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GABAergic Neurons inBrainstem Auditory
Nuclei of the Chick: Distribution,
Morphology, and Connectivity
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ABSTRACT
The second- and third-order auditory nuclei in the brainstem of the

chicken nucleus magnocellularis (NM) and nucleus laminaris (NL), receive
afferent~ that are immunoreactive to gamma-aminobutyrie acid (GABA). In
order to investigate the source(s) of these GABAergic afferents, we examined
the distribution, morphology, and connectivity of GABAergic neurons in and
adjacent to NM and NL in chicks from 7 days of incubation to 12 days
posthatch. Immunocytochemical techniques revealed the presence of approxi-
mately 150 GABA-labeled neurons within the neuropil surrounding NM and
NL on each side of the brainstem. Most of these neurons are located between
NM and NL and along the lateral border of NM. GABAergic neurons are mul-
tipolar; their thick dendritic processes branch extensively and give rise to sev-
eral thin, secondary processes. Frequently, the GABA-Iabeled processes arbo-
rize within NM or NL. The morphology of these non-NMINL neurons was
investigated further with Golgi impregnation and specific neuronal markers
(antisera to microtubule-associated protein). Our observations suggest that a
considerable portion of GABAergic input to NM and NL originates from local
GABAergic neurons.

In order to determine other possible sources of GABAergic input to NM
and NL, we injected tracers unilaterally into NM/NL. A small number (20-30)
of neurons were retrogradely labeled in the trapezoid body, almost exclusively
Ipsilaterally. No labeled cells were found in other regions of the brainstem,
except for the contralateral NM. Unilateral injections of horseradish-peroxi-
dase~labeled wheat germ agglutinin into the paraflocculus revealed only minor
terminal labeling in the lateral region of NL bilaterally. The number and dis-
tribution of GABAergic terminals in NM and NL appeared normal after
transection of the crossed dorsal cochlear tract.

Keywords: gamma-aminobutyric acid, nucleus magnocellularis nucleus lam-
lnarts, inhibition, immunocytochemistry, Golgi imp;egnation

The afferent input and projection patterns of the nucleus
magnocellularis (NM) and nucleus laminaris (NL), second-
and third-order auditory brainstem nuclei of birds have
been studied extensively (for references, see Rubel '78-
~ubel and Parks, '88). Besides their excitatory aff~rent
mp~t, ne,urons of NM a~d N~ receive GABAergic terminals
(Muller. 87; Code et aI., 87, 89; Carr etal. '89) and a sparse
glycinergic input (Code and Rubel, '89). T~ date the sources
of these. inhibitory inputs have not been' identified.
GABAerglC neurons occur adjacent to and within NM and
NL.(MGller, '87; Code et al., '89), but the number and distri-
bution of these cells have not been investigated. It is also
unclear whether these local GABAergic neurons actually
project into the ipsilateral and/or contralateral NM and NL
and whether other, more distant Sources also provid~
GABAergic afferents to NM and NL.
© 1989 ALAN R. LISS, INC.

In mammals, the anteroventral cochlear nucleus (homolo-
gous to the avian NM) probably receives input fr0d:
G~B=,"ergic neurons in the superior olivary complex, ~:7;
this input may be bilateral (Adams and Mugmllgm, I
Adams and Wenthold, '87; Roberts and Ribak, '87; Span¥br
et a1., '87). Also the medial superior olivary nucleus (POSS; _te
homologu~ of NL) presumably receives at l~ast ~ome 0o~~
GABAerglC afferents from within the superior olivary c
plex (Moore and Moore, '87; Roberts and Ribak, '87).
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Inthe present study, we examine the distribution, mor-
phology, and connectivity of GABAergic cells adjacent to
NM and NL in chick embryos and hatchlings. We demon-
8trate that local GABAergic neurons have ramifying den-
driticprocesses which give rise to thin, secondary fibers
withinthe ipsilateral NM and NL. The possibility of other
sourcesof GABAergic afferents to NM and NL was investi-
gatedby injection of tracers into NM/NL and into the para-
flocculusand by transection of the crossed dorsal cochlear
tractwithsubsequent processing for GABA immunoreactiv-
ity. Noneof these experiments revealed substantial projec-
tionsto NMINL. We conclude that local GABAergic neu-
ronsprovide most of the GABAergic afferents to NM and
NL.Apreliminary account of this study has been presented
in abstractform (von Bartheld et aI., '89).

MATERIAlS AND METHODS
Approximately 250 embryonic and posthatch chicks were

used in the present study. The age of the animals ranged
from7 days of incubation (E7) to 14 days posthatch (PI4).
Embryosyounger than 14 days of incubation were staged
accordingto the Hamburger and Hamilton ('51) series.
GABA·immunostained tissue from older animals (P14 to 1
yearold)was available for comparison (Code et al., '87, '89).
In addition, Golgi-Kopsch-impregnated sections (Stensaas,
'67)through the brainstem of approximately 50 additional
chicksand chick embryos from prior studies (Smith and
Rubel,'79; Smith, '81; Deitch and Rubel, '84), as well as sec-
t~onsprocessed with an antibody against microtubule-asso-
cated proteins (MAP-2, Matus, '88), were studied (M. Sef-
tel andE.W Rubel, unpublished material).

GABAand MAP·2 immunoreactivity
. We investigated the brainstems of 95 chicks for GABA
~rnm~noreactivitYjtwo different protocols were used for
t~at.lon,..andsectioning. Under sodium pentobarbital anes-
e esia (00 mg/kg body weight), one group (n - 51) was per-
hu,edwith 0.6% glutaraldehyde and 1.5% paraformalde-
yde;their brains were dissected and placed in 30% sucrose
overnight.Frozen sections were cut at 30 or 40 J,Lm; 48 brains
tal! sectioned in the transverse plane and three in the sagit-
plane. Alternate sections were collected on gelatin-

coatedslides or as free-floating sections. After a 1-2-hour
wa h·tioS In0.1M phosphate buffer (PB, pH 7.4) and preincuba-
n l~ 3% normal goat serum, the sections were processed

;~;rnlght with GABA antisemm. (INC STAR) diluted
,000or 1:4,000 m PB. Followmg incubation m a second-

