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Effects of Cochlea Removal on GABAergic
Terminals inNucleus Magnocellularis
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ABSTRACT
The effects of unilateral cochlea removal on GABA-immunorcuctivl! (GAIlA·I) h'rminnJ" in

nucleus magnocellularis (NM) of the chick were assessed by immunocytoclu-mirnl (lrC,
techniques. Posthatch chicks (5-8 days old) survived from 1-37 days followiuc unilnll'rnl
cochlea removal. In the ipsilateral NM, the density orGABA-I terminals uppenn'd to inrn':UH'
relative to normal controls 10-37 days after cochlea removal. However, most of lhllt inerf'aM'
could be attributed to a decrease in cell size, cell number, and volume of the nucleus tiM tI n-eult
of deafferentation. In the contralateral NM, the density ofGA13A-1terminals drcrt-nscd n'lllti\"I'
to the ipsilateral NM and to normal animals 1-21 days after cochlea removal. The 1111It1IM'r nf
GABA-I terminals per NM neuron also decreased in the ccntrnlateml NM while thlll i11 Ilw
ipsilateral NM was comparable to normal controls. To ascertain whether tlWl\.l'dllll1~~'11
represented changes in the number of terminals or in the amount of GABA contuinod within
the terminals, we also examined these terminals using an antibody to glutamic udd t1t"("urhnxy,
lase (GAD), the biosynthetic enzyme for GADA.Following unilateral cochlea remcvnl, t ln-rt- wnlt
no difference in the density ofGAn-1 terminals in NM between the two aldes of till' bruin for nll~'
of the survival times. Similarly, bilateral cochlea removal had no discernible t.'ffl"C'fill 1111'
density of GABA-I terminals in NM. These data suggest that unilateral cll'affl'n'nlllt!,," mn~'
temporarily downregulate the biosynthesis of GABA in the contralateral NM.
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Changes in synaptic organization that occur as a result of
altered sensory experience have intrigued neurobiologists
because of the implication that such anatomical remodeling
may form the basis for learning or recovery of function.
Previous investigators have demonstrated that removal of
Oneinput to a nucleus in the brain may cause sprouting of
other afferents (Raisman, '69; Schneider, '73; Steward and
Vinsant, '78; Tsukahara, '81; Cotman et al., '81), Most of
those studies involved complex nuclei receiving multiple
heterogeneous inputs. Nucleus magnocellularis (NM), the
avianhomologue of the mammalian anteroventral cochlear
nUcleus, is a comparatively simple nucleus consisting al·
most exclusively of a single cell type (Jhaveri and Morest,
'82). In addition, NM receives only two major inputs: the
~Uditorynerve provides the only excitatory input to the
IPsilateral NM (Parks '81' Born and Rubel, '84). The other
major input is provid~ b; nerve terminals :vhi~h c?~tain
gamma~aminobutyric acid (GABA), a putatIve mhlbltory
neurotransmitter (Carr et aI., '89; Code et al., '87, '89~;
~iiller, '87), There also appears to be a minor glycinerg"lc
Input to NM (Code et al., '89b; Code and Rubel, '89).
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In the chick, removal of 1111'hll"i1nTpllpdln lrndllr~1
causes the eventuul dl·J.:'t~I1('Tlltio"of Ihl'lI\ulilllry rwr-o,-"nn.l
its nerve terminals tend-bulbs of 1I1·ldl UI1 IW\HlIll11 in SM
(Parks and Rubel, '7tH.WI' W; ...111,,<111I/1!<.("'l·rtJllnlll"rlf r-~:Il> or
the elimination of this t.·xcihlt(1)'iI1PUlllfllh"'lltrlllll1l:l"'~'
inhibitory GABA,C'ontnininr:(t'rmillnl",in NM TWI,II\·I...,II1,
eses were considered: 1J if till' Jln't-l'nn' flf 111Idllflr)· nlfrrr.nl.1I
plays some role in the nlllinh-flllf1n' ur (j"HArrJ.~lt" 'rttnl'
nate, then removal of tho (''Ol:h'''/Inll}:ht c".a">J~'" 11.1,'"
number of GABAcrJ..'icn-rminnlx in 1111'IP,.l1l1ll'tnl S~1. ..I
conversely cochlea removal rni~ht 11-1111In nil Inartu:"'lnlh ...
number of GABAeq...ic 1('tl11inlll" l"JH"lIUIIIIJ.!1,Ill...In Ir~:I
competition fur tnrgd- cdl 1t1('l11hrnlll'~In I"tl:rr rn~"'." ....
expected n chung:c in thr numlwr (If (,AHAI'rf_1C'11111UI~III
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the ipsilateral NM, either an increase or decrease, after
cochlea removal. al It
OUffindings showthat unilateral cochlea re~ov re.s~ s

in little or no change in th.e immu?o~ytocheIDlcal staim~g
for GABA in terminals m the ipsilateral NM. In t e
contralateral NM, however, GABA Immunocytochemistry
suggests that cochlea removal causes a tran~lentdec~ease
in the density and number of GABA-containmg ~ermmals.
However this decrease is not due to degeneration of the
GABAer~c terminals since their presence can be demon-
strated after cochlea removal by using an antibody to
glutamic acid decarboxylase (GAD). Thus, cochlea removal
appears to regulate differentially the levels of GABA and
GAD contained in nerve termmals m NM.

