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SUMMARY

We previously demonstrated that inhibitory synaptic
transmission influences dendrite development in vivo.
We now report an analogous finding in an organotypic
culture of a glycinergic projection nucleus, the medial nu-
cleus of the trapezoid body (MINTB), and its postsynap-
tic target, the lateral superior olive (LSQO) of gerbils.
Cultures were generated at 6-7 days postnatal and grown
in serum containing medium with or without the glycine
receptor antagonist, strychnine (SN), at 2 uM. LSO
neurons were then labeled with biocytin, and the den-
dritic arbors were analyzed morphometrically. Com-
pared to neurons from age-matched in vivo tissue, the
neurons cultured in control media were somewhat
atrophic, including decreases in dendritic branching and
length. Incubation in strychnine led to a dramatic in-
crease in dendritic branching and total dendritic length.

Control neurons averaged 6.3 branches, compared to 18
branches /neuron in SN-treated cultures. There was a
similar increase in primary dendrites and total dendritic
length. The physical elimination of MNTB cells did not
mimic SN treatment, presumably because glycinergic
LSO neurons generated intrinsic connections. In fact, the
LSO soma area was significantly greater following
MNTB removal, suggesting that these afferents provide
a second signal to postsynaptic neurons. These results
suggest that spontaneous glycinergic transmission regu-
lates the growth of postsynaptic processes. © 1996 John
Wiley & Sons, Inc.
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INTRODUCTION

Dendritic arbors generally decrease in size when
their excitatory synapses are blocked or eliminated
(Levi-Montalcini, 1949; Valverde, 1968; Rakic,
1972; Rakic and Sidman, 1973; Benes et al., 1977;
Berry et al., 1980; Vaughn et al., 1988; Parks, 1981;
Harris and Woolsey, 1981; Feng and Rogowski,
1980; Trune, 1982; Deitch and Rubel, 1984; Vogel
and Prittie, 1995; Kalb, 1994). However, our pre-
vious in vivo studies suggest that inhibitory trans-
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mission can also regulate the growth of neuronal
processes. Two manipulations were employed to
depress glycinergic synapses in the lateral superior
olive (LSO) during development: (1) surgical ex-
tirpation of the contralateral cochlea effectively de-
nervated the glycinergic afferents from the medical
nucleus of the trapezoid body (MNTB) to the LSO
(Sanes et al., 1992a; Aponte et al., 1996), and (2)
strychnine (SN)-containing continuous release
pellets decreased the level of glycinergic transmis-
sion throughout the nervous system (Sanes and
Chokshi, 1992). These two manipulations pro-
duced nearly identical results. LSO dendrites were
hypertrophic compared to control animals. How-
ever, both manipulations unintentionally pro-
duced systemic effects that restricted interpreta-
tion. For example, cochlear extirpation is known
to induce sprouting in the superior olivary complex
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(Kitzes et al., 1995), and SN treatment undoubt-
edly blocks glycinergic synapses throughout the
central auditory system. Therefore, we tested
whether glycinergic synapses influence dendrite
growth in organotypic explants of the gerbil supe-
rior olivary complex.

The LSO has a favorable afferent projection pat-
tern for studies on inhibitory development. The
glutamatergic afferents from the ipsilateral co-
chlear nucleus are physically separate from the gly-
cinergic afferents projection from the MNTB
(Moore and Caspary, 1983; Glendenning et al.,
1985; Spangler et al., 1985; Cant and Casseday,
1986; Wenthold et al., 1987; Zook and DiCaprio,
1988; Sanes, 1990; Wu and Kelly, 1992). Both ex-
citatory and inhibitory synaptic transmission are
prominent at birth, as assessed in the brain slice
preparation (Sanes, 1993). Glycine receptor ex-
pression is also quite prominent at birth, as as-
sessed by densitometric measures of *H-SN autora-
diographs (Sanes and Wooten, 1987). Moreover,
we recently showed that there is measurable spon-
taneous activity in gerbil auditory brain stem neu-
rons during the second postnatal week (Kotak and
Sanes, 1995). Therefore, it is likely that spontane-
ous inhibitory postsynaptic potentials (IPSP) are
present before the onset of LSO neural response to
sound stimulation (Sanes and Rubel, 1988).

