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INTRODUCTION

Structural and functional reorganization of neural
circuits involves the back-and-forth communica-
tion between presynaptic and postsynaptic cle-
ments. Presumably, in a stable state each clement
is being regulated through both intracellular regu-
latory machinery and by the interaction of these
processes with the extracellular environment. Var-
ious investigators have elegantly demonstrated
pieces of intracellular reguiatory machinery and,
in some cases, the actual kinetics involved. For
example, the energy metabolism of a cell is main-
tained by a dynamic system of intracellular feed-
back loops, and the intracellular machinery in-
volved in protein synthesis has been described in
detail. Intercellular reguiatory systems appear less
well understood, but the literature is replete with
examples of their importance. For example, it is
well appreciated that the levels of circulating ste-
roids, particularly during development, have
marked influences on neuronal and musculoskele-
tal systems as well as on the reproductive system
(Beyer and Feder, 1987; Funder and Sheppard,
1987). Other subsiances circulating in the body
fluids, as well as those produced and excreted by
local elements (¢.g. growth factors or extracellular
matrix motecules), play equally important roles in
establishing and maintaining the dynamic equilib-
rium between neural elements and their targets
(Berg, 1984; Edelman, 1984).

One of the greatest challenges facing modern
neurobiology is 10 understand these imtercelfular
regulatory events, How is a “stable state” main-
tained, what changes in one element are necessary
and/or sufficient to bring about changes in other
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elements; what is the cellular chain of events anc
what are the kinetics of any intercellular regulator
circuit? While the literature is full of examples o
normal developmental or experimentally induce -
changes in neurons or neuronal circuits, we havi
relatively few answers 10 the above questions. :

The rescarch program summarized in this re .
view represenis an attempt to begin answerin) |
these questions for onc type of intercellular com” 7
munication, the interaction of presynaptic excit
atory afferents with postsynaplic neuronal ele
ments {cither the soma or individual dendritiy
trees). The intercellular events underlying afferen
regulation of postsynaptic clements, although jus
one class of the myriad of cellular interactions, any
of obvious interest regarding how an organism’
external environment influences the nervous sys
tem. That is, through intermediate clements (re
ceptors and their associated structures) the envi
ronment must exert chronic influences on neura -
structure and function through changes in the pat «.
tern or amount of activity in particular nevrona *
circuits. We have hoped that by studying the neu
ronal events surrounding changes in the integrity,
or pattern of activity of excitatory afferents in on¢ - *
relatively simple system we can further understanc
this class of interactions.

For these investigations we have chosen t¢
study the brain stem auditory pathways, primarily
in the chick but, more recently, in the gerbil o
well. These preparations are chosen because o}
their relative simplicity, the ability to isolate ou.
manipulations (o a single type of excitatory affer
ent on a given postsynaptic surface, and the possi
bilities for direct manipulation of the integrity anc
activity of excitatory afferents in a varicty of ways .
While most investigations of afferent transneuro
nal regulation have concentrated on the long-term +
effects (weeks or months), we have concentratec
on the short-term changes (minutes, hours, or”
days). Long-term cffects demonstrate the capacity

168

Pt



170 Rubel, Hyson, and Durham

of the nervous system for alteration of the “final
sroduct.” On the other hand, it is our feeling that
letailed investigations of the short-term events
weceding permanent structural change is the only
vay 1o understand the cellular dynamics of inter-
reuronal regulation.

Finally, since most of this volume is devoted to
he topic of “competitive interactions™ between
eurons we should indicate how our research re-
ites Lo this topic. Guillery (1981) critically reviews
he concept of competition. While this essay is
ow almost 10 years old, most of his points are still
tlevant. First, he points out that competition be-
ween two separate populations of nerve fibers
Type 11 competition; Guillery, 1981) is usually
efined by the ouicome of an experimental manip-
lation which, in some way, is thought to
weaken™ one population. This in itself, points cut
iuillery, is not sufficient evidence to conclude
14t competition plays a role in normal develop-
1ent. Second, Guillery notes that it is often diffi-
ult to distinguish between competition and the
ntogeny of site-specific markers as the mecha-
ism for axonal sorting. Finally, underlying such
anfusion is the lack of consensus about the defini-
on of the term “competition™ and our failure 1o
nderstand the underlying celiular and molecular
vents,

The pathways we are examining provide two
wellent examples of situations in which deaffer-
atation experiments alene might suggest the oc-
arrence of competitive interactions, but where
wreful examination of normal development re-
:als no evidence of competition nor a need to
ivoke such a concept. The first example involves
i€ innervation of the cochlear nuclei of the chick.
lormally, nucleus magnacellularis (NM) receives
s sole excitatory input from the ipsilateral audi-
xy nerve (see below). Jackson and Parks (1988)
:moved one otocyst on embryonic day 3, thereby
reventing the formation of the auditory nerve.
his deafferentation resulted in a massive ectopic.
rojection from the normal NM to the deaffer-
ated contralateral NM by embryonic day 11,
hich persisted through hatching. This projection
right suggest that the auditory nerve and contra-
teral NM fibers compete during development for
inervation of these neurons. Young and Rubel

986), however, have shown that early in the on-
wgeny of the chick brain stem there is a very min-
le connection between the cochlear nuclei; only
rout | in 100 fibers from magnocellularis on one
de of the brain send a collateral to nucleus mag-
xellularis on the opposite side. These collaterals
e reabsorbed or degenerate prior 10 embryonic

day 14. Thus it is unlikely that a truly competitive
interaction takes place during normal ontogeny.

The second example of how the concept of com-
petition may be inappropriately applied is in the
development of the projection from NM 10 nucleus
laminaris {NL) of the chick. The normal projection
from NM to the ipsilateral and contralateral NL 1s
exquisitely segregated onlo separate dendritic sur-
faces (see below). When one cachlea is removed in
young hatchling chickens, however, an ectopic pro-
Jection to the “wrong” dendritic tree can be ob-
served (Rubel, Smith, and Steward, 1981), This
might suggest that the ipsilateral and contralateral
inputs somehow compete for membrane surface
area on the different dendrites. Careful analysis of
the development of this projection, however, shows
that the segregation of innervation is apparent
throughout normal ontogenesis (Young and Rubel,
1986). Thus, as in the above example, observation
of the experimental data may have invoked com-
petition as a process guiding normal ontogeny, but
careful analysis of normal development reveals no
evidence for such a process.

To a great extent the work described in this
review largely avoids the issues brought forth by
Guillery because we have chosen to manipulate
afferents that are highly segregated at the time of
the manipulation. It is only in this situation that
the response of the postsynaptic element to elimi-
nation or “weakening” of its afferents can be stud-
ied independent of other, potentially competitive,
afferents. Since most competitive interactions are
defined on the basis of responses to deafferenta