MATERIALS AND METHODS
Animals

Inbred White Leghorn chickens (H and N International,
Redmond WA) between 5-8 days of age were used in these
experime~ts. A total of 25 chicks underwent unilat~ral
cochlea removal and were divided into seven survival
groups: 1, 2, 5, 10, 14, 21, and 37 days. In addition, 16
chicks sustained bilateral cochlea removal and survived for
2-38 days. One or two age-matched unoperated control
chicks were included in each survival group. Auditory
brainstem tissue was processed for GABA immunocy-
tochemistry (lCC). An additional 15 chicks underwent
unilateral cochlea removal. After surviving 1-37 days, their
auditory brain stems were processed for GAD ICC.

Surgical procedures
Unilateral basilar papilla (cochlea) removal was per-

formed according to procedures which have been described
previously (Born and Rubel, '85). Briefly, chicks were
anesthetized with ketamine hydrochloride (Vetalar; 80
mg/kg) and sodium pentobarbital (Nembutal; 20 mg/kg).
The right cochlea was removed with forceps, floated in a
water-filled Petri dish and examined to ensure that it was
removed in its entirety. Skin incisions around the external
auditory canal were sealed with cyano-acrylate glue, and
the animals were allowed to recover.

Tissue processing
Under deep anesthesia with Nembutal, the chicks were

perfused intracardially with buffered saline followed by a
mixture of 1% paraformaldehyde and 1.25% glutaraldehyde
in 0.1 M phosphate buffer (pH 7.4) at room temperature
(for GABA ICC) or cold 1% paraformaldehyde (for GAD
ICC). The brains were removed from the skull, blocked in
the transverse plane and placed in the fixative at 4°C
overnight (for GABA ICC) or for 4 hours in fix, and then
into 30% buffered sucrose overnight (for GAD ICC).
Immunocytochemical techniques were performed as de-

scribed previously (Code et al., '89a). Standard ICC proce-
dures were followed for the avidin-biotin-peroxidass, com-
plex (ABC) method (Hau et al., '81) with reagents from
Vectastain kits (Vector Labs). Tissue processing techniques
were carefully standardized to minimize variability among
animals, Incubations in primary antiserum for GABAwere
performed at room temperature and those for GAD at 4°C.
AIl other incubations were performed at room temperature.
Transverse sections through NM were cut, either on a
Vibratome for GABA or on a freezing microtome for GAD
(30-40 urn thick). The sections were rinsed several times in
phosphate buffer and then incubated for 1 hour in a
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pre-soak solution of 3% normal goat serum (NGS) in 0.5 M
Tris buffer (pH 7.6) (for GABA ICC) or 3% normal horse
serum (NHS) in phosphate-buffered 0.3% Triton-X (for
GAD ICC). The sections were then mcubated for 12-36
hours in either GABA antiserum (Irnmunonuclear, Inc.)
diluted 1:2,000-1:4,000 or in GAD-2 :,ntiserum(Gottlieb et
al., '86), diluted 1:4,000. Each primary antiserum was
diluted in its pre-soak solution. Following s~veral buffer
rinses the sections were incubated for 1 hour In secondary
antiserum consisting of biotinylated goat anti-rabbit IgG,
diluted 1:200 in phosphate buffer (for GABA) or biotiny-
lated horse anti-mouse IgG, 1:200 (for GAD). After four
buffer rinses, the sections were incubat~d in ABC for 1
hour. They were rinsed again for 30 minutes and then
reacted for 10-20 minutes in a 0.02% diaminobenzidine
solution to which hydrogen peroxide was added at a final
concentration of 0.03%. Following several buffer rinses, the
sections were mounted onto slides coated with poly-L-
lysine, dried, and coversli~ped with ~PX or Permou~t.
Adjacent sections were stained for Nissl substance WIth
thionin.

Controls
Control studies included tissue incubated in 3% NGS or

NHS without the GABA or GAD antisera, which resulted in
the absence of GABA-I or GAD-I staining. In addition,
control experiments performed in a previous study con-
firmed that the GABA antiserum is highly specific and that
it does not cross-react with structurally similar amino acids
(Code et al., '89a).

Quantitative analyses
Counts of terminals. GABAergic terminals, as de-

fined by established criteria (Code et al., ,89a), were counted
with the aid of a videocamera attached to a microscope and
a Zeiss Videoplan imaging system. With the aid of a 100X
objective (N.A. 1.3), an image of the tissue was displayed on
a television monitor at a final magnification of 2,590x.
GABA-labeled terminals in NM were counted in one focal
plane on both the ipsilateral and contralateral sides of the
same tissue section by using one of the two sampling
techniques described below. .

Standard sampling procedure. GABA-I terminals m
NM were counted from both sides of the brainstem accord-
ing to a sampling procedure that is fully described else-
where (Code et al., l89a). Briefly, the total posterl~r-to·
anterior (P-A) extent of NM was determined and the tlss~e
section at the 50% P-A level was selected for analysis. If this
section was not available because of tearing during section~
ing or loss during ICC processing, the next close~t usable
section was selected. The sections used for analysis ranged
from the 42-58% P-A level.
Within the section, three regions of NM, medial, centr~)

and lateral, were chosen for analysis (Fig. 1). The medl~
and lateral regions were defined as the most medial an
most lateral regions of the nucleus of that section, respec-
tively, and the central region as halfway between ~hem. In
each region, the number of GABA-I terminals In three
separate 2,500 I..Lm2areas was counted and averaged to-
gether. This provided, for each animal, values of the mean
density of GABA-I terminals (the number of terminals per
unit area) in each of the three mediolateral regions ofN~.