~rKantibody, biotinylated goat-anti-rabbit IgG (diluted
";00), the sections were incubated in the avidin-biotin-per-
(V1dase complex (Hsu et aI., '81) by using a Vectastain kit
.ector Laboratories). Finally, the sections were processed
Wt~hO.02%diaminobenzidine (DAB) for 5-10 minutes. An-
~ er group of animals (n = 44) was perfused with 1% para-
,ormaldehyde and 1.25% glutaraldehyde. The brains were
:ctzoned on a vibratome at 30 J,Lm,and every third section
das p.rocessed free floating for GABA immunoreactivity, as
escnbed above.
tib~ntrol sections were incubated without the primary an-
spec.y".Other control experiments, which determined the
p ~fiCltyof the GABA antiserum, have been described
s~.VI?Usly (Code et al., '89). In general, the best irnmuno-
cr lIllng was obtained with free-floating sections cut on a
o?os~t. Stained neurons were studied under oil immersion
leetIves (N.A. 1.3-1.4). A total of 25 neurons and their
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immunostained processes were documented with the help of
a computer-aided neuron reconstruction system (Eutectic
Electronics, Inc.); neurons were plotted at a final magnifica-
tion of x450. Cell counts were corrected for double counting
according to Konigsmark ('70). Since penetration of the
antibody (and thus label) in sections processed on the slide
appeared to be in the range of 5-10 J,LID,we corrected for
double counting only in sections processed free floating. The
criteria for a stained neuron included the intensity of label
(clearly above background), the morphology (distinct from
peroxidase-stained blood cells; in doubtful cases only cells
with a stained process were counted), and the diameter
(more than 6 I'm). We counted and analyzed only cells
stained in the neuropil surrounding the NM and NL nuclei.
This area has clear boundaries dorsally, medially, and ven-
trally because its margins lack GABA-immunostained ter-
minals and fibers (Fig. I). The NM/NL complex is located
medial to nucleus angularis (NA). The NA and its surround-
ing neuropil were excluded from the area considered for cell
counts (Fig. 1). Usually, cells counted were not more than 50
J,Lm from the nearest cell body in NM or NL.
Sections through the NM/NL area that had been pro-

cessed with antibodies to MAp·2 were studied to determine
whether cells in areas corresponding to the locations of
GABAergic cells are neuronal or glial cells. MAP-2 antisera
were provided by A. Frankfurter (Binder et aI., '86) and R.
Vallee (De Camilli et aI., '84). The MAP-2 antibody is spe-
cific for neuronal cell bodies and dendritic processes and
does not stain glial cells (Matus, '88). Sections were pro-
cessed according to standard immunocytochemical tech-
niques (antibody dilutions of 1:250-1:1,000) by using the
avidin-biotin-peroxidase complex and a Vectastain kit with
DAB as the chromogen.

Connectivity
In vitro tracer studies. The NMINL of 78 chicks and

chick embryos was injected with one of the following tracers:
f1uorogold (FG, n ~ 37); horseradish peroxidase (HRP,
n = 9); dextran-conjugated tetramethylrhodamine (Rh,
n ~ 16); and the carbocyanine dye Dil (n ~ 18).
The tracers FG (Schmued and Fallon, '86), HRP (Sigma),

and Rh (Molecular Probes) were injected into NMINL in an
in vitro preparation (Jackson et al., '82). For experiments
with HRP injections, the animals were anesthetized with
sodium pentobarbital (Nembutal, 50 mg/kg body weight)
and then perfused intracardially with 'I'yrode's solution
prior to removing the brain. In the FG and Rh tracer experi-
ments, posthatch chicks or chick embryos were anesthetized
and then decapitated without perfusion. A chunk of the
brainstem (3-6 mm in thickness) was dissected and placed
in a chamber containing Tyrode's solution saturated with
95% 0, and 5% CO, (Jackson et al., '82; Hackett et ai., '82) .
A glass micropipette (tip diameter: 20-60 urn) was filled
with one of the tracers which was injected into NM/NL WIth
the aid of a Picospritzer (General Valve Corporation). Injec-
tions were carried out for a period of 10 minutes to 2 hours.
The slice was kept in a fresh oxygenated solution of
Tyrode's at 35°C for an additional 5-18 hours and then
fixed by immersion in 2% paraformaldehyd~ and 0.5% glu-
taraldehyde. The brains were cryoprotected In 30% suc~ose
and cryosectioned in the transverse plane at 30 11m. Sections
containing FG and Rh were coverslipped with Glycergel
(DAKO) and observed directly under epifluorescence by
using the standard violet exciter filter (ZeISS)for FG and the
green exciter filter for Rh. Sections containing HRP were
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Fig. 1. Transverse section through the auditory brainstem of an El8
embryo processed with an antiserum to GASA. The area of neuropilsUl_
rounding the nucleus magnocellularis (NM) and nucleuslaminaris (NL)
is outlined by dashes. GABAergic neurons were counted in this area, but
not in the neuropil surrounding the nucleus angularis (NA). Note
GABA·immunoreactive neurons (star) between NM and NL. VeM,
medial vestibular nucleus; XDCT. crceeed dorsal cochlear tract.

Fig. 2. The number of GABAergic neurone in and adjacent to the
nucleus magnocelJuJaris and nucleuslam.inaris are plotted as a function
of age. Counts are from 14 cases, embryonic day (E) 12 to poethetch day
(P) 14. Numbers of cells are the average from the two sides of each
brain.

Fig. 3. .Drawings of representative transverse aectiona through three
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levels of the brainstem of an E16 embryo showing the distribution of
GABAergic neurons in NM and NL. Lateral is to the right. The dashed
line circumscribes the neuropil surrounding NM and NL. Positions of
GABAergic neurons are indicated by black circles. The three levels of
sectioning (A-C) are indicated in Figure 4.