The morphology of the LSO principal neuron
dendrites was shown to vary along the LSO tono-
topic axis in adult gerbils, with high frequency neu-
rons having a more restricted field (Sanes et al.,
1990). The mature dendritic pattern emerges dur-
ing the third postnatal week as a result of regressive
events, such as a reduction in dendritic branching,
particularly in the high frequency projection region
of the LSO (Sanes et al., 1992b). During this same
period of time, glycinergic MNTB arborizations
become spatially restricted within the LSO and
there is a striking alteration in the distribution of
glycine receptor density (Sanes and Wooten, 1987;
Sanes and Takacs, 1993). Therefore, glycinergic
connections within the LSO are initially quite pro-
nounced and undergo developmental alterations
that parallel dendritic maturation. The present
study introduces an organotypic culture system
that allows us to directly test whether spontaneous
glycinergic synaptic transmission is able to regulate
neuron shape.

MATERIALS AND METHODS

Organotypic Cultures

Gerbils (Meriones unguiculatus, 6-7 days postnatal)
were used to produce static interface explant cultures

(Stoppini et al.,, 1991). All of the explant procedures
were performed under a laminar flow hood (Baker), and
the equipment was ultraviolet irradiated for at least 4 h
prior to the generation of cultures. The microdissection
tools and glassware were sterilized in ethanol and flamed
or were presterilized disposable plastic. Gerbil pups were
deeply anesthetized with hypothermia (Sanes et al.,
1992a), the brain was rapidly removed, and the brain
stem was vibratome sectioned at 275-300 gm in mini-
mum essential medium at 4°C.

Slices were examined under a stereomicroscope to in-
sure that the full LSO (i.e., medial and lateral limbs ) was
present at both surfaces. The superior olive was then dis-
sected away from the brain stem section by cutting lateral
to the LSO along the facial nerve medial to the MNTB
along the midline and dorsal to the LSO (Fig. 1). In some
cultures, the MNTB was also removed to produce an
LSO preparation. The explants were then passed through
fresh media and transferred onto a filter insert
(Millipore) within the well of a tissue culture plate. Each
well contained 350 uL of sterilized medium, and the ex-
plant was held to the filter by surface tension. The culture
medium contained 25% horse serum (GIBCO), 50%
minimum essential medium (GIBCO), 25% Earle’s bal-
anced salt solution (GIBCO), 0.5 g/100 mL glucose,
and 1| mL/100 mL of 200 m M L-glutamine (GIBCO);
each component was filtered with a 0.22-um filter unit
(Falcon). Neither the minimum essential medium nor
the Earle’s balanced salt contained glycine. Culture me-
dium was supplemented with 10 uM veratridine, the so-
dium channel agonist, to enhance synaptic activity. Ex-
perimental tissue was grown in the same media, with the
addition of 2 uM of SN.

The multiwell plate was placed in a humidified incu-
bator (Forma) with 5% CO, at 37°C. The explant culture
was provided fresh medium every 24 h and eventually
thinned to approximately 100 wm. On the fourth day in
vitro, the explants were exposed to antimitotic agents for
24 h to suppress glial cell proliferation (e.g., 5-fluoro-2'-
deoxyuridine, 10 uM; uridine, 10 uM; cytosine B-D-ara-
binofuranoside, 10 uM).

Labeling Cultured Neurons

To label LSO neurons or MNTB axonal projections,
small crystals of biocytin ( Sigma ) were applied to the sec-
tion at 613 days in vitro (DIV) and the tracer was al-
lowed to transport for approximately 12 h (Kenan-Vak-
nin et al., 1992). The tissue was fixed for 24 h in a solu-
tion of 4% paraformaldehyde in 0.1 M phosphate buffer
(PBS), rinsed in PBS, and the endogenous peroxidase
was quenched in 1% H,0,. The tissue was then preincu-
bated in 0.5% Triton X-100 for 1 h and then incubated
in avidin-biotin-horseradish peroxidase complex (Vec-
tor Labs) for 2 h (Horikawa and Armstrong, 1988).
The tissue was washed in 0.1 M Tris buffer solution,
incubated in diaminobenzidine (50 mg/ 100 mL Tris
buffer) for 15 min, and then reacted in a similar solu-
tion with HzOz .
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Figure 1 Schematic of the organotypic preparations. Sections through the MNTB and LSO
were trimmed (dark gray lines) to produce preparations containing both nuclei (left) or only
the LSO (right). All sections were incubated on filter inserts. LSO plus MNTB pieces were
grown in normal media or in the presence of SN, and the pieces of LSO alone were grown in

normal media (see Materials and Methods).