Area-weighted sampling. In the standard .sa~pIIl~
method described above the selection of areas WIthm N
from which GABA-I te~minals were to be counted wa,s
performed at a magnification at which the GAllA·! term1-
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Fig.!. Sampling areas in the medial, central, and lateral regions f
NM:at the 50% posterior-anterior (P-A) level of the nucleus. The medi~l
and lateral regions were defined as the most medial and most lateral
regions of NM, respectively, in that tissue section. The central region
was defined to be halfway between the medial and lateral borders ofNM
in that section. Each square represents the approximate location of a
2,500 IJ.m'-sampling area (a square, 50 um on a side) from which
GABA-I terminals were counted. Data from the three squares in each of
the three mediolateral regions depicted were averaged to obtain the
mean density of GAB A-I terminals.

nals could be easily observed. Thus, an element of bias may
have been introduced during selection of sample areas. To
determine whether this bias actually occurred with the
standard sampling method, a second sampling procedure,
the area-weighted sampling method, was adopted (Miles
and Davy, '76). In this procedure, as in the first sampling
method, GABAergic terminals in NM were counted on both
sides of the brain with the Zeiss Videoplan imaging system.
An eyepiece reticule with a 10 x 10 grid was placed in the
microscope ocular. By using a 16x objective (N.A. 0.35),
which did not permit visualization of the GABAergic termi-
nals, the tissue section was arbitrarily placed under the grid
so that the borders of NM fit entirely within the grid and
such that one horizontal grid line bisected NM in a lateral-
to-medial direction. At the intersection of every other
vertical grid line with the horizontal grid line, the tissue
was centered in the field, the objective was changed to
100x, and the field of view was displayed on the television
monitor. The number of GABAergic terminals in a 2,500
J.Lm2sampling area was counted as described above. Values
from approximately four of these 2,500 /-Lm2areas within
one tissue section were averaged to give the mean density of
GABAergic terminals for that particular posterior-anterior
(P-A) level. The density of GABA-I terminals was deter-
mined at four different P-A levels of NM from one animal
10 days after cochlea removal. In addition, the density of
GAD.! terminals in NM was determined in three animals,
10 days after cochlea removal, by means of the area-
weighted sampling method. Results from the area-weighted
Sampling method were consistent with those obtained with
the standard sampling method.
Counts of terminals per cell. The average number of

GABA-I terminals surrounding NM neurons in cross-
section was determined from two chicks that survived 10
days after unilateral cochlea removal, three chicks in the
14-daySurvival group, and one age-matched, control animal
from each of these two survival groups. The number ?f
GABA-Iterminals surrounding an individual NM ~euron III
cross~section was counted directly from the microscope
Usinga 63x oil objective (NA 1.4). Only terminals directly
aPPosed to NM neuronal cell bodies which exhibited a
nUcleuswere counted.. If two cells lying next to each other
appeared to share a labeled terminal, then only one of the
cellsWas selected. for analysis to preclude the possibility of
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counting the same terminal twice. For each animal the
~umber of ?ABA.I terminals was counted and ave;aged
rom approxll1;ately 50 neurons within NM at the 50% P-A
level on each SIdeof the brain.
Measurements of NM volume. The mean volume of

NM was r:neasured in two animals that had survived 10 days
after urul?teral cochlea removal and two age-matched,
control animals. By using a lOx objective (NA 0.32) and a
Vl~eocan:era a~tached to the microscope, an image of the
Nissl-stained tissue section, adjacent to the sections pro-
cessed for GABA ICC, was displayed on a television moni-
tor. !he pe.rimeter of NM on each side of the brainstem was
o~thned WIth the aid of a cursor and a digitizing pad (Zeiss
Videoplan). Approximately 14 sections from the caudal to
the rostral pole ofNM were analyzed from each animal. The
area~ o~NM from each section were added together then
multiplied by the distance between the sections (90 urn) to
obtain an estimate of the total volume of the nucleus.

RESULTS
GABAimmunocytochemistry

We have demonstrated previously that the small, round,
or oval structures that are within the neuropil and surround.
ing nerve cell bodies in NM of posthatcb chicks and that are
stained with the GABA antiserum are nerve terminals
(Code et a1., '89a). In the present report, the terms GABA-
immunoreactive (GABA-I) and GAD-immunoreactive
(GAD-I) are used to refer to terminals that are immuno-
stained with the GABAand GAD antisera, respectively.
Figure 2 shows representative photomicrographs of

GABA-I terminals in NM from the sides of the brain
contralateral and ipsilateral to cochlea removal at three
different survival times. One day after cochlea removal,
approximately equal numbers of GABA·I terminals are
present in contralateral and ipsilateral NM (A, B). How-
ever, 2 days after cochlea removal (not shown), there
appears to be a decrease in the number of GABA·J termi-
nals in contralateral compared to ipsilateral NM. This
difference continues to increase in magnitude so that by 10
and 14 days postoperatively, there are relatively few identi-
fiable GABA-I terminals in contralateral NM compared to
ipsilateral NM (C, 0). The number of GABA·I terminals in
other, presumably unmanipulated, areas of the brain (for
example the adjacent medial vestibular nucleus) appears
normal 'at this time; the number of terminals in the
contralateral NM relative to the medial vestibular nucleus
appears to be decreasing. By 21 days, the number of
GABA-I terminals in the contralateral NM appears to
increase and by 37 days there does not appear to be any
difference in the number of GABA-I terminals between the
two sides of the brainstem (E, F).

