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The concentration and relative distribution of glycine recep-
tors were determined for the gerbil lateral superior olive at
several postnatal ages. Quantitative autoradiographic tech-
niques revealed significant *H-strychnine binding to all re-
gions of the nucleus from 4 to 90 d. However, during the first
20 d, a nonuniform distribution of binding emerged, such that
the greatest concentration of receptor was found in the high-
frequency region of the nucleus. An analysis of neuron pack-
ing density showed an approximate 2-fold distribution along
the same axis at all ages. This evidence is consistent with
an elimination of glycine receptors in the ventral region of
the lateral superior olive as maturation progresses.

Knowledge of the ontogeny and distribution of a neuroreceptor
molecule may afford useful information about a dynamic stage
of synapse formation (Purves and Lichtman, 1985). Such knowl-
edge may provide an intuitive correlate to function and should
predict the anatomical distribution of the appropriate afferent
terminals. As part of an effort to describe the development of
a central inhibitory pathway, we have studied the quantitative
distribution of its receptor molecule, the glycine receptor, during
postnatal maturation. The lateral superior olive (LSO) is a brain
stem auditory structure that receives an excitatory connection
activated by ipsilateral sound stimuli, and an inhibitory con-
nection activated by contralateral sound stimuli (Boudreau and
Tsuchitani, 1968). The group of neurons that most likely me-
diates this inhibition is located in the medial nucleus of the
trapezoid body (MNTB), a glycine-containing projection nucle-
us (Morest and Jean-Baptiste, 1975; Glendenning et al., 1985;
Spangler et al., 1985; Campistron et al., 1986). There is both
electrophysiological and autoradiographic evidence implicating
glycinergic inhibitory transmission in the LSO (Zarbin et al.,
1981; Moore and Caspary, 1983; Sanes et al., 1985, 1987,
Schwartz, 1985).

Our previous results demonstrated a nonuniform distribution
of the glycine receptor along the tonotopic axis of the gerbil LSO
(Sanes et al., 1985, 1987), such that the high-frequency region
was the site of maximum concentration. There is one anatomical
study in the cat that indicates a denser MNTB arborization in
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the high-frequency region (i.e., medial limb) of the LSO (Glen-
denning et al., 1985). We have also noted a greater density of
neuronal somas in the high-frequency region of LSO, but this
did not necessarily account for the magnitude of the receptor
gradient (Sanes et al., 1987). Given such a distinct anatomical
distribution of the glycine receptor, it was of interest to follow
its formation during postnatal maturation.

The gerbil auditory system develops to an adultlike state over
the first 18 d postnatal. Sound is first capable of eliciting a neural
response at 12 d, and thresholds are within a mature range 6 d
later (Woolfand Ryan, 1985). Although the maximum discharge
rate of neurons in the ventral cochlear nucleus continues to
increase until 30+ d, the mature dynamic range is reached by
18 d (Woolf and Ryan, 1985). The frequency tuning of these
neurons is adultlike from 12 to 16 d, depending on the frequency
range (Woolf and Ryan, 1985). However, we have found that
neurons located in the LSO, one synapse further in the auditory
pathway, do not show adultlike dynamic ranges or frequency-
tuning properties at 15-16 d postnatal (Sanes and Rubel, in
press).

The present experiment assayed for glycine receptor concen-
tration and distribution using quantitative autoradiographic
techniques to localize *H-strychnine (SN) in the developing ger-
bil LSO (Geary et al., 1985). Strychnine has previously been
shown to be a potent physiological antagonist and high-affinity
ligand at glycinergic synapses (Curtis et al., 1971; Young and
Snyder, 1973; Zarbin et al., 1981). We found that the pattern
of receptor accumulation led from an initial state of uniform
binding to a progressive appearance of the nonuniform glycine
receptor distribution seen in adult animals.