Image Acquisition and Analysis

The reconstructions and anatomical analyses of den-
dritic arborizations within the brain stices and organo-
typic auditory brain stem preparation were performed
on a morphometric system ( Cellmate/ Treemate; Cana-
day et al., 1990). A video image (Dage 68) of slide
mounted material was generated and displayed on a
monitor such that the object of interest was traced with a
mouse-driven cursor. The system recorded the X, Y, and
Z position of the microscope stage to produce a 3-dimen-
sional structure for analysis. To estimate the area occu-
pied by each dendritic tree, a multigon was drawn
around the cell connecting tips of all dendritic branches.
The analysis software computed length, area, and diam-
eter of the contours (Sanes et al., 1990, 1992a; Sanes and
Chokshi, 1992).

Brain Slice Physiology

Animals of 5-7 days postnatal age were first deeply anes-
thetized (hypothermia) and then decapitated. The brain
was rapidly dissected free in oxygenated artificial cere-
brospinal fluid (ACSF: NaCl, 123 mM; KCl, 4 mM;
KH,PQOq,, 1.2 mM; MgSO,, 1.3 mM; NaHCO;, 28 m M;
glucose, 15 mM; CaCl,, 2.4 mM; L-ascorbic acid, 0.4
mM; pH 7.4) at 10-15°C. Vibratome sections of 300 um
were superfused at 8 mL/min in a recording chamber

at room temperature (24 + 1°C). A bipolar stimulating
electrode was placed on the MNTB, and electrical stim-
uli were delivered under computer control while synaptic
responses were digitized at 10 kHz and stored for off-line
analysis (Sanes, 1993). Whole-cell patch clamp record-
ings were obtained with recording electrodes fabricated
from 1.5-mm outer diameter (OD) borosylicate glass
microcapillaries (4-6 MQ). The composition of the in-
ternal pipette solution in millimoles was: 130 potassium
gluconate, 0.6 EGTA, 10 Hepes, 2 MgCl,, 5 KCl, 2 ATP,
0.3 GTP (pH 7.2). When a gigaohm seal was obtained,
the stray capacitance was compensated and the mem-
brane was broken with suction. Recordings were ob-
tained under current clamp conditions ( Warner Instru-
ments 501A), and the access resistance (10-50 MQ) was
compensated throughout the experiment. When an
MNTB-evoked IPSP was isolated, SN-containing ACSF
(2 uM) was superfused.

RESULTS

Neonatal Glycinergic Synapses
Are Blocked by SN

To determine whether MNTB-evoked inhibitory
synaptic potentials could be completely suppressed
by 2 uM SN at postnatal day 3, just prior to the
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Figure 2 Strychnine blocks IPSPs at postnatal day 5.
A whole-cell recording from an LSO neuron shows an
MNTB-evoked IPSP (gray arrow denotes stimulus
artifact) and its blockade in the presence of 2 uM SN.
The resting potential was —51 mV.

earliest age of explantation, whole-cell recordings
were made from LSO neurons in an acute brain
slice preparation. As illustrated by the recording in
Figure 2, SN at 2 uM, the concentration that was
used for experimental cultures, was able to elimi-
nate IPSPs elicited by electrical stimulation of the
MNTB afferent pathway (n = 3).