GABA-Jterminal density
Quantitative analyses confirmed the o~servations de-

scribed above. Figure 3 sbows the density of GADA-I
terminals in three mediolateral regions of NM contralate~al
and ipsilateral to cochlea removal for on? represent.atlve
animal in each survival group. A decrease III the ?enslty of
GABA-I terminals in the contralateral NM relative to the
ipsilateral NM is apparent at 2, 10, 14, and 21 day~ after
cochlea removal.
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Fig. 2. GADA·labeled terminala (arrows) at similar P-A and medio-
lateral positions within NM from the contralateral side of the brain (left
column) and from the side of the brain ipsilateral to cochlea removal
(righlcolumn), A.B. One day after cochlea removaJ. Nodift"erence in the
number ofGABA·J terminals between the two sides. C.D. 14 days after

The area-weighted sampling method confinned the differ-
ence in the density ofGABA-J terminals in NM between the
two sides of the brain in animals examined 10 days after
cochlea removal (Fig. 4). At each of the four P-A levels
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cochlea removal. A dramatic decrease in the number of terminals o.n the
contralateral side compared to the ipsilateral side. Scale bar ap~he.s ::
all panels. E,F. Thirty·seven days after cochlea removal. There I~lit ~
difference in the number of terminals in NM between the two Sides 0
the brain.

within NM from one animal, there is a significant decrease
in the density ofGABA-J terminals in the contralateral NM
compared to that in the ipsilateral NM. A two-way analysIs
of variance <ANOVA)(side of the brain X P-A level) revealed
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Fig. 3. Graphs of the average density (number/2,500 ~mi)of GABA-l terminals in throe mediolateral
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a' .p ~ficant effect of side of the brain [F(I, 24) ~ 96.06;
" .001]. The effects of position and the interaction term
ere not significant.
deThe time course of the changes in GABA-l terminal
natty for all animals is shown in Figure 5. For each

mediolateral region of NM in each animal, the av rage
density of GABA-J terminals on the side of lhe bnun
contralateral to cochlea removal was divided by the averap
density on the ipsilateral side. The ralios w re av rapd
across the three mediolateral regions of NM in each animal
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) ofGABA-1 terminals
in NM from one animal examined 10days after cochlea removal at four
posterior-anterior (P-A) levels through the nucleus. There is a signifi-
cant difference in the density of GABA·I terminals in NM between the
side of the brain ipsilateral to cochlea removal (black) and the contralat-
eral side (white) at all P-A levels. Error bars represent the standard
error oftbe mean.

and the resulting values were averaged across all animals of
a given survival group. This value provided a measure of the
mean ratio of the density of GABA-I terminals between the
contralateral and ipsilateral sides of the brain at each
survival time. A ratio of 1 indicates that the density of
terminals in NM on the two sides of the brain is the same,
while a ratio less than 1 indicates that the density of
GABA-I terminals in the contralateral NM is less than that
in the ipsilateral NM.

Figure 5 shows that for the age-matched, control animals
in each survival group, the density of GABA-I terminals on
each side of the brain is comparable, so that the ratio of the
densities approximates unity. In contrast, for the experimen-
tal animals, at most survival times, this ratio is less than 1.
Beginning 2 days after cochlea removal, there is a decrease
in the ratio of GABA-I terminal density between the two
sides of the brain; by 10- and 14-days survival, the ratio of
GABA-I terminal density reaches a minimum of 0.3. The
ratio of GABA-I terminal density returns to control levels
by 37 days survival.
For statistical analysis, the ratios of all age-matched

control animals were averaged and compared with the
averaged ratios from the experimental animals in each
survival group. A one-way analysis of variance (ANOVA)
revealed a significant effect of survival time [F (6, 27) = 6.83;
P < .001]. Posthoc multiple comparisons (Fisher-PLSD)
revealed that the ratios of GABA-I terminal density from
the 2-, 10-, and 14-day survival groups were significantly
different from that in the control group (P < .05). The 1-,
5-, 21-, and 37-day survival groups were not significantly
different from controls (P > .05).
These differences in the ratios of the density of GABA-I

terminals from the two sides of the brain could result from
either a decrease in the contralateral NM or from an
increase in the ipsilateral NM. To distinguish between
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Fig. 5. The mean ratio ofthed~nsity of GABA-I ter.min.als. inNM on
the contralateral side of the brain to that on the SIde Ipsilateral to
cochlea removal as a function of survival time. Data from cochlea
removal (filled squares) and control (open squares) animals are shown.
Significant differences from controls are indicated with an asterisk (*)
(Fisher PLSD, P < .05). The numbers in parentheses indicate the
number of chicks in each survival group. Bars represent the standard
error of the means. The error bars for the 1- and 37-day survival groups
are too small to be visualized in this graph. There are no error bars for
the control values since there was only one animal per survival group.