Materials and Methods

Tissue preparation. Male and female gerbils (Meriones unguiculatus)
that were born and raised to ages 4-21 d in our breeding colony were
first anesthetized with sodium pentabarbitol (30-55 mg/kg, i.p.) and
decapitated. The brains were rapidly removed from the skull and im-
mersed in liquid Freon for 20 sec. The frozen tissue was stored at —80°C
or immediately mounted for cryostat sectioning. Serial sections were
cut at 20-40 pm, thaw-mounted onto gelatin or poly-p-lysine-coated
coverslips, and immediately placed within the confines of the cryostat
(—16°C). Sections were stored for no more than 6 d at —35°C before
use.

Quantitative autoradiography. The equilibrium conditions used for
incubation of tissue sections were determined from previous kinetic
experiments on *H-SN binding in the absence (i.e., total binding) or
presence (i.e., nonspecific binding) of 10-2 M glycine. Tissue sections to
be used for autoradiographic determination of glycine receptor concen-
tration were first air-dried for 40 min, and preincubated in PBS (20 mm
NaHPO,, 2 mm NaH,PO,, 150 mm NaCl, pH 7.4) for 20 min, allowing
endogenous ligand (e.g., glycine) to dissociate. This and all other solu-
tions were kept at 4°C. After preincubation in PBS, the sections were
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Figure 1. Representative image for *H-
SN binding distribution in the lateral
superior olive of a 21 d animal. The
Nissl-stained section (top) and autora-
diogram of total binding (bottom) are
shown. The LSO is delineated in the
Nissl section. In the total-binding sec-
tion, the high-frequency region (arrow)
and low-frequency region (arrowhead) .
are indicated. As is true for the adult,

3H-SN binding is relatively greater in

the high-frequency region. LSO, Lat-

eral superior olive. Calibration bar, 200

pm.

transferred to a solution containing 10 nm *H-SN with or without 10-2
M glycine for 20 min. They were then rinsed in PBS for 5 sec, dipped
in dH,0O, and rapidly air-dried.

The dry SN-bound sections were then apposed to LKB Ultrofilm for
4-5 weeks. The film was analyzed densitometrically on a Leitz MPV
Microdot densitometer with an adjustable aperture. In addition to the
tissue sections, each film was exposed to calibrated tritium-containing
plastic standards (Amersham). Thus, a specific optical density (OD)
measurement was equivalent to a value expressed as nCi/mg tissue wet
weight (Geary et al., 1985). A final concentration was computed by
multiplying this quantity by the inverse of the ligand’s specific activity:

XnCi fmol fmol
mg wet weight ¥nCi  mg wet weight ’

The ODs obtained from sections incubated in the presence of cold
glycine were subtracted from the ODs from sections incubated in *H-
SN alone to yield values for specific binding.
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Autoabsorption. The extent to which tissue prevented the tritium
signal from reaching LKB film was determined. Animals of 4 and 11 d
postnatal were injected interperitoneally with 75 and 125 nCi of *H-2-
deoxy-p-glucose, respectively (New England Nuclear; 30.2 Ci/mmol).
Following a 45 min survival period, animals were anesthetized, decap-
itated, and the brain rapidly removed and frozen. Cryostat sections
through the LSO were mounted on coverslips and air-dried. Alternate
sections were extracted in 500 ml of chloroform for 5 min at room
temperature. All sections were apposed to LKB Ultrofilm for 4 weeks
and subjected to densitometric analysis. This procedure has previously
been shown to provide accurate estimates of autoabsorption (Geary et
al., 1985).

Neuron soma density. Animals of 4 and 11 d were anesthetized with
pentabarbitol, perfused intracardially with 10% buffered formalin, and
the brain removed. The brains were embedded in paraffin and 8 ym
sections cut. A 1-in-4 series was mounted onto slides, then stained in
1% thionin. Soma counts were obtained by visualizing a region of the
LSO with a video camera (Dage 68) mounted on a compound micro-
scope with a 40 x planapo objective. The displayed image was analyzed




using a Zeiss Videoplan, with counts per unit area computed and av-
eraged. Only cells with nucleoli were counted.