Fig. 4. Plot of the distribution of GABAergic neurons in NM and NL
in the horizontal plane (one case shown, E16 embryo). The positions of
GABAergic cells of only two-thirds of the sections were plotted.; every
third section was not immunoprocessed.. The dorsoventral extent of ~M
and NL is collapsed into one plane; only the roetrocaudel and me~lO-
lateral distribution of GABAergic neurons is visible in the dorsal view.
Most of these neurons are located outside NM or NL (cf. Fig. 3). The
levels of transverse sections shown in Figure 3 are indicated.
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processedwith DAB by using heavy-metal intensification
(Adams,'81), dehydrated, and coverslipped with DPX
mounting medium.
Thecarbocyanine tracer Dil (Molecular Probes) was dis-
solvedin 1% dimethylformamide and injected into brain-
stemsthat had been perfused and fixed (Godement et al.,
'87)with 0.6% glutaraldehyde and 1.5% paraformaldehyde.
Thebrainstems were kept in fixative at room temperature
forperiods of 2 weeks to 6 months and then were cryopro-
tected,cryosectioned, and observed with or without a cov-
erslipunder epifluorescence by using the Rhodamine filter
set (Zeiss).
Crossed dorsal cochlear tract (XDGT) transec-

Hons. Two posthatch chicks (P7) were anesthetized with
ketamine hydrochloride (Vetalar, 80 mg/kg body weight,
1M)and an intraperitoneal injection of sodium pentobarbi-
tal (Nembutal, 20 mg/kg body weight). The XDCT was sec-
tionedby using a caudal approach through the foramen
magnum(Benes et al., '77; Deitch and Rubel, '84, '89a,h).
Following surgery, the incision was closed with cyanoacry-
lateadhesive. A third animal, age-matched but unoperated,
servedas the normal control. After a I-day survival period,
theanimals were perfused with 0.1 M PBS followed by 1.0%
paraformaldehyde and 1.25% glutaraldehyde. Similar ex-
periments from previous studies show that a t-day survival
period is sufficient to produce terminal degeneration in the
ventral neuropil of NL after XDCT transection (Parks and
Rubel,'75). Serial sections, 30,um thick, were cut on a vibra-
to~e and processed for GABA immunocytochemistry as de-
scribedabove. Adjacent sections were stained for Nissl sub-
stanceto verify the lesion.
HRP-WGA injections in vivo. Two posthatch chicka

(P12) received pressure injections of the combined antero-
grade and retrograde tracer horseradish- peroxidase-labeled
Wheatgerm agglutinin (HRP-WGA; Sigma Chemical Co.)
unilaterally into the paraflocculus. The paraflocculus was
suggested as a possible source of input to NMINL (H.J.
Karten, personal communication'). Following anesthesia
(seepreceding section), an incision was made into the skin
~verlYingthe skull, and the skin and muscle were retracted.
hhole was made in the lateral aspect of the skull to expose
~.e paraflocculus. A Hamilton syringe was visually posi-
toned to enter the paraflocculus at about a 450 angle from
~e horizontal plane. Approximately 0.9 ~l of a 10% HRP-

fl
GA solution (in 0.1 M PBS) was injected into the para-
occulus (Fig. lOA).
After a survival period of 20-22 hours, the animals were

aneathetized and perfused intracardially with 0.1 M PBS
(pH7.4), a mixture of 1% paraformaldehyde and 1.25% glu-
~r~ldehYde, and finally with buffered 30% sucrose. The
rams were removed from the skull, blocked in the trans-
vlir~eplane, and placed in the buffered sucrose overnight. A
~ dmg microtome was used to cut 50 urn frozen sections
~rough the auditory hrainstem, which were collected in 0.1
f PR. Alternate sections were Nissl-stained or processedt tetramethyl benzidine (TMB) histochemistry (Mesu-
am, '78). The TMB sections were mounted onto chrome-
~lum-coated slides, counterstained with neutral red, dehy-
rated, cleared, and coverslipped.

IDr. H. Karten's advice and admirable prediction hereby are acknowl-
edged.
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RESULTS
Number and distribution of GABAergic

neurons
,!,he number and distribution of GABAergic cells in and

adjacent ~o ~M/NL were. determined for every or every
other section In 14 cases WIth the best immunocytochemis-
try; the area under investigation included the neuropil adja-
cent to ~M/NL but not the neuropil of nucleus angularis
(NA) (Fig. 1). The neuropil surrounding the NM/NL com-
plex is well demarcated in GABA·stained material due to
the lack of GABA-stained terminals and fibers (Fig. 1).
GABAergic neurons were detected as early as E7 in the NM/
NL complex, but stages prior to EI2 were not investigated
systematically. Counts revealed 100-200 GABAergic neu-
rons in or adjacent to NM and NL on each side of the brain-
stem. The number of GABAergic neurons did not change
significantly from E12 to P14 (Fig. 2).
Representative drawings of the distribution of

GABAergic cells, as seen in transverse sections at three dif-
ferent levels of NM/NL, are shown in Figure 3. In four cases,
the position of each stained cell was plotted on a horizontal
planar projection of the NM/NL complex (Rubel and Parks,
'75). These plots reveal an increasing density of GABAergic
neurons from caudomedial to rostrolateral (Fig. 4). Figure 3
shows that GABAergic neurons are concentrated in two
areas: between NM and NL and lateral to NM. They are less
frequently found in caudal areas around NM or in the ros-
tral pole of the NM/NL complex.
It should be stressed that Figure 4 collapses the dorsoven-

tral dimension. GABAergic neurons are located predomi-
nantly not within the borders of NM or NL but in areas sur-
rounding NM and NL. The GABAergic cells were clasaified
into six groups according to their location in transverse sec-
tions: 1) "medial" (medial to NM/NL); 2) "dorsal" (dorsal
margin of NM); 3) "NM" (within NM); 4) "central" (cen-
trally located between NM and NL); 5) "ventral" (ventral to
NL); and 6) "lateral" groups (laterally, between NM/NL
and NA) (Fig. 5). Cell counts averaged from these six regiona
in four embryos aged E15-19 indicate that most GABAergic
cells are contained in the central group (N - 61-73; 40-
50%), followed by 15-25% (N ~ 34-41) in the lateral, 10-
20% (N _ 22-25) in the dorsal, 5-10% (N - 9-12) in the
NM group, 5-10% (N - 7-13) in the ventral, and only about
5% (N _ 2-7) in the medial group (Fig. 5). GABAergic neu-
rons within NL were very rare «1 %); for the quantitative
analysis, such cells were included either with the central
group or with the ventral group, depending on the position
of the cell body compared to the NL cell layer.

