = —0.08), arguing against the possibil-
contributions. In young animals, all inputs were small relative to ity that the increase in synaptic currents was primarily due to selec-
single-fiber response variability, making it impossible to count  tive somatodendritic relocalization of inhibitory synapses, as occurs
distinct inputs with cluster analysis. in developing MSO neurons in gerbils'>.

We thus estimated the number of converging fibers in neonatal Results from the electrical stimulation experiments allowed
animals by estimating the strength of single MNTB fibers using ~ us to estimate quantitative changes in the MNTB:LSO conver-
minimal stimulation, an approach based on the idea that with stim-
ulus intensities at threshold, only a single fiber is likely to be recruit-
ed?. In all neurons from neonatal animals (P1-P5), minimal
stimulation produced responses with variable amplitude (14—
140 pA, n = 19 cells; Figs. 7a—c and 8a), even when stimulus inten-
sities were decreased to result in failure rates >70% (1 = 3). A like-
ly explanation for these variable amplitudes is that responses are
elicited by individual inputs that form multiple synapses on the
recorded LSO neuron. Minimal stimulation responses in neurons
from older animals (P9-P14) were markedly larger (30 pA to 0.0 01 02 03 0.0 10 20 30
2,400 pA, n = 23 cells; Figs. 7d—f and 8b). In addition, there was Peak amplitude (nA) Peak amplitude (nA)
also a pronounced decrease in the decay times of synaptic currents, d
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Fig. 8. Age-dependent changes in single-fiber strength. (a) Amplitude P9-P14
histogram of average single-fiber responses in neonatal animals (P1-P5,
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gence ratio over the period of spatial refinement. In P1-P5 ani-
mals, total synaptic currents generated by all MNTB axons con-
verging on individual LSO neurons were 1.4 nA (Fig. 5a), and
the average single-fiber response was 57 pA (Fig. 8d). Thus, we
estimated MNTB:LSO convergence ratio in neonatal animals to
be [25:1. In P9-P14 animals, total synaptic currents generated
by all converging MNTB inputs was 4.5 nA, and the average sin-
gle-fiber response was 719 pA, indicating that the estimated
MNTB:LSO convergence ratio around hearing onset is [15:1.
These convergence ratios represent conservative estimates because
some MNTB-LSO connections most likely were severed during
slice preparation and because single-fiber responses are biased
toward higher amplitudes by exclusion of all failures (Methods).
In addition, because of the variable responses encountered in
neonatal animals, some of the larger responses at this age could
reflect the stimulation of more than one fiber, which would result
in a bias toward higher fiber conductances and possible under-
estimation of convergence ratios at this age. Nevertheless, the
reduction in the convergence ratio from 25:1 to 6:1 closely
matches the [175% reduction in the size of MNTB-LSO input
maps. The difference between the 6:1 ratio obtained from mini-
mal stimulation and the 3:1 ratio obtained from cluster analysis
suggests that around hearing onset, LSO neurons on average
receive inputs from about three MNTB fibers that generate large
synaptic currents and three MNTB axons that generate very small
synaptic currents (included in Fig. 8b).

DiscussioN
In the present study, we applied functional mapping with caged
glutamate and electrical stimulation techniques to the developing
MNTB-LSO pathway to shed more light on the events by which
an inhibitory circuit in the mammalian brain becomes organized
during normal development. Our results indicate that specific
elimination of functional connections and an increase in synap-
tic conductances elicited by the remaining connections are two
prominent mechanisms involved in the formation of a tonotopic,
inhibitory map. Synapse elimination is extensive and rapid, as
individual LSO neurons become functionally disconnected from
[75% of their initial presynaptic MNTB partners in only 5-6
days. Concomitant with this elimination process, synaptic cur-
rents generated by maintained connections increase [12-fold.
A surprising finding of our mapping studies is that func-
tional elimination of MNTB-LSO connections occurs primarily
during the first postnatal week (Fig. 3a and e), which is before the
onset of hearing (around P12-P14 in rats)®2. This contrasts with
previous anatomical data showing that tonotopic refinement in
the MNTB-LSO pathway takes place primarily during the third
postnatal week, which is after hearing onset!”"!8. The 50% func-
tional sharpening along the tonotopic axis that we observed before
P8 (Fig. 3f) exceeds the degree of anatomical refinement that takes
place after hearing onset ([B5% sharpening of boutonal spread
along tonotopic axis'®). Thus, precise tonotopy of the MNTB-LSO
pathway apparently emerges via two distinct processes: function-
al refinement during the first postnatal week and structural refine-
ment during the third postnatal week. Delays between functional
refinement and structural refinement have been observed previ-
ously in the developing neuromuscular junction®® and visual cor-
tex**. In these excitatory systems, changes in synaptic transmission
are followed by axonal rearrangement in only one or two days,
whereas in the glycinergic/ GABAergic MNTB-LSO pathway,
synaptic silencing and axonal pruning are separated by about one
week. As a consequence of this long delay, functional and struc-
tural refinement seems to take place during two distinct develop-
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mental periods during which the developing auditory system is
in two fundamentally different physiological stages.