Results

Autoabsorption

The ability of tissue to prevent tritium emissions from reaching
the film was assayed for in the LSO (see Materials and Methods).
The dorsal and ventral regions of the nucleus were examined
separately, as we intended to assay glycine receptor distribution
along the same axis. The values for autoabsorption in 11 d
animals (i.e., given as the numbers by which uncorrected con-
centrations were multiplied) were 1.32 dorsally and 1.27 ven-
trically (2 animals; 12 measurements). The values for autoab-
sorption in 4 d animals were 1.33 dorsally and 1.43 ventrally
(2 animals; 20 measurements).
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Figure2. Representative image for *H-
SN binding distribution in the lateral
superior olive of a 16 d animal. The
Nissl-stained section (fop) and autora-
diogram of total binding (bottom) are
shown. The LSO is delineated in the
Nissl section. In the total-binding sec-
tion, the high-frequency region (arrow)
and the low-frequency region (arrow-
head) are indicated. The *H-SN binding
distributed is not graded to the extent
seen for 21 d animals. LSO, Lateral su-
perior olive. Calibration bar, 200 um.

Quantitative autoradiograph

Representative Nissl-stained sections with their corresponding
autoradiographic images (e.g., total binding) are shown for an-
imals aged 4, 10, 16, and 21 d in Figures 1-4. The section from
a 21 d animal (Fig. 1) is quite similar in appearance to that of
an adult (Sanes et al., 1987, the previous paper), displaying a
markedly greater density of binding in the dorsomedial region
of the LSO. While a nonuniform distribution of grains was
present at 16 d (Fig. 2), it was not as impressive as in the 21 d
animals. This distribution was apparently not in evidence either
on day 10 (Fig. 3) or day 4 (Fig. 4).

The binding of *H-SN was quantified to yield values for re-
ceptor concentration in 4 or 5 regions of the LSO along the
transverse plane. The values obtained (in fmol) (£ = SD) are
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Figure3. Representative image for *H-
SN binding distribution in the lateral
superior olive of a 10 d animal. The
Nissl-stained section (top) and autora-
diogram of total binding (bottom) are
shown. The LSO is delineated in the
Nissl section. In the total-binding sec-
tion, the high-frequency region (arrow)
and low-frequency region (arrowhead)
are indicated. The *H-SN binding dis-
tribution is fairly uniform across the
frequency axis. LSO, Lateral superior
olive. Calibration bar, 200 pm.

listed in Table 1. For comparison, the glycine receptor concen-
tration from adult animals is also presented (Sanes et al., 1987).
The apparent concentration of receptor increased in all areas of
the nucleus between 4-5 and 9-10 d. Between 9-10 and 21 d,
the receptor concentration seemed to remain relatively constant
in the dorsal region of the LSO (regions 1 and 2, Table 1), while
decreasing in the ventral region of the LSO (regions 3-5, Table
1). After day 21 there was a decrease in receptor concentration
throughout the nucleus. These changes in concentration may be
partly a reflection of the changing volume of the LSO.

The most unexpected finding was that the relative concen-
tration of glycine receptor in the dorsal and ventral regions of
the LSO changed with age. That is, a uniform distribution of

3H-SN binding existed in 4-5 d and 9-10 d animals, but animals
in the older age groups acquired a graded distribution such that
there was an approximately 4-fold difference by 90 d (Table 1).

Neuronal soma density

The density of neuronal somas in specific regions of the LSO
was determined for 4 and 11 d animals. The values for these
age groups are shown along with previously obtained values
from adults (preceding paper, Sanes et al., 1987) for comparison
in Table 2. The number of cells per unit area decreased dra-
matically during postnatal maturation, presumably because of
an increase in volume. At 4-5 d, there were 2025-3895 cells/



mm?, and this range of values decreased to 366-757 cells/mm?
in the adult (Table 2). The difference in packing density between
the dorsal (i.e., region 1) and ventral (i.e., regions 3 and 4) areas
of the LSO was 2-fold in adults and 1.9-fold in the 4 and 10 d
animals (Table 2).