Morphology
Observations from GABA immunocytochemis-

try. Moat of the GABA-atained neurons in the NM/NL
area are multipolar, with a diameter varying from 8 to 25
nm. Their dendritic processes give rise to finer secondary
fibers (Fig. 6A). The number of arborizations of single
GABAergic neurons can be extensive; in one case, we
counted 33 arhorizations in the plane of the section. Some of
the thick processes extend from the cell body for up to 150
ern. The nucleus of GABAergic neurons is large and, in cryo-
sectioned material usually stained less intensely than the
cytoplasm and th; proximal processes. In most vibratome
sections, on the other hand, the nucleus is heavily immune-
stained (cf. Code et al., '89). Nuclear staining for GABA may
be explained by the suggestion that the GABA molecule can
diffuse through nuclear pores (Ottersen and Storm-
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-lateral

Fig. 5. Schematic drawing of the n~uro~il region surrounding NM
and NL at midlevel showing the relative distribution (percentage) of
GABAergic cells within each subdivision (El5-19, n ~ 4). C. central
group; D, dorsal group; M, medial group; L, lateral group; V, ventral
group.

Mathisen, '84). This hypothesis, of course, does not explain
differential nuclear staining seen with different processing
methods.
In about two dozen cases, in which neuronal processes are

stained for some distance within the section (thickness: 30
or 40 um), it is obvious that the thin processes arising from
dendrites project into NM (Fig. 6A) or NL; such cases
include GABAergic neurons from the medial, dorsal, NM,
and central groups (Figs. 6, 7). Stained processes arborize
within the dendritic fields of NL or ramify adjacent to the
soma of NM cells. Often, the thin secondary processes
branch at approximately right angles from the main den-
dritic process (e.g., neuron at the extreme right in Fig. 7B).
GABAergic neurons of the ventral group project into NL

and often have another process directed ventrally towards
the descending vestibular nucleus and trapezoid fibers. We
also observed some GABAergic fibers entering the ventral
NL area from outside the ventral neuropil area; possibly,
these fibers originate from neurons in the trapezoid body
(see below).
The central group of GABAergic neurons is located just

dorsal to NL, about 20-50 ,urnfrom the dorsal margin of the
NL cell bodies (cf. Smith and Rubel, '79). Most of the
GABA-positive cell bodies are located dorsal to the NL den-
drites, but occasionally they are observed among the NL
dendrites. Frequently, cells of the central group possess two
to four thick dendritic processes, one or two of which will
proceed in a medial direction as do the others laterally (Fig.
6B). These processes branch and ramify while entering the
dendritic and soma layer of NL. Often the dendritic pro-
cesses extend more than 100 urn in both medial and lateral
directions, and thus cover more than one-third of the width
of NL (500-700 I'm at E16). Occasionally, these lateral and
medial processes originate from one ventral process. The
orientation of these processes does not appear to correspond
with the isofrequency contours of NL which run orthogonal
to the tonotopic axis; the axis of tonotopic organization in
NL follows a line from caudolateral (lowfrequencies) to ros-
tromedial (high frequencies) (cf Rubel and Parks, '75). On
each side of the brain, we counted 15-25 neurons of the cell
type with medial and lateral processes. Their number did
not change significantly between embryonic and posthatch
chicks. Many GABAergic cells of this type have a character-
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Istic dorsal process which is directed towards :t:JM(e.g, neu-
ron in extreme left of Fig. 7A), but could not, m the present
material be demonstrated to terminate in NM. Often, the
distal processes of GABAergic neurons are located some-
what caudal to the cell soma. In the present material (30-40
am-thick sections), cells of the central group seemed only
rarely to possess processes that reache~ both ~~ and N~,
although this might have heeD:a function o~ limited anti-
body penetration and/or the thickness of ~ectIOns.
The NM group contains neurons of variable morphology;

some have at least two large processes at opposite poles of
the soma which branch within NM in a mediolateral direc-
tion. Their processes extend over considerable distances
(more than 150 I'm) within NM (Fig. 6C). Other GABAer.gic
neurons are multipolar with three to five processes radiating
in several directions (Fig. 7A). Immunostained neurons in
NM are relatively rare; a maximum of 12 cells, in one NM,
was counted from one embryo (E12). In older animals (E18
and P7), we counted nine GABAergic neurons within NM
on each side of the brain.
Many stained cell bodies of the lateral group are located

quite distant (more than 100 I'm) from NM or NL cell
hodies. Their processes form a GABAergic fiber bundle that
runs medially towards and into NM, where it disperses
among NM neurons. Many GABAergic processes seem to
originate from the lateral group; several processes traverse
dorsolateral portions of NM, apparently without branching.
They may innervate portions of NM, may continue to NL,
or have a different destination altogether.
In summary, the morphology of GABA-stained neurons

in the NM/NL area shows considerable variability. The
shape and size of the somata, as well as the orientation of
dendritic processes, are variable. The only cell type that dis-
plays a rather consistent morphology is that of the central
group with medial and lateral processes. Of those
GABAergic neurons in the central group, approximately
one-fourth belong to this cell type.

Observations from MAP-2 stains. Sections through
the brainstem immunoreacted with an antibody to MAP-2
show labeled neurons in positions corresponding to those
revealed by the GABA immunostaining. In the central
group, the approximate number of neurons stained with
MAP-2 and their morphology correspond to those of the
GABA-stained cells. The cell type with medial and lateral
processes is easily identified because of its characteristic
morphology (cf, Fig. 8B). The number of MAP-2-stained
neurons located laterally to NMINL is considerably larger
than the number of GABAergic neurons in the same loca-
tion. Thus, it appears that only a subpopulation of the
(MAP-2 stained) neurons lateral to NM/NL belongs to the
GABAergic lateral group, while most or all of the (MAP-2
stained) neurons in the central group are GABA immunore-
active.