First, synaptic silencing takes place when glycinergic/ GABA
ergic MNTB-LSO synapses are excitatory>>3¢, whereas structur-
al synapse elimination occurs when MNTB-LSO synapses are
inhibitory. As in many other brain areas®’, glycine and GABA in
the LSO gradually change from being excitatory to being inhibi-
tory. In the LSO of rats, this transition is completed by P8, the
age after which functional MNTB-LSO connectivity is stable
(Fig. 3). Such a correlation is predicted by the hypothesis that
the excitatory action of inhibitory synapses is crucial for the devel-
opmental organization of inhibitory networks®’. Consistent with
this, depolarizing MNTB-LSO synapses increase postsynaptic
calcium concentration?, which is an essential step for inducing
plasticity in a variety of glycinergic and GABAergic synapses®’ .
This scenario predicts that formation of early functional topog-
raphy in the MNTB-LSO depends on spontaneous activity and
perhaps synaptic competition, as is the case in a number of exci-
tatory systems®40. The fact that spontaneous activity is necessary
for sustaining functional MNTB-LSO connections before hear-
ing onset*! and that it is a critical factor in the formation and
maintenance of glycinergic and GABAergic synapses in other sys-
tems 31042 is consistent with this idea. Axonal pruning of MNTB
axons during the hyperpolarizing phase!®!%3> most likely involves
a different set of cellular mechanisms that is independent of
depolarization-induced calcium influx*®3°,

Second, because functional elimination of MNTB-LSO
synapses is essentially complete by P8, at least 4 days before hear-
ing onset (Fig. 3), sound-evoked neuronal activity is not involved
in the initial steps of topographic sharpening. This differs from
the prevalent view, based on anatomical observations, that tono-
topic sharpening of the MNTB-LSO pathway takes place pri-
marily in the presence of sound-evoked activity'¢~18. Although
alteration of normal MNTB-LSO activity levels or patterns by
cochlear ablation results in less precise MNTB-LSO connectiv-
ity, it is unknown whether these effects are due to changes in
spontaneous or sound-evoked activity*. For example, normal
auditory experience may guide the structural manifestation of
the functional tonotopic organization of the MNTB-LSO path-
way that is present at hearing onset, or it may reactivate ‘silent’
MNTB-LSO connections** to further fine-tune LSO circuits to
the changing acoustic geometry of the growing head.

The roughly 4-fold decrease in convergence ratio before hear-
ing onset is compensated by a roughly 12-fold increase in the
synaptic conductance generated by individual MNTB axons.
Developmental changes in receptor subunit composition'® or
neurotransmitter phenotype!? are unlikely to account for these
changes because changes in subunit composition have relatively
little effect on channel conductances, which tend to decrease rather
than increase during development*>4°, It is thus more likely that
the increase in synaptic conductance reflects an increase in the
number of release sites, postsynaptic receptors and/or probabi-
lity of release>***7. Homeostatic synaptic scaling, a process by
which the strength of synapses is regulated to counteract changes
in overall neuronal activity®*%, could provide a possible explana-
tion for the increase in synaptic conductance during synapse elim-
ination. However, additional mechanisms, such as age-dependent
changes in the excitation set point of LSO neurons, would then
be required to account for the excitation—inhibition switch.
Finally, it remains to be shown how, during this excitation—inhi-
bition switch, the pronounced increase in synaptic conductance
influences postsynaptic responses to MNTB activity and integra-
tion of excitatory and inhibitory inputs in the LSO.
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Our results lend strong, albeit correlative, support for the
long-standing hypothesis that the seemingly paradoxical excita-
tory effect of immature inhibitory synapses is crucially involved
in the initial establishment of early developing inhibitory net-
works®’. Further detailed analysis of the developing MNTB-LSO
system could uncover the cellular and molecular mechanisms
guiding early specification of inhibitory circuits and their fine-
tuning at later developmental stages!%14-16:18,38,39:43