The schematic in Figure 5 illustrates the developmental re-
lationship of glycine receptor distribution, neuron density, nu-
cleus volume, and the tonotopic axis.

Discussion

The quantitative appearance of neurotransmitter systems is cur-
rently the most informative molecular correlate of synaptogen-
esis. Experimental work has focused on the cellular mechanisms
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Figure4. Representative image for ’H-
SN binding distribution in the lateral
superior olive of a 4 d animal. The Nissl-
stained section (fop) and autoradi-
ogram of total binding (bottom) are
shown. The LSO is delineated in the
Nissl section. In the total-binding sec-
tion, the high-frequency region (arrow)
and low-frequency region (arrowhead)
are indicated. The *H-SN binding dis-
tribution is nearly uniform across the
frequency axis. LSO, Lateral superior
olive. Calibration bar, 150 um.

involved with the accumulation and localization of neurore-
ceptors (Zukin et al., 1975; Enna et al., 1976; Bevan and Stein-
bach, 1977; Burden, 1977a; Harden et al., 1977; Pardo et al.,
1977; Goodman and Spitzer, 1980; Morris et al., 1980; Hays
et al., 1981; Kent et al., 1982; Weiss et al., 1984), the deter-
mination of transmitter and receptor type from an initially large
array (Potter et al., 1981; Bixby and Spitzer, 1982; Black et al.,
1984; Doupe et al., 1985), the maturation of receptor form and
function (Papanno, 1972; Burden, 1977b; Obata et al., 1978;
Sakmann and Brenner, 1978; Ziskind and Dennis, 1978; Hall
etal., 1983; Mueller et al., 1983), and the ontogenetic roles they
may potentially have in addition to synaptic transmission (Lau-
der and Krebs, 1978; Woolf et al., 1979; Lauder et al., 1981;
Haydon et al.,, 1984). The present results highlight a unique
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Table 1. Regional concentration of glycine receptors in the LSO during development and the
magnitude of its graded distribution

Age (postnatal d)

=90 21 15-16 9-10 4-5
Region 1¢ 264.4 + 46 376.2 + 84 377.5 + 45 341.2 = 90 216.6 = 101
(dorsomedial)
Region 2 137.8 = 29 207.8 + 65 287 + 64 315.3 =92 210.6 = 125
Region 3 87 + 26 1287 £ 9 225.2 + 60 279.8 = 66 184.8 + 81
Region 4 61.5 + 20 99.7 + 18 196 + 66 234.5 + 48 176 + 83
Region 5 72.2 £ 26 131.7 + 19 212.5 + 43 276.8 + 32 -
(ventrolateral)
Mean ventral? 70.7 £ 20 111.2 + 23 211.2 £ 56 258.2 + 54 180.4 + 82
Gradient® 396 + 1.25 3.38 = 0.17 1.85 + 0.34 1.28 £ 0.15 1.2 + 0.1
No. of animals 9 4 4 6 5

4 All entries are given in fmol/mg wet weight (x + SD).
®* Mean ventral entries include all values from regions 3-5 (¢ + SD).

< The gradient entries were obtained by computing the ratio of glycine receptor concentrations between region 1 and
Mean ventral for each nucleus (£ + SD).

phenomenon in transmitter system development: a progressive
alteration in the distribution of the glycine receptor across one
axis of a central auditory nucleus.