Observationsfrom Golgi impregnations. Golgi-im~
pregnated neurons in positions similar to those of the
GABAergic cells are encountered rarely. Some, however, are
located in the area between NM and NL, corresponding to
the central group (Fig. 8e-E). Such neurons have morpho-
logical features similar to those described for GABA-stained
-?eurons (Figs. 6, 7). In two cases, the processes of Gol¥i.
Impregnated neurons could be traced for considerable dIS-
tances (Fig. 8e-E). One of these neurons has ventromedially
directed processes that branch and terminate in the ventral
dendritic area of NL, while the ventrolateral processes ter-
minate in the dorsal dendritic area ofNL (Fig. 8C,D). Since
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r .NMfNt Photomicrographs of GABA-immunoreactive neurons in the
elide Th area" ~ryostat sections (30 /Jm) were immunoprocessed on the
--: 1~P<>8lbOnoflabeled neurons is indicated in the inserts and the
~ ~ .are among those shown in Figure 7A,B. Scale bars: 50 sm,
to NMI~lcated otherwise ..~: G~BAergjc neuron im.mediately ventral
tUllle8 t~ process arborizing In NM. Immunoetained process con-

methally (arrows), as shown at higher magnification. Note thin,

secondary fiber originating from labeled process (pointer) and running
dorsally into NM. E16 embryo. B: GABAergic neuron with typical mor-
phology, located between NM and NL. Note processes directed medially
and laterally, with arbcrizationa in dendritic layer of NL (cr. Fig. 7A).
The borders of the cell body layer of NL are indicated by the dotted line.
E18 embryo. C: GABAergic neuron within NM. Note immunostained
process extending more than 150 urn in NM (arrowheads). E12 embryo.
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Fig. 7. Synopsis of GABA·immun08wned neurone in the NM/NL
area. Neurone are from four different animals (El2-18), transverse
CfY08t8t sections (30 $lUI). Neurons were drawn by using a Eutectics neu-
ron reconstruction system with a lOOx objective (N.A. 1.32). AUneurons

these neurons are impregnated rarely in Golgi.impregnated
material, and usually are not sectioned in the optimal plane,
it couJd not be determined whether this is a normal or
exceptional feature of neurons located between NM and
NL. Another Galgi-impregnated neuron has laterally, me-
dially, and ventrally directed processes that branch exten-
sively in the plane of sectioning (Fig. 8E). This neuron
resembles, in position and morphology, the GABAergic neu-
ron shown in the extreme right of Figure 78. In the Golgi-
impregnated cell, we counted 12 thin fibers originating from
one main neuronal process over a distance of 50 gm. These
Golgi-impregnated neurons are probably GABAergic, be-
cause all or nearly all of the neurons between NM and NL
(central group) appear to be GABAergic (see above, MAP-2
stains).

Connectivity
In vitro tracers. The best retrograde labeling of cell

bodies was obtained with injections of HRP and Dil into
NM/NL. For DiI, diffusion times of 6-8 weeks were neces-
sary for retrograde labeling of cell bodies, while good antero-

~,

-,

",

'. .' ',,:

, , d i thei 'ina! orientationare shown at the same magnification an In err orlg. idl vel
and position relative to NMINL. The NM and NL nuclei at t~e rm e.

. . '" II bod' d wn for illustrativeare indicated by stippling; their ce tee are ra
purposes only.

grade labeling was obtained after 3-4 weeks, Fluorogold was
, d di . 'themvltroalso transported In a retrogra e rrectron In ., 12-18

preparation, but its transport was very slow, requmng
hours in Tyrode's solution. . ir to
The ascending projections labeled after injectlOc I~ e

NMINL are essentially similar to those reported by o~ ef
and Parka ('86) in the posthatch chick, The mam targe alis
the NMINL include the nucleus mesencephalicus late~ t~S~
pars dorsalis (MLd) contralaterally, and tbe nucleus 0 al
lateral lemniscus (LL), tbe ventral nucleus of the lat:~ ,
lemnlscus (VLV), and the superior olive (SO) IPsllate';.r~_
In one embryo (E16), however, we also fo~d so~e ~ te al
grade Dil label in tbe contralateral SO and m the IPs~~_ror
LL and VLV, Tbese differences may be due to met
age-dependent parameters. f d
Following large injections into NMINLINA, we. ~:'al

about 2(}...30retrogradely labeled neurons in the ipsila .
. . ith lnJec-trapezoid body and the superior olive. In cases WI

tions restricted to NMINL (cf Fig 9C) but excluding NA, da
all "d catteresm er number of labeled neurons are fou~ s itb

throughout the ipsilateral trapezoid fibers (Fig, 9A), WI



GABAergicNEURONS IN AUDITORY BRAIN STEM

B

y~~
( ....

'.' ".'

. " ..... :,.:."

-.:" ......
- .. '

. ".: ... " .....

-: :.. , .
. . ". ~...".

' ..."

'. :.
;- ~; ..".

o. .~ ~ • •

:r--'--=lI~"'-.-JL-4r- "'",

:"',

;". .. "..:

477

.....
" ........"~::~.:': GABA

." :".

NM-·- -,. ).

. :"

' " I lateral

ventral
r _••"

-.-,,-" .

100~m

Figure 7 continued

DeUfODsrarel I beled .ally. Iniecti y a . m corresponding areas contralater-
inelcl~' °t~estrlcted to NA, ODthe other hand, resulted
to r08tr~vea ling of ~e~ronsin and immediately adjacent
NM/NL parts ~f the Ipsilateral SO. Since injections into
vestibulausually ,Involved some encroachment into adjacent
labeled r nuclei and pathways, it is possible that Dot all
InadditeuroDs in the trapezoid body project to NM or NL.
overlap~n.re.tt:0gra~ely labeled neurons in this area partly
(lVJ,iteh :i"t1on WIth neurons that project to the cochlea
bee. Iab:,~ and More~t, '81); some of these cells may have
dorsolate :1by IDJectioD of their efferent processes in the
lDdth; brainstem. Several cells in the trapezoid body
Millie: '8~)are GABA immunoreactive (data not shown; cf.
l!gioD' . h Our attempts to double-label DeuroDSin this
"""eveWit. retrograde tracers and the GABA antibody,
labeledr, did not render convincing examples of double-
thetechnneurODs.This failure may be due to limitations of

N rques used .
orin0~et~adeIY labeled cells were found in the MLd, LL,
"e.. I e V nuclei. In addition, DOceUs caudal to NM/NL
to the~Ied! exc~pt for cells located immediately adjacent

Jecticn Site. We found DO evidence for a projectIOn

from cells in NA to NMINL, In the contraloteral NM/NL/
NA complex, we found no retrogradely labeled neurons
located outside the NM nucleus, Since most parts of the
cerebellum were removed prior to injections of tracers, the
experiments of this series could not determine possible pro-
jections from the cerebellum to NMINL (see below, HRp·
WGA injections).