Qualitative Description of Culture

The viability of organotypic cultures was assessed
by placing biocytin crystals in the MNTB or the
LSO. After 9 DIV, MNTB afferents continued to
innervate the LSO in control and SN-treated sec-
tions [Fig. 3 (A,B)]. Depending upon the place-
ment of biocytin, MNTB axons were labeled in the
medial and lateral limbs of the LSO. When bio-
cytin crystals were placed on the borders of the
LSO, some neurons within the nucleus became
fully labeled [Fig. 3 (C,D)]. While the dendritic
processes of these LSO neurons were subjected to
morphometric analysis (below), it was also of in-
terest to determine if LSO axons sprouted within
the nucleus borders. Some LSO neurons displayed
thin processes of uniform caliber, consistent with
an axonal morphology, that were found to branch
and make boutonlike endings on neighboring LSO
processes [Fig. 3 (E)]. For the purposes of mor-
phometric analysis, all processes that displayed an
uneven or tapering diameter were classified as den-
drites.

Effect of SN on LSO Dendrites

The biocytin-filled neurons from cultures of LSO
alone, LSO with MNTB, and LSO with MNTB
plus 2 uM SN (Fig. 1), were identified and drawn

with a computer-assisted morphometric system
(Figs. 3, 4). Parametric comparisons were first
made between neurons from control cultures and
neurons from a previous data set of Golgi impreg-
nated neurons obtained from gerbils at postnatal
days 15-16 (from Sanes et al., 1992b). Table 1
shows values for number of branch points, total
dendritic length, primary dendrites, and soma
cross-sectional area, and contains details of the sta-
tistical comparisons. It was found that LSO neu-
rons from control cultures of LSO + MNTB had
significantly shorter dendrites and smaller somata
compared to age-matched in vivo cells (postnatal
days 15-16; Sanes et al., 1992a). The number of
primary dendrites did not differ. Therefore, the
deafferentation resulting from explantation appar-
ently resulted in some neuronal atrophy.

As illustrated in Figure 4, control neurons had
fewer branches compared to neurons from SN-
treated cultures (Table 1). The number of branch
points on neurons from SN-treated cultures was
about 3 times greater compared to neurons in con-
trol cultures (18 = 1.2 vs. 6.3 + 1), and this differ-
ence was highly significant. The total dendritic
length of neurons from SN-treated cultures was
over 2 times greater compared to neurons in con-
trol cultures (1439 + 92 vs. 676 £ 50). However,
there was no significant difference among the
groups for total number of primary dendrites nor
was there a significant difference in soma cross-sec-
tional area ( Table 1). Although the cells shown in
Figure 4 suggest that the control LSO neurons oc-
cupied a larger area, a quantitative analysis indi-
cated otherwise. The mean area of multigons that
surrounded dendritic trees was 18,477 + 2,702 um?
in control neurons (n = 21) and 22,150 + 2,476
um? in SN-treated neurons (n = 25). These values
were not significantly different (¢ = 0.3217; df
=44; p> 0.05).

Effect of Time In Vitro

To determine whether the duration of time spent
in culture had an effect on dendritic morphology,
slices were incubated for 6-13 days. For a given set
of culture conditions, the number of dendritic
branch points was compared between two dura-
tions ( Table 2). For unmanipulated cultures, there
was no significant difference between the number
of branches from neurons grown for 7-9 DIV (6.8
+ 1.3) compared to those grown for 10-13 DIV
(5.7 £ 1.5). For SN-treated neurons, there was no
significant difference between the number of
branches from neurons grown for 9 DIV (18.1
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Figure 3 Viability of MNTB and LSO neurons in organotypic culture. (A) Biocytin-filled
MNTB cell bodies and afferents to the LSO in an organotypic culture from a postnatal day 6
animal grown in normal media for 7 DIV. (B) Biocytin-filled MNTB cell bodies and afferents
to the LSO in an organotypic culture from a postnatal day 7 animal grown in SN-containing
media for 8§ DIV. (C) Biocytin-filled LSO neuron in an organotypic culture from a postnatal
day 6 animal grown in normal media for 10 DIV. (D) Biocytin-filled LSO neuron in an or-
ganotypic culture from a postnatal day 6 animal grown in SN-containing media for 9 DIV. (E)
Boutonal contacts between an LSO axon (arrows) and an LSO dendrite in a control culture.
M, medial nucleus of the trapezoid body; L, lateral superior olive. Scale bar = (A,B) 200 um,

(C,D) 50 pm, (E) 20 pm.