The postnatal increase of glycine receptor concentration with-
in the gerbil LSO was fairly uniform from days 4-5 through
days 9-10. There was an apparent 50% increase in concentration
(see Table 1) at a time when there was certainly an increase in
nucleus volume (D. H. Sanes, unpublished observations). An
informative calculation of the actual increase in receptor num-
ber would depend on a quantitative measure of total postsyn-
aptic neuron membrane, a value that is currently unavailable.
From 9-10 d to 15-16 d, the period that includes hearing onset,
there is little or no apparent increase in receptor concentration
dorsally and a small decrease ventrally (Table 1). As this is also
a time of nucleus volume increase (D. H. Sanes, unpublished
observations), receptors must be added through this period.
From 15-16 to 21 d, there is no apparent change dorsally, but
an approximately 50% decrease ventrally. This change is also
accompanied by a volume increase that has not been quantified.
There is a 30-45% decrease in apparent receptor concentration
from 21 to 90 d in all regions.

Table 2. Regional density of neuronal somas in the LSO during
development and magnitude of its graded distribution

Age (postnatal d)
=90 10 4

Region 1¢ 757 + 107 2612 + 568 3876 + 990
(dorsomedial)

Region 2 597 £ 153 2109 + 527 3895 + 1330

Region 3 391 + 33 1481 + 358 2326 + 494

Region 4 366 + 51 1338 + 304 2025 + 537
(ventrolateral)

Gradient? 2.1 +0.14 1.9 + 0.1 1.9 £ 0.1

No. of animals 4 3

a All entries are given in neurons/mm? (¥ + SD).

# The gradient entries were obtained by computing the ratio of neuron densities
between region 1 and region 4 for each nucleus (x + SD).

Influence of nucleus volume and neuron density

The change in volume of the LSO between 15-16 d and 90 d
is known to be a 50% increase (D. H. Sanes, M. Merickel, and
E. W. Rubel, unpublished observations). If the membrane on
which glycine receptors are localized (presumably the LSO neu-
rons) did not increase disproportionately to nucleus volume
during this time, then we could estimate the actual change in
receptor concentration and distribution. For the dorsalmost re-
gion (region 1 in Table 1), where apparent receptor concentra-
tion decreased by 30%, the change may be entirely accounted
for by the 50% increase in volume. Nevertheless, given the
incongruity of the 2 measures, there may be a net increase in
receptor concentration during this period. In contrast, the ap-
parent decrease in receptor concentration ventrally (Mean ven-
tral, Table 1) is 66%. Although this apparent decrease is prin-
cipally accounted for by the 50% increase in volume, there may
be a net decrease in receptor concentration during this period.
Therefore, as a consequence of these discordant ontogenetic
courses, there appears a nonuniform distribution of glycine re-
ceptors across the transverse axis of the LSO.

The appearance of a receptor gradient was not due to an
alteration in the relative distribution of neurons. Measurements
of soma density along the transverse axis of LSO showed an
expected decrease with age, presumably due to a concomitant
increase in volume. A nonuniform distribution of neurons was
found along the transverse axis of LSO at all ages examined,
this being approximately 2-fold (Table 2). Since the receptor
distribution progresses from near-uniformity to a 4-fold gra-
dient (Table 1), whereas there is a consistent 2-fold neuron
density gradient (Table 2), the appearance of the receptor gra-
dient is most likely due to alteration of the receptor number. It
should be noted, however, that soma density is not an inclusive
measure of postsynaptic membrane. Given the aforementioned
influence of volume increase, it is likely that the appearance of
a receptor gradient derives from a selective loss of receptors
ventrally. Several neuroreceptors demonstrate a supramaximal
concentration followed by a decline during postnatal develop-
ment (Harden et al., 1977; Morris et al., 1980; Hays et al., 1981;
Kent et al., 1982).
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Figure 5. Summary of developmental changes in the lateral superior olive. At the onset of hearing (/eff), the packing density of neurons (triangles)
is greater than that seen in adults, but is twice as great in the high-frequency region as in the low-frequency region. The packing density of neurons
is also distributed along a 2-fold gradient in the adult (right). The concentration of glycine receptors (shading) is distributed in a 1-2-fold gradient
at hearing onset (/eff), but is distributed in a 4-fold gradient in the adult. The frequency response of a given location in the LSO changes during
this period (because of alterations in the cochlea) as indicated. The nuclear volume during this time is shown at the bottom of both schematics.