Grossed dorsal cochlear tract (XDGT) t,.,.,..ec-
uons. The possibility that GABAergic projections to NM/
NL run through the XDCT was further examined by tran-
section of the XDCT. In two experiments, the XDCT was
completely severed in its dorsoventral dimension. Following
subsequent GABA immunocytochemistry, GABAergic ter-
minals were observed in NM on both sides of the brainstem.
In neither experiment was there any indication of a decrease
in the number of GABAergic terminals relative to normal
control animals (Code et al., '89).

HRP-WGA itl/ections. In both experiments in which
the paraflocculus was injected, the central area of the injec-
tions of HRP-WGA completely filled the paraflocculus
while the zone of less intense labeling (the halo) spread into
the adjacent cerebellar tissue (Fig, IDA), In neitber experi-
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Fig. 9. Sections through the auditory brainstem of embryonic and
:thatch c~ick8. Scale~: lC!Ourn. A: Neurons retrogradely labeled in
NMtrape~l~ body after tnjecttons of the fluorescent tracer Oil into the
(NL Ipsilaterally. E18 embryo. B: Schematic drawing of transverse:100 through the auditory brainstem showing injection of tracer into

the /NL an~the position of retrogradely labeled neurons (black dots) in
"Ie tra~zOld body (TB). VIll, eighth nerve; El8 embryo. C: Injection
81 restricted to the NMINL area following application of fluorogold in

ment did the injection spread across the midline. The pat-
~n of anterograde and retrograde labeling was the same in
la th experi~ents although there were fewer retrogradely
ti beled cells III the experiment with the more rostral injec-
ion, As expected, anterograde labeling was heavy in the
m~dlal vestibular nuclei bilaterally. Retrogradely labeled
~ bodies were found in the medial, lateral, and dorsal ves-
I~UI~ nuclei bilaterally and in the nucleus paragigantocel-
th ans lateralis ipsilaterally. Injections of HRP-WGA into!abe~ara~occulus resulted in no identifiable anterograde

ling In NM. However, very light, but reliable, antero-
r.~e labeling could be seen bilaterally in NL. Most of this
10 1 was m the lateral, multicellular region of NL (Fig.
B), buta very light scattering of label could be observed as

C:lgi~..8. Neurons stained with the neuronal marker MAP-2 (A,B) and
M.J-lmpregnated neurons (C-E) located between NL and NM. A:
M -z-stained section through NM and NL of a postbetch (P12) chick.
8.o~~lonal antibody toMAP-2. Lateral is to the left. Scale bar: 100 p..m.
~. igher magnification of area outlined in A, showing neuron With
irn leal morphology (cr. Figs. 6B, 7, 8C,D). Scale bar: 10 urn. C: Golgi-
MXregnate~ neuron located between NM and NL. Note resemblance to
Co:-2-stain~ neuron (B). Posthatch (P10) chic.k: Scale bar: 50 sm. D:
abo nuter-essisted drawing of the same Golgl-lmpregnat:ed n~uron

\Vt} In panel C. Note that medial processes appear to termlOate m the

an El8 embryo. The borden of NM are indicated by a <Wheel line.
XDCT: crossed dorsal cochlear tract. D: Two HRP·labeled NM eelll
(arrows) and fibers in the NMINL area after injection of HRP into the
contralateral NM/NL. Labeled fiben in NL are Don collaterall (rom
retrogradely labeled NM cells. NM cells were the only reLrOlfadely
labeled neurons in this region; cells adjacent to NM were not labeled.
Medial is to the left. Pcetbetch (PO chick.

well in the central, monocellular region of NL (Fig. tOC).
The anterograde labeling in NL was predominantly in the
neuropil and not over the cell bodies, whereas the
GABAergic terminals are abundant in both areas (Code et
aI., '89).

DISCUSSION
The excitatory inputs to nucleus magnocellularis (NM)

and nucleus laminaris (NL) have been studied extensively
(Parks and Rubel, '75, '78; Young and Rubel, '86; Rubel and
Parks, '88). Little is known about the source and function of
GABAergic terminals in NM and NL. Presumably inhibi-
tory terminals occupy considerable portions of the surface

ventral dendritic area of NL, while lateral prOCei8M arborize in the dor-
sal dendritic area of NL. Arrows indicate thin, secondary fibers. Four
impregnated NL cells and their proceaees ttre aIao drawn (dendritet are
represented by thin lines that do not show their actual thicknell); other
NL-cell bodies are stippled. Scale bar: 50 sm. E: Computer .... i.led
drawing ofGolgi-impregnated neuron with a mcrpbology similar to Lbat.
shown in Figure 6B. Note line fibers (arrow,) arising from thick, den-
dritic processes. The NL-celilayer is indicated with stippling. Orienta·
tion of neuron is the same as in D. Hatchling (PO) chick. Scale bar: 50

urn.
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Fig. 10. Unilateral inject:iona of HRP.WGA into the paraBocculua
(P6) of. poethatch (P12) chick. A: Black indicates the central area of
the injections; shading indicates the zone of leu intense labeling. Num-
ben to the lower left of each section indicate the section number from
caudal (right) to rostral (left). Total volume of 0.9 11-1injected over two
injection Bites. Abbreviations; Cb, cerebellum; L, lingula; NL, nucleus
laminaris; NM, nucleus magnoceUularis; TeO. optic tectum; VeM, me-

of NM and NL neurons (Parks, '81; Parks et al., '83; Carr et
al., '89; Code et al., '89). Our data suggest that the GABA-
ergic input originates mainly from local GABAergic neurons
that are intrinsic to the NMINL area. In the following sec-
tions, we will discuss the nonprimary afferents to NM and
non-NM afferents to NL in relation to the distribution,
morphology, and projections of local GABAergic neurons,
evaluate the possibility and extent of other sources of
GABAergic input to NMINL, and compare our findings in
the chick with those in the mammalian auditory brainstem.