these two possibilities, it was necessary to determine the
absolute changes in terminal density in experimental ani-
mals compared to control animals. Examination of data
from seven control animals revealed that there was little
variability and no systematic effect of age on GABA-I
terminal density within a particular mediolateral region of
NM [with the exception of one animal from the 2-day
survival group (Table 1)]. Therefore, GABA-I terminal
density from each of the three mediolateral areas of NM
was averaged across all the control animals. Then the mean
GABA-I terminal densities in the ipsilateral NM and the
contralateral NM in experimental animals were compared
to the values for control animals. These differences were
expressed as a percentage of the normal value: l[(ipsilateral
or contralateral) - normall/normal] x 100%.
Figure 6 shows the mean percent difference in GABA·I

terminal density in the ipsilateral and contralateral NM
from each experimental group compared with control val-
ues. In the ipsilateral NM, there is little or no change in the
density of GABA-I terminals from that in controls at 1-, 2-,
or 5-days survival. However, 10 days after cochlea removal,
there is a marked increase in GABA-I terminal denSity
relative to controls, followed by a slight decrease. The
density of GABA-I terminals at 14 days survival is still
above control values and remains relatively unchanged.
through 37 days postoperative. .
For statistical analysis, the densities of GABA·I termi'

nals in the ipsilateral NM from each survival group were
compared to the densities of all control animals. A one- way
analysis of variance (ANOVA) revealed a significant effect
of group [F(7,3l) = 3.67; P < .01]. Posthoc multiple com-
parisons (Fisher-PLSD) revealed that the density ofGABA-1
terminals in the ipsilateral NM was significantly different
from control animals only for the 10-day survival groUP
(P < .05). From 14-37 days after cochlea removal, the
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increase in GABA-I terminal density approaches statistical
significance (P < .10).

In NM contralateral to cochlea removal, however, hyone
day after the lesion there is a dramatic decrease in GABA-I
lerminal density compared to control animals. The magni-
tude of this decrease reaches a maximum at 14-days
IlUJVival then recovers and exceeds control levels at 37 days
after cochlea removal, When the GABA-I terminal densities
in the contralateral NM from each survival group were
compared to those of all control animals, a one-way analysis
of variance revealed a significant effect of group [F(7,
31) = 7.49; P < .0001]. Po thoc multiple comparisons
lFisher·PLSD) revealed th.ot the density from all survival
groupswas reliably different from control animals (P < .05).
Thus, the most significant and consistent effect of unilat-
eral cochlea removal is the decrease in GABA-I terminal
density in the contralateral NM.

~in tbevolumeofNM
The changes in GABA-I terminal density in NM may he

the result of changes in the volume of NM; therefore, we
I1Ieasured the volume of NM. In animals that survived 10
days after unilateral cochlea removal, the mean volume of
NM from the contralateral, unoperated side of the brain
.... 126 X 10' IJ.m' (Fig. 7). This value was comparable to
n1ues derived from measurements of NM in age-matched,
control animals (left side, 119 x 10' IJ.m'; right side,
128X 10' IJ.m'). On the other hand, the mean volume of
~ ipsilateral to the cochlea removal (87.1 x 10' IJ-m')was
IIlgnificantly different from that on the unoperated side
(Student's t-test; df = 2; t = 4.49; P < .05). This value
"Presents a 31% reduction in the volume of ipsilateral NM.

In addition, we measured the volume of the ipsilateral
NM from three animals 37 days postoperatively and found
~ the average volume (86.5 X 10' IJ-m')was significantly
":'" than the average volume of NM on the contralateral
lido of the brain (196 x 10' IJ-m'; Student's t-test; df = 4;
1= 6.22; P < .01). The mean volume of the ipsilateral NM
.... 61% less than the mean volume ofNM from the left and
right sides of the brain from two age-matched control
lniJnals (220.5 x 10' IJ-m'.The mean volume of NM ipsilat-
eraJ to cochlea removal after 37 days survival was compara-
bJ<: to the mean volume of the ipsilateral NM from two
lniJnals in the lO-day survival group (87.1 x 10' IJ-m').
~us, the effect of cochlea removal on the volume of NM is

same at 10 and 37 d.oys postoperatively. .
of810cetbe volume of NM ismarkedly decreased on tbe SIde
n.~~brain ipsilateral to cochlea removal, tbe density of
~- I terminals would increase even if there 15 no change
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Fig. 6. The mean per cent difference in GABA-I terminal density
from oontrolleve1s in NM ipsilateral to cochlea removal (filled squares)
and on the oontralateral side (open squares) as a function of survival
time. Error bars represent the standard error of the mean. Any value
above tbe solid horizontal line represents an increase in the density of
GABA-I terminals oompared to oontrollevels and any value below the
line represents a decrease from controls. Values that are statistically
different from control values (P < .05) are indicated with an asterisk
(.). The dashed lines at ± 16.5% represent values at the 95% confidence
interval of the mean control values.
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Fig. 7. The mean volume of NM on each si~e of the brainstem from
two animals which survived 10 days after unilateral cochlea removal
and from two age-matched, control animals. The mean volume of ~
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significantly different from that on the contralateral side (CONTRA)
and from normal controls (see text). Error bars represent the standa.r:c'
error of the mean. The error bar on the left side of the control group IS

too small to be visualized in this graph.