Developmental correlates

If there is an initial overproduction of glycine receptors ven-
trally, then one must determine the developmental constraints
under which they are eliminated. Although we are at present
unable to explain this phenomenon, there are several findings
that may guide future study. Three possible scenarios are dis-
cussed in this section.

The appearance of the receptor gradient takes place along the
axis of most obvious functional relevance, the cochleotopic
axis (Tsuchitani and Boudreau, 1966; D. H. Sanes, M. Merickel,
and E. W. Rubel, unpublished observations). There is also known
to be a temporal pattern of neurogenesis along the cochleotopic
axis of the rat LSO, such that high-frequency neurons (i.e., those
in the dorsomedial region) are the first generated (Altman and
Bayer, 1980). One possibility, then, might be that neurons with-
in the LSO proceed through different ontogenetic programs by
virtue of their cell lineage. The relationship between cell lineage
and phenotype has been well-documented in several systems,
particularly for invertebrates (Goodman and Spitzer, 1979;
Weisblat et al., 1980; White et al., 1982; Herrup et al., 1984).

A second possibility is that the number of glycine receptors
is a reflection of a transient afferent projection to the ventral
LSO. It has been found that within the adult LSO, there is a
nonuniform distribution of terminal arbors from neurons in the
MNTB, such that the arborization is denser in the high-fre-

quency dorsomedial region (Glendenning et al., 1985). It will
be of interest to determine the initial projection pattern of the
MNTRB neurons, since neuroreceptor accumulation is respon-
sive to the presence of afferent terminals (Cohen et al., 1979;
Frank and Fischbach, 1979).

Finally, it is worth considering the probable sequence of elec-
trical activity within the developing LSO. The initial range of
frequencies that elicits a response from gerbil central neurons
is limited (Woolfand Ryan, 1985), although the frequency range
of the cochlea resembles the adult at hearing onset (Woolf and
Ryan, 1984). At early ages (i.e., 14-18 d after birth), there is
greater sound-evoked metabolic activity in the high-frequency
region of the inferior colliculus than in the low-frequency region
(Ryan et al., 1982). During this same period, spatial frequency
maps of the cochlea change, so that a given place transduces
successively higher frequencies (Harris and Dallos, 1984; D. H.
Sanes, M. Merickel, and E. W. Rubel, unpublished observa-
tions). Two electrophysiological studies have found the lower-
frequency regions of a brain stem auditory nucleus to yield very
few responsive neurons (Lippe and Rubel, 1985; D. H. Sanes,
M. Merickel, and E. W. Rubel, unpublished observations). To-
gether, these findings suggest that neurons in the region of LSO
that exhibit transiently high levels of SN binding may be tem-
porarily subject to lower levels of afferent activity at the time
of hearing onset. Should the level of afferent activity be a caus-
ative influence on the receptor number, this would imply that
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synaptic quiescence is particularly disadvantageous for the in-
hibitory glycinergic synapse. It is of great interest, then, to de-
termine whether a similar ontogenetic pattern obtains for the
excitatory neuroreceptor. As this latter scenario is highly spec-
ulative and without experimental precedent, we consider it to
be the least likely alternative.

This report has documented the temporal increase of glycine
receptors in the gerbil LSO. There was a large increment of
receptor concentration throughout the nucleus during the first
10 postnatal d. After this point, the dorsal and ventral regions
of the nucleus adopted alternative ontogenetic patterns. Where-
as receptor number continued to increase dorsally between 9-
10 and 90 d, the concentration of receptor apparently decreased
ventrally. Thus, a nonuniform distribution of glycine receptors
gradually appeared across the tonotopic axis of the LSO.
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