Nonprimary /non-NM afferents to NM/NL

Goigi and electron microscopic studies first documented
afferent fiber systems in NM and NL that are not of the pri-
mary type, i.e., do not originate in the cochlear ganglion or

dial vestibular nucleus; VS, superior vestibular nucleus; XDCTuJ'c~ll
. . th late el m nee u-dorsal cochlear tr~ct.- B: Anterograde ~J:»elll:lgIn e r, into the

lar region of the Ipsilateral NL after injections of HRP-WGA. 50
paraflocculus from the experiment shown in panel A. Frozen section, d
,I.Imthick, TMB chromogen, neutral red counterstain. C: Anterogra e
labeling in the monocellular region of NL from the same tissue section as
that in panel B. Scale bar. 20 sm (panel B and C).

NM, respectively (Parks, '81; Jhaveri and Merest, '8;~
More recently, immunocytochemical studies demonstrat

Athat many terminals on NM and NL neurons are GAB .
ergic (MUller, '87; Code et al., '87, '89; Carr et al., '89), a~d
these observations have been confirmed ultrastructura y
(Code et el., '89). f
Parks ('81) indicates that 13% of the perikaryal surface 0

NM cells is apposed by presumably inhibitory termmaJ.:i.
Afferents of non·NM origin account for 30% of the term~-
Daison the surface of NL cell bodies and about 10% on their
dendritic surface (Parks et al., '83; Deitch and Rubel, '8~t
The non·NM afferents may all be GABAergic, since
neurons appear to receive only two different types of affer·
ents; one presumably is excitatory and arises from NM ~e\r
rons; the other presumably is inhibitory (Parks et ~., ~3..
The similarity between these types of presumably inhibi-
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toryendings in NM and NL suggested that they may have a
commonsource (Parks et al., '83; T. Parks, personal commu-
nication).In addition, there is a sparse glycinergic input to
NM and NL (Code and Rubel, '89). Although glycine and
GADAhave been shown to be colocalized in terminals in the
mammaliancochlear nucleus (Wenthold et al., '87), this has
notbeen demonstrated in the avian NM or NL.

! Jhaveri and Morest ('82) described the presence of three.
(I presumably nonprimary, afferent axonal systems in NM
("afferents of unknown origin"). One of these axonal sys-
temsenters NM dorsolaterally, close to the entrance of the
eighthnerve into the brainstem. This projection may corre-
spond to the projection from the GABAergic lateral cell
groupdescribed in the present study. Another nonprimary
axonalsystem enters NM ventrally; this could correspond to
the projection from the trapezoid body or from the central
groupof intrinsic GABAergic neurons. A third type of fiber
is described as "extremely fine and delicately beaded"
(Jhaveriand Morest, '82). All three fiber types may be pro-
cesses of GABAergic neurons described in the present
study.
None of the previous Golgi, EM, and immunocytochemi-
calstudies identified the source of the GABAergic input to
NM and NL, although it does not appear to originate from
thecochlear ganglion (Parks, '81; Code et al., '88).

GABAergicneurons in the NMjNL area
GABAergic neurons have been described in and around

NM and NL in the chick (Muller, '87; Code et al., '89), but
their number, distribution, and projections have not been
described in detail. The present study demonstrates the
presenceof approximately 150 intrinsic GABAergic neurons
in the NM/NL area. Many of their processes ramify and
appearto terminate in the ipsilateral NM and NL.
Our observations from immunocytochemical and Golgi-
impregnated material suggest that GABAergic input to NM
and NL arises from (presynaptic) dendrites of local
GABAergicneurons. GABA-stained neurons in the NM/NL
complex typically have several thick dendritic processes
that extend for considerable distances from the cell body.
Suchdendrites give rise to numerous thin fibers which often
branchat approximately right angles, similar to axonal pro-
cesses(Fig. 7A,B). We demonstrate that these thin fibers
enterNM and NL and appear to terminate in the vicinity of
NM and NL cells. The primary dendritic processes are
defined as such hecause of their initially thick (1-4 I'm),
then tapering shape and because of the fact that such pro-
cesses stain with MAP-2, a specific marker for neuronal
dendrites and somata (Matus, 'S8). The thin secondary pro-
cesses,on the other hand may be similar to axonal elements:
they do not taper, and they resemble processes th~t h~ve
been shown in Golgi-impregnated material to end m tmy
'wellings on NM cells (Jhaveri and Morest, '82; their Fig.
17).Further identification of the dendritic or axonal nature
ofthese processes will require analysis at the EM level an~/
or the use of antibodies specific for axonal or presynaptic
fibers.
Presynaptic dendrites have been described previously at
the ultrastructural level; presumably inhibitory ~eUTons in
the SUperior colliculus (Lund, '69) and thalamic neur~ns
Connsuch contacts (Ralston, '71). More recently, axonh~e
~bers of dendritic origin were described for .GABAer?lC
nterneurons in the mammalian brainstem (basilar pontme
gray;Thier and Koehler 'S7) and for amacrine cells in the
retina (Dacey, '88). Th~ morphology of several types of
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GABAergic neurons (cf. Figs. 7A,B, 8E) strongly resembles
that of some amacrine cells. We cannot exclude the possibil-
ity that local GABAergic neurons provide input to NM/NL
via one distinct axon; evidence, however, that a single axon
originates from the soma of GABAergic cells and terminates
in NM or NL is lacking (cf. Smith and Rubel, '79; Smith, '80;
Jhaveri and Merest, '82).
Several previous studies have noted that some neurons in

or close to the NM/NL area do not belong to the homoge-
neous cell population of either NM or NL (Smith and Rubel,
'79; Smith, '80; Jhaveri and Merest, '82; Muller, '87). In
Golgi studies of NL (Rubel and Smith, '79; Smith, '80, '81),
two non-NL cell types are distinguished from the NL
nucleus proper: a "perilaminar" (frequency: %00 NL cells)
and a "spiny type" neuron (frequency: 'hooNL cells). The
perilaminar cell is interpreted as a displaced NL neuron,
while the "spiny type" cell is found to be associated with a
group of neurons located between NM and NL (similar to
the GABAergic neurons of our central and lateral group).
Jhaveri and Morest ('82) refer to one type of neuron (similar
to GABAergic neurons of the "central group") as "cell type
X." The present study shows that many, and possibly all of
the "non NM-, non-Nl. neurons," are GABAergic. These
neurons or ones with similar morphology and location stain
with the neuronal marker MAP-2 (Fig. 8A,B). Therefore, it
is unlikely that the GABAergic cells are glial cells, some of
which possess a GABA-uptake system (Chronwall and
Wolff, '80).