in the absolute number of terminals. Thus, at .least. a
portion of the increase in density of GABA-I termmals in
the deafferented NM can he attributed to the decrease in
the volume of NM which occurs as a result of cochlea
removal.
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Number ofGABA-I tenninals per cell
Because the observed changes in GABA-I terminal den-

sity could be due to a change in the number of GABA-I
terminals either in the neuropil or apposed to NM cell
bodies we counted the number of GABA-I terminals per
individual NM neuron at 10- and 14-days survival. Our
results were consistent with our qualitative and quantita-
tive results showing a decrease in the density of GABA-I
terminals in the contralateral NM. The average number of
GABA-I terminals per neuron in NM contralateral to
cochlea removal was 4.5 (Fig. 8). This value was signifi-
cantly less than that in the ipsilateral NM, where the mean
number of terminals/cell was 10.8 (Student's t-test; df = 8;
t = 10.92; P < .01). The mean number of GABA-I termi-
nals/cell in the ipsilateral NM was similar to that in control
animals (l0.8). In addition, we counted the number of
GABA-containing terminals surrounding 150 neurons in
NM from each side of the brain from three animals 37 days
after cochlea removal. The average number of these termi-
nals per cell was 10.2 in the ipsilateral NM and 9.7 in the
contralateral NM. These results were not significantly
different from each other nor from the average number of
GABA-I terminals per cell from two age-matched control
animals (9.6).
Thus, the increase in tbe density of GABA-I terminals in

NM ipsilateral to cochlea removal at 10- and l4-days
survival appears to be due to the decrease in volume of NM
(see above) and not to an increase in the absolute number of
GABA-I terminals/cell. On the contralateral side of the
brain, however, cochlea removal not only decreases the
density of GABA-I terminals in NM, but it also appears to
decrease the absolute number of GABA-I terminals per NM
neuron.

10- and 14-day survival

12 (219) (79) (90)
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Fig. 8. The average number of GABA-I terminals per neuron in the
contralateral and ipsilateral NM from five experimental chicks (10 or 14
days after cochlea removal), and the left and right NM from two
age-matched, control animals. The number in parentheses is the total
number of NM neurons from which surrounding GABA-l terminals
were counted. The bars represent the standard error of the mean.
There is a significant decrease in the number of GABA-I terminals/cell
in the contralateral NM compared to that in the ipsilateral NM and
normal controls.
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GAD immunocytochemistry
There are two possibilities that may account for the

observed decrease in GABA-I terminals in the contralateral
NM: 1) the GABAergic terminals in NM on the contralat-
eral side of the brain degenerated, or 2) these terminals
stopped synthesizing GABA (or at least sufficient amounts
of it to be detected by ICC). To distinguish between these
two possibilities, another marker for GABAergic terminals,
an antibody to glutamic acid decarboxylase (GAD), the
synthetic enzyme for GABA (Roberts and Kuriyama, '68),
was used on auditory brainstem tissue following unilateral
cochlea removal. Previous studies comparing GAD and
GABA antisera suggest that they label the same terminals
(Fex and Altschuler, '84; Fex et aI., '86).
Results from the present study using GAD-2 antiserum

(Gottlieb et aI., '86) are consistent with these earlier
reports. In control animals, the morphology of nerve termi-
nals in NM labeled with GABA and GAD-2 are similar. In
addition, the GAD-I terminals are distributed along the
same gradient as the GABA-I terminals: highest in caudo-
lateral regions of NM and lowest in rostromedial regions
(Code et aI., '89a). However, the absolute number of GAD-I
terminals appears to be greater than that of GABA-I
terminals (compare Figs. 10 and 3C). We believe this is due
to the fact that the GAD-2 antibody is directed against chick
GAD and thus is probably more sensitive than the GABA
antiserum.
Ten days after cochlea removal, there are many GAD-I

terminals in NM on both the contralateral and the ipsilat-
eral sides of the brain (Fig. 9). The number of GAD-I
terminals in the contralateral NM is strikingly greater than
the number of GABA-I terminals (Fig. 2C), where virtually
no GABA-I terminals are seen.
Quantitative analysis using the area-weighted sampling

method confirmed this observation. There is no difference
in the mean density of GAD-I terminals in NM between the
two sides of the brain (Fig. 10). A two-way analysis of
variance (ANOVA) (side of the brainstem X P-A level)
revealed no reliable effect of side of the brain, but there was
a reliable effect ofP-A level [F (3,22) = 3.87; P < .05]. The
density of GAD-containing nerve terminals is higher in
posterior levels of the nucleus and lower in rostral levels.
GAD-I terminals were examined in NM on both sides of

the brain at all the same survival times as the GABA-I
terminals. At each survival time, neither the morphology,
the distribution, nor the density of GAD-I terminals in NM
appeared to change on eitber side of the brain.