MEeTHODS

Animals and slice preparation. All experiments used slices from neona-
tal rats (P1-P14; Sprague-Dawley, Charles River Laboratories, Wilm-
ington, Massachusetts). Experimental procedures were in accordance
with NIH guidelines and were approved by the IACUC at the University
of Pittsburgh. Brainstem slices (300-400 pm) were prepared as previ-
ously described?* (for details, see Supplementary Methods).

Electrophysiology. Whole-cell patch-clamp recordings were obtained from
visualized principal-type LSO neurons identified by their bipolar mor-
phology. Recordings were obtained from the medial part of the LSO, which
corresponds to the tonotopic high-frequency region?. Location and mor-
phology of neurons was confirmed by filling neurons with biocytin (0.5%
in pipette solution). Mapping experiments were conducted in current-
clamp. Electrodes (5-6 MQ) were filled with solution containing 54 mM
potassium gluconate, 56 mM KCl, I mM MgCl,, 1 mM CaCl,, 5 mM sodi-
um phosphocreatine, 10 mM HEPES, 11 mM EGTA, 0.3 mM Na-GTP,
2 mM Mg-ATP, 5 mM QX314, 0.5% biocytin (pH 7.2, 280 mOsm/l). The
calculated reversal potential for Cl-mediated PSPs (E() for this solution
was —20 mV. During mapping, the cell was held at —=70 mV. Amplitudes of
postsynaptic potentials varied widely between cells, even in the same age
group, perhaps due to the large differences in input resistance of imma-
ture LSO neurons?® (Supplementary Methods). Recordings were correct-
ed for a liquid junction potential of =7 mV. Data were filtered at 1 kHz
(Bessel filter, Axoclamp-1D, Axon Instruments, Foster City, California),
digitized at 5 kHz and stored on a computer using custom-written Lab-
View 5.0 software (National Instruments, Austin, Texas).

Recordings in electrical stimulation experiments were made in volt-
age-clamp using patch electrodes (3—4 MQ, coated with epoxy, Elementis
Performance Polymers, New Jersey) filled with solution containing
54 mM D-gluconic acid, 54 mM CsOH, 56 mM CsCl, 1 mM MgCl,,
1 mM CaCl,, 10 mM Hepes, 11 mM EGTA, 0.3 mM Na-GTP, 2 mM Mg-
ATP, 5 mM QX314, 0.5% biocytin (pH 7.2, 280 mOsm/l). In some exper-
iments, the pipette solution additionally contained 0.1 mM D600 (Sigma),
an L-type calcium channel antagonist. Series resistance of 5-20 MQ was
compensated by 70-90% (Axopatch-1D) and was continuously moni-
tored throughout recordings. LSO inputs were stimulated by positioning
a low-resistance patch electrode ([2 MQ, filled with artificial CSF) at the
lateral end of the MNTB. Electrical stimuli were delivered at a rate of
0.033-0.067 Hz (Master 8 and Isoflex, AMPI, Israel).

During stimulus—response experiments, responses were considered to
be maximal if further increase in stimulus intensities led to a decline in
response amplitudes or if the responses remained unchanged over about
100 A (Supplementary Methods).

For some experiments, cells were held at +30 mV (Fig. 6). In these
cells, the quality of voltage control was confirmed by the presence of lin-
ear current-voltage relationships (r = 0.98) and average reversal potentials
of —14.8 £ 0.76 mV (n = 4), which is close to the theoretical value
(=20 mV). Analysis of electrophysiological data and statistical tests were
performed with custom-written LabView 5.0 and Matlab 6.0 (Math-
works, Natick, Massachusetts) programs.