Other possible sources of GABAergic
afferents to NM/NL

Sparse projections from the trapezoid body/
superior olive. Experiments with injections of tracers
into NMINL revealed a few retrogradely labeled cells,
mostly ipsilaterally, in the trapezoid body and adjacent to
the superior olive (SO). These results confirm unpublished
observations by J.W. Conlee (personal communication},
who also found "periolivary cells" labeled after injections of
HRP into the NMINL of adult chicken. Recently, Carr et al.
('89) found a sparse projection from the ipsilateral SO to
NM in the barn owl. Whether these neurons are GABAergic
is not known. The number of labeled projection neurons in
the SO, however, appears small compared with the number
of GABAergic cells in the N~/NL area (10?-200). .
No descending projectIons from hIgher audItory

centers. Injections of tracers into NM/NL failed to reveal
retrogradely labeled cells in MLd, LL, or VLV. Th~ lack of
such descending projections has also be~n ~oted m .adult
chickens (J.W. Conlee, personal communication) and III the
barn owl (Carr et al., '89).
No projections through the cro~sed dorsal cochlear

tract (XDCT). Following transection of the XDCT, the
number of GABAergic terminals in NM di~ not app.ear .dlf~
ferent from that in unoperated, control animals. Injections
f t . NMINL never revealed retrogradely labeledo racers III .' h
cells that corresponded to GABAergic neurons III t e con-
tralateral NMINL region. It is unlikely that th~ absence. of
contralateral GABAergic projections is due ~o ~nsensltlvlty
of the methods, because axons crossing the midline f~om the
contralateral NM were labeled in the same material, and
NM neurons were retrogradely labeled on the contralateral
side, including their axon collaterals to NL on the same Side
(Fig.9D).
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Sparse projections from the paraflocculus to
NL. Unilateral injections of HRP· WGA into the parafloc-
culus did not produce significant anterograde labeling in
NM but did result in appreciable labeling of the lateral,
multicellular region of NL bilaterally. In light of the fact
that the injections did not cross the midline and that antero-
grade labeling was seen in the contralateral NL, we believe
that the anterograde labeling represents actual transport.
The heavy anterograde and/or retrograde labeling seen in
the medial, lateral, and dorsal vestibular nuclei after injec-
tions of HRP-WGA into the paraflocculus served as a posi-
tive control, since cerebellovestibular connections in the
chicken have been well documented (Wold, '81).
These data suggest that there is a small projection from

the parafiocculus primarily, but not exclusively. to the lat-
eral, multicellular region of NL bilaterally, and possibly a
weaker projection to central regions of NL proper. However,
this projection does not appear to account for the high den-
sity of GABAergic terminals observed (Code et al., '87, '89).
The anterograde labeling in NL coincides only partly with
the distribution of GABAergic terminals in NL. GABAergic
terminals circumscribe the nerve cell bodies in NL and
extend out along their dendrites (Code et aI., '89). The an-
terograde label observed in the present study was found pre-
dominantly in the neuropil and not on neuronal somata in
NL. Thus, the paraftocculus is probably not a major source
of GABAergic terminals to NL.

Comparison with the mammalian
auditory brainstem

Nucleus magnocellularis (NM) is homologous with the
anterior division of the mammalian anteroventral cochlear
nucleus (AVCN). While NL is sometimes considered homol-
ogous with the medial superior olive (MSO) (Parks and
Rubel: '75; Jhaveri and Morest, '82), homologies of parts of
the olivary complex in mammals to avian brainstem nuclei
are not clear; new auditory nuclei {e.g., periolivary nuclei)
are assumed to have evolved in mammals (Carr et aI., '89).
Both AVCN. and MSO receive GABAergic afferents but
contain relatively few GABA-positive cell bodies (Thomp-
son et al., '85; Adams and Mugnaini, '87; Moore and Moore
'87; Roberts and Ribak, '87). There is no evidence that th~
cochlear nerve IS a source of GABAergic input to AVCN
(Cant and Morest, '79) or NM (Code et al., '88). GABAergic
afferents to ~V~N may originate from neurons in the SO
comjJl~x (periolivary nuclei) bilaterally (Adams and Mug.
?aml, 87; Adams and Wenthold, '87; Roberts and Ribak
87; Spangler et al., '87), from the ipsilateral dorsal cochlea;
nucleus (Wenthold et al., '86; Adams and Mugnaini '87'
Robert~ and Ribak, '87), from the ventral nucleus of th~
trapezoid body (Adams and Wenthold '87) and/ f. . . ' , or rom
neurons mtrmaic to AVCN (Adams and Mugnaini '87' R b
erts and Ribak, '87). Little is known about the' so~ceo of
GABAerglc mput to the MSO (Roberts and Ribak '87'
Moore and Moore, '87). ' ,
How do th.e assumed Sources of GABAergic input to

AVCN/MSO m ?,ammals compare with the present find-
mgs of NM/NL mnervation in birds? Possibly, the lateral
and central groups of GABAergic neurons in the NM/NL
comp~ex. o~ the chick are comparable to the periolivary
nuclei within the SO complex in mammals whi h.d GABA . c may pro-
VI e ergtc afferents to AVeN/MBO. Tissue sections
through NM/NL that are immunoreacted with the neuron I
marker MAP-2 show the existence of small groups of neu-
rons that do not belong to any of the well-established audi-
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tory or vestibular nuclei. These small cell groups are entirely
(central group) or partly (lateral group) GABAergic. On the
other hand, some neurons of the periolivary nuclei in mam-
mals project to the organ of Corti (Warr et al., '86), while in
birds, neurons with projections to the cochlea are located in
the ventral medulla, not in the NM/NL area (Whitehead
and Morest, '81). Thus, the avian brainstem may contain
two separate populations of "periolivary" cell groups-a
dorsal one surrounding the NM/NL complex and a ventral
one surrounding the superior olivary nucleus. Conclusive
demonstration of the sources of GABAergic input to the
mammalian AVCN and MSa, however, and further studies
of the characteristics of these small ceIl groups in NM/NL
are necessary for definite comparisons of avian/mammalian
brainstem homologies.
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