Bilateral cochlea removals
Bilateral cochlea removal appeared to have no effect on

the density of GABA-I terminals in NM on either side of the
b.rain compared with control animals (qualitative observa-
tions), For each of the survival times (2, 5, 10, 14, 21, or 38
days), no change was detected in the density of GABA-I
terminals in NM between the two sides of the brain.

DISCUSSION
Removal of the cochlea in hatchling chicks appeared to

caus~ a transient decrease in the density of GABA-I t.e~nu-
nals m the contralateral NM. These results were imtIaily
interpreted as the absence of terminals containing GABA.
However, the presence of these terminals could still be
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Fie- 9 GAI)..l terminalI in the contralateral and the ipsilateral (B) NM from the same tissue section
10 days after c:oc:bJea removal. There appears to be no difference in the density of GAD·J terminals in NM
bet n the two adea of the brain. Compare panel A with Fig. 2C and note the virtual absence of GABA-I
tvminala a1approximately the same survival time. Scale bar applies to both panels.

demonstrated by using an antibody to GAD, the biosyn-
thetic enzyme for GADA. We believe that the most parsimo-
nious interpretation or these results is that c:ochIea removal
lOIIlehowdecreases the amount or GABA in nerve termi-
IlII8 in the contralateral without affecting their abso-
lute number. We do not believe that the changes in density
Ii GADA·I terminals are artifactuaJ for the following
IIB8Ons:1) the number of animals in which these effects are
oboerved suggests that it is unlikely that they can be
IItributed to chance, and 2) the two different sampling
methods gave consistent results. The area-weighted sam-
plingmethod also showed that the decrease in the density or
GADA-I terminals in the contralateral NM occurred
throughout the P-A extent or the nucleus and not only at
the 50% level.
Inherent in our interpretation or the results or GAD and

GADAICC is the belief that ICC staining does reflect the
GJrwunl or these substances actuaUy present in nerve
lenninaJs in NM. However, caution must be exercised in!be interpretation or data from immunocytochemical stud-
IOSespeciaUy with regard to the possibility or raise-negative
llaining. Although the presence or an immunostained
~ terminal is strong evidence that that terminal con-
~ the antigen or interest, the absence or immunoreactiv-
Itydoes not unequivocaUy prove that the terminal is absent.
The lerminaI may be present but longer contain sullicient
~ounts or the antigen to be detected by immunocytochem-
1Itry. The absolute amount or staining seen with ICC is
dependent on such factors as fixation, penetration or the
lDtibody, and linearity or the binding or antibody to anti-
1J!n. It seems unlikely that any or these factors might be
~rentiaUy affecting NM on the two sides or the brain.
-POriments are currently being conducted to determine
'lUantitative!y the amounts or GABA and GAD in NM after
COchlearemoval using sensitive biochemical assays.
The effects or unilateral cochlea removal on GABAergic

lennina.Is in NM will be addressed, followed by a discussion
or differential regulation or GABA and GAD in NM. A final
lIOctionwill comment on the gradient or GABAergic termi-
IlaIs after cochlea removal.

GABAergic tennjnals inipsiJareraI NM after
unilateral cocblea removal

Cochlea removal appears to increase the density or
GABA-I terminals in the ipsilateral NM relative to control
animals. This increase was statistically significant at 10
days postoperative and approached statistical significance
14-37 days postoperative. Concurrently, the volume or the
ipsilateral NM is decreased 10-37 days after cochlea reo
moval; this volume decrease could explain the increase in
terminal density without any change in terminal number.
The apparent increase could also reflect sprouting or new
terminals, as has been described in other areas of the
central nervous system (Raisman, '69; Schneider, '73;
Steward and Vinsant, '78; Tsukahara, '81; Cotman et aI.,
'8l). However, since the number of GABA-I terminals per
neuron in the ipsilateral NM is comparable to that in
control animals, it is unlikely that significant sprouting has
occurred. This conclusion is supported by the fact that the
distribution and density or GAD-I terminals in the ipsilat-
eral NM 1-37 days following cochlea removal was qualita-
tively similar to that in control animals. This result is
consistent with data from other sensory systems. In the
mammalian cochlear nucleus (eN), little change occurs in
levels or GAD after cochlear lesions <Davies, '73; Fisher and
Davies '76). Similar results are reported in the visual
system, After monocular enucleation in the kitten. GAD-
immunoreactivity was essentially normal in the lateral
geniculate nucleus (Bear et aI., '85). Following unilateral
eye removal in the rat, there was ~o decrease m ~he number
or GAD-positive synaptic profiles ID the superficial layers of
the superior colliculus compared to controls C~-Iouseret al.,
'83). Thus, deafferentation appears to have little effect on
GAD-I terminals in first-order targets.
The present study also demonstrates that the cochlea ""?

be eliminated as a significant source or the GABAerglC
input to the ipsilateral NM. Terminals containing GABA
and GAD are present in the ipsilateral NM at every SUTVlVal
time. This conclusion is consistent with biochemical studies
in the mammalian cochlear nucleus which suggest that
GABA and GAD are not associated with auditory nerve
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three chicks 10 days after cochlea removal. There is no reliable
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the brain ipsilateral to cochlea removal (black) and the contralateral
side (white). Error bars represent the standard error of the mean.

terminals (Davies, '73; Fisher and Davies, '76; Godfrey et
al., '77; Wenthold, '79; Canzek and Reubi, 'SO),