Functional mapping. The spatial distribution of presynaptic MNTB neu-
rons was determined using focal photolysis of p-hydroxyphenacyl-
glutamate (150-200 PM)?>>4%. The optical fiber for delivering UV light
(duration 50-100 ms) had a 20 pum diameter light-conducting core
(Polymicro Technologies, Phoenix, Arizona) that produced almost cir-
cular UV spots (diameter [25 pm) on the surface of the slice. For map-
ping, the microscope objective was switched to 4%, and 80-100 locations
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spaced [45 pm apart, in and around the MNTB, were stimulated
(Fig. 1b). The location of the light spot on the slice was monitored with
a CCD camera and guided by a grid placed on the video monitor. Grid
size was [#5 pm, and the same grid was used in all experiments. Accuracy
of fiber placement was estimated to be 10 pm. The location of each
recorded LSO neuron and of each MNTB stimulation site was recorded.
Consistency of input maps was confirmed by rescanning in about half
of the cases. Only one map was obtained per MNTB.

Spatial resolution of uncaging was determined by recording respons-
es of MNTB neurons in current clamp. ‘Spike-eliciting distance’ to an
MNTB cell body was measured between the recording electrode tip and
a line drawn between the farthest spike-eliciting light spot and the first
subthreshold spot. While mapping subthreshold stimulation areas, the
ability of the recorded neurons to generate spikes was confirmed by inject-
ing suprathreshold positive currents after testing each stimulation site.

We found no evidence that uncaging of glutamate activates polysy-
naptic MNTB-LSO pathways that could increase input areas in young
animals. First, MNTB-evoked calcium responses in Fura-2 stained slices
were only occasionally observed outside the LSO, despite strong respons-
es in the LSO (Supplementary Fig. 1). Second, mapping of intrinsic con-
nections in the MNTB (Fig. 4) and LSO (Supplementary Fig. 2) revealed
no intrinsic connections in these nuclei. These results, together with pre-
vious anatomical studies?®, argue against the possibility that the larger
input maps in neonatal animals reflect transient polysynaptic pathways
between the MNTB and LSO.

Construction and analysis of MNTB-LSO input maps. For each map,
stimulation sites were marked by circles aligned to the center of each
uncaging site (Adobe Photoshop; Figs. 1c and 2). Peak PSP amplitudes of
corresponding PSPs elicited from each site were determined. For each
LSO neuron, peak amplitudes were normalized to the largest response
(Fig. 2). Each successful stimulation site was assigned a filled circle (diam-
eter [50 Pm), and the total area covered by all filled circles was defined as
the input area.

To normalize input areas to MN'TB cross-sectional areas, MNTB
boundaries were determined by three investigators (two of them were
blind to the actual data) using video images taken from the slice. MNTB
areas determined by the three independent observers were in close agree-
ment (coefficient of variation, 9%), and the mean area was used for nor-
malizing input maps. The width of input maps along the mediolateral
MNTB axis was determined by measuring the width of each horizontal
row of stimulation sites and calculating the mean width of all rows.

Cluster analysis. To achieve an objective estimate of the number of steps
present in the stimulus—response curves, cluster analysis was used on
PSC peak amplitudes (partitioning around medoids; S-Plus 2000, Math-
Soft). This method uses an optimization algorithm in which a sum of
dissimilarities is minimized through iterations of grouping. Numbers of
suspected clusters for each sequence of iterations were assigned values
from 1 to 25. After clustering, an optimal number of clusters was cho-
sen by calculating the silhouette index>". In neurons from neonatal ani-
mals, any number of potential clusters tested resulted in an equally low
silhouette index, indicating the absence of identifiable clusters.

Minimal stimulation. Electrical stimulus intensity was adjusted to give
a failure rate of >50% (10-60 HA). At this intensity, 100-300 responses
were evoked at 0.03-0.1 Hz. Identification of successful responses and
failures was performed offline by eye. Only responses that had latencies
that fell within a 1-ms window were accepted, and the mean peak ampli-
tude of those selected minimal PSCs was taken as the size of single-fiber
inputs for the cell. As minimal stimulation cannot distinguish whether
a given failure is due to a failure in neurotransmitter release or a failure in
fiber excitation, all failures were excluded when calculating mean peak
amplitudes. Therefore, at all ages, estimated single-fiber response ampli-
tudes are probably biased toward higher values.

Statistical significance. Student’s #-tests and Kolmogorov-Smirnov tests

were used. Data are expressed as mean * standard error of the mean
(s.e.m.) throughout the text.
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Note: Supplementary information is available on the Nature Neuroscience website.
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