+ 1.7) compared to those grown for 10-11 DIV
(17.9 £ 1.9). For LSO neurons grown without the
MNTB, there was no significant difference between
the number of branches from neurons grown for 6
DIV (5.8 = 0.7) compared to those grown for 9
DIV (5.9 £ 0.9). Because no age effects were ob-
served, we pooled all values within the same cul-
ture conditions.

Effect of MNTB Terminals

To determine whether the physical elimination of
MNTB arbors could reproduce the effects of SN,
we cultured explants of LSO alone (Fig. 1, right).
As shown in Table 1, the length and branching of
biocytin-filled LSO dendrites was not significantly
different compared to neurons from control sec-
tions (MNTB + LSO). However, there was a sig-
nificant difference in the soma cross-sectional area.

Elimination of the MINTB led to a 37% increase in
LSO soma size compared to cultures of LSO with
MNTB (268 = 18 vs. 197 = 13) (see Table 1).

DISCUSSION

The present results support and extend our previ-
ous in vivo findings suggesting that glycinergic
transmission regulates postsynaptic dendrite mor-
phology during development (Sanes et al., 1992a;
Sanes and Chokshi, 1992; Aponte et al., 1996). In
contrast to the in vivo studies, the organotypic
preparation allows complete blockade of glycine-
gated transmission. This was verified in the acute
postnatal day 5 brain slice preparation by demon-
strating that MNTB-evoked IPSPs were com-
pletely blocked by 2 uM SN (Fig. 2). Such a ma-
nipulation would induce seizures and death in the
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Control
Figure 4 Tracings of control and SN-treated LSO neu-
rons. The SN-treated neurons displayed highly branched

SN-treated
100 um
dendritic patterns.

animal. The survival of the inhibitory MNTB neu-
rons and their target .SO neurons in culture was
evident from the biocytin labeling. MNTB affer-
ents [Fig. 3 (A,B)], and LSO dendritic arboriza-
tions [Fig. 3 (C,D)] were readily labeled after 6-13
days in vitro.

In SN-treated explants, there was a threefold in-

Table1 Parametric Comparisons

Table 2 Number of Dendritic Branch Points
Branches (x + S.E.)

n  Days In Vitro

Control 12 7-9 68+1.3
9 10-13 5.7+1.5
LSOalone 12 6 5.8+0.7
18 9 59+0.9
SN treated 14 9 18.1 +1.7
11 10-11 179+19

crease in LSO dendritic branching compared to
cultured control neurons ( Table 1). This extensive
branching was accompanied by an increase in total
dendritic length (Table 1), although LSO neurons
did not appear to occupy a greater area than con-
trol neurons ( Fig. 4). These results are fully consis-
tent with previous in vitro experiments demon-
strating that the inhibitory transmitter GABA can
regulate neurite outgrowth (Michler-Stuke and
Wolff, 1987; Mattson and Kater, 1989). Despite
the dendritic hypertrophy, SN treatment did not
alter LSO soma size (Table 1).

A second experimental culture, in which the gly-
cinergic MNTB projection was physically re-
moved, did not mimic the effects of SN treatment.
However, a large fraction of LSO neurons are
themselves glycinergic (Helfert et al., 1989; Saint
Marie et al., 1989; Wenthold et al., 1987; Henkel
and Brunso-Bechtold, 1995; D.H.S., unpub.
observ.); and clear examples of local sprouting
were found in the cultured LSO. Therefore, it is
likely that LSO neurons innervated one another,
thus providing a source of glycinergic innervation
in the absence of the MNTB. However, the present

Branch Points! Total Length? Primary Dendrites® Soma Area*
Control (n = 21) 6.3+1.0 676 =79 3.5+0.3 197 £ 17*
SN treated (n = 25) 18.0 £0.9* 1439 = 72t 5.1+0.3 203 + 16*
LSO alone (n = 30) 59+£09 818 + 66 43+0.3 269 + 14
PND 15-16 (n=47)
(Golgi-stained sections) 9.0+0.7" 930 + 52 43+04 266 +9.5

PND, postnatal day.

' one-way ANOVA (p < 0.00001, df = 3, F = 35.10).
2 One-way ANOVA (p < 0.00001, df = 3, F = 35.10).
* One-way ANOVA (p> 0.05, df = 3, F = 2.06).