GABAergic tenninals inthe contralateral NM
after unilateral cochlea removal

Unilateral cochlea removal causes a significant decrease
in the absolute density ofGABA·I terminals in the contralat-

R.A. CODE ET AL.

eral NM. Since the volume of the contralateral NM did not
differ from that in control animals, the decrease in the
density of GABA-I terminals is probably a reflection of a
decrease in the mean number of GABA-I terminals per cell.
The decrease in the number of GABA-I terminals does

not appear to be the result of their degeneration. We base
this conclusion on results using an antiserum to GAD. In
control animals, the morphology and gradient of GAD-I
terminals is similar to that of GABA-I terminals (Code et
a1., '89a,b), suggesting the two antisera label the same
terminals, Although the density of GAD-I terminals was
quantified only at lO-days survival, no difference in the
density of GAD-I terminals in NM between the two sides of
the brain was apparent at any time after cochlea removal.
These data suggest that the decrease in the density of
GABA-I terminals in contralateral NM is due to decreases
in the level of GABAwithin these terminals,
That unilateral cochlea removal should have an effect on

GABA-Iterminals in contralateral NM is quite surprising
and unexpected since there is no direct anatomical connec-
tion between the cochleaand the contralateral NM. Further-
more, an NM-to-NMprojection has not been demonstrated
in posthatch chicks, although there is evidence for such a
transient projection in early embryos which expands and
remains after early otocyst ablation (Young and Rubel, '86;
Jackson and Parks, '88). By what mechanism, then, might
the contralateral NM detect a change of sensory input to
the ipsilateral NM? Although most of the GABAergic input
to NM is believed to originate ipsilaterally from small, local
neurons surrounding NM (von Bartheld et al., '89), the
inputs to these GABAergic cells are not known. These
GABAergiccells may receive descending projections from
higher binaural centers in the auditory pathway or from the
efferent olivocochlear system. Binaural centers might de-
tect asymmetric levels of activity from the two ears as a
result of cochlea removal and then signal GABAergic cells
surrounding the contralateral NM to decrease their synthe-
sis of GABA.If unequal activity in NM on the two sides of
the brain is the signal for changes in GABA levels, no
changes in GABA-I terminals would be expected after
bilateral cochlea removal. Indeed, this is what we observe.
The present study documents a differential change in the

density and number of GABA-I terminals contralateral to
the side of sensory deprivation. Thompson et al. ('86) also
showed a decrease in GABA-like immunoreactivity in the
contralateral lateral vestibular nucleus after vestibular
end-organ ablation in the monkey. In addition, other
investigators have reported changes in the activities of
various metabolic enzymes after sensory deprivation (Diet-
rich et al., '82). In the mouse, the facial whiskers project via
several synapses to "barrels" in the contralateral cerebral
cortex. After clipping all the whiskers on one side of the
face, enzyme activities in the contralateral barrels were
~ss~ntially normal but were significantly increased in the
Ipsilateral barrel field. These findings are similar to the
present results in that changes in the activities of metabolic
enzymes were not found on the side of the brain related to
the reduced sensory input, but rather on the side which is
r~la~ed.to the intact sensory periphery. An important
dI.stlI~ctlOnbetween their study and the present one is t~at
c~Ippmgof the whiskers is an example of sensory deprwa·
tum, that is, without damage to the sensory receptors.
Cochlea removal, on the other hand, is an example of
sensory deafferentation in which the auditory receptors are
removed and the auditory nerve degenerates.
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Differential regulation of GAD and
GABAinNM

The data reported here suggest that cochlea removal
differentially regulates the biosynthetic activity of GAD and
subsequent levels of GABA in NM. Additional evidence that
sensory deafferentation can regulate the activity of GAD
comes from studies in the mammalian cochlear nucleus
(eN). Unilateral cochlear ablation results in a small but
significant changes in the enzymatic activity of GAD in the
ipsilateral eN even though its concentration remains un-
changed (Fisher and Davies, '76). This implies that there
wouldbe no change in the amount of GAD or in the number
of terminals containing GAD when observed immunocy-
tochemically. However, if the activity of GAD is altered,
then the levels of GABA might also be changed and possibly
be reflected in the number of GABA-I terminals. Cochlea
removal may also affect the activity of other enzymes which
control GABA levels, such as GABA-transaminase (GABA-
T).GABA-T is eontained in many CN cells (Davies, '75) and
its activity is reduced in ipsilateral eN after cochlear
ablation (Fisher and Davies, '76). Currently little is known
about the mechanisms which control the regulation of the
activities of these enzymes (see Martin, '87 and Tunnicliff
and Ngo, '86 for reviews). Thus, further speculation about
the biochemical mechanisms underlying the phenomenon
reported here seems unwarranted.

Gradient ofGABAergic terminals
In normal posthatch chicks, the density of GABAergic

terminals increases in a rostromedial-to-caudolateral direc-
tion across NM (Code et a1., '89a). The density of GABA-I
and GAD~I terminals in ipsilateral NM still maintains this
gradient after coehlea removal (see Figs. 4 and 10). These
data suggest that the organization of the GABAergie termi-
nals in NM is not regulated by afferent input from the
cochlea but may be regulated by sources intrinsic to the
cochlear nucleus.
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