* One-way ANOVA (p < 0.00001, df = 3, F = 35.10).

* Tukey-Kramer HSD: significantly different from LSO alone (p < 0.01, £ = 3.18) and PND 15-16 (r<0.01,r=3.18).
* Tukey-Kramer HSD: significantly different from control (p <0.00001, t = 7.29), LSO alone (p < 0.00001, ¢ = 7.29), and PND

15-16 (p < 0.00001, ¢ = 7.29).

* Tukey - Kramer HSD: significantly different from control (p <0.00001, ¢ = 6.65), LSO alone (p < 0.001, t = 4.49), and PND 15—

16 (p <0.001, t = 4.49).

* Tukey-Kramer HSD: significantly different from SN treated (p <0.00001, ¢t = 7.29) and LSO alone (p < 0.05, 1 = 2.60).



experiments do not exclude the possibility that the
SN effects were mediated by GABA or acetylcho-
line receptors ( Trombley and Shepherd, 1994; Er-
ostegui et al., 1994).

The extent of growth was also assessed with re-
spect to previously published in vivo measures
from Golgi impregnated LSO neurons (Sanes et
al., 1992b). Clearly, the following conclusions
must be treated with caution due to the difference
in technique (in vivo: Golgi; present study:
biocytin). Control explants displayed significantly
atrophic dendrites compared to postnatal days 15—
16 cells in situ, but SN-treated neuronal dendrites
were hypertrophic (Table 1). It is interesting that
LSO soma size does not seem to depend on gly-
cinergic transmission. The maximum soma area of
control or SN-treated LSO neurons was signifi-
cantly smaller compared to postnatal days 15-16
cells in situ (Table 1). However, explants in which
MNTB afferents were removed exhibited normal
LSO soma size. These results suggest that the phys-
ical presence of MNTB arbors restricts LSO soma
growth, particularly when the normal complement
of excitatory afferents is absent (i.e., in the explant
cultures) and the signal is not glycine. Regulation
of glycine receptors in goldfish Mauthner neurons
also seems to depend on innervation by glycinergic
terminals, but not transmission. Whereas partial
removal of glycine-containing terminals alters the
distribution of the 93-kDa glycine receptor associ-
ated protein, SN exposure has no affect (Seitan-
idouetal, 1992).

The cellular mechanism by which inhibitory
synapses regulate postsynaptic shape remains un-
known, and the following discussion is speculative.
First, a decrease in glycinergic inhibition may effect
postsynaptic pH, as demonstrated for GABAergic
systems (Kaila and Voipio, 1987; Kaila et al.,
1990, 1992). Second, inhibitory transmission may
also lead to increases or decreases of the intracellu-
lar free Ca** concentration ( Yuste and Katz, 1991;
Obrietan and van den Pol, 1995; Callaway et al.,
1995; Lo et al., 1995). For example, Kandler and
Friauf (1995) showed that MNTB stimulation pro-
duces depolarizing IPSPs during the first postnatal
week in the rat LSO. Third, inhibitory transmis-
sion may influence the synthesis of trophic factors
(Zafraetal., 1991).

Finally, inhibitory transmission may effect
changes at excitatory synapses. For example,
NMDA receptor-mediated conductances are in-
creased by depolarizing GABAergic potentials
(Staley et al., 1995) and by the extracellular alka-
lization resulting from HCO;~ efflux through the
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GABA-gated chloride channel (Traynelis and
Cull-Candy, 1991; Vyklicky et al., 1990; Chen and
Chesler, 1992; Kaila et al., 1993). In fact, we re-
cently demonstrated that decreasing glycinergic
transmission for as little as 24 h dramatically alters
postsynaptic physiology, including an enhanced
NMDA receptor-mediated response (Kotak and
Sanes, 1996). These results suggest that inhibitory
afferents may regulate cell shape indirectly by mod-
ifying excitatory synaptic strength. The organo-
typic preparation should allow us to assess each of
these hypothetical mechanisms and their relation-
ship to dendrogenesis.

We thank Dr. Vibhakar Kotak for performing the
acute brain slice recordings. This work was supported by
NSF IBN-9308377 and NIH DC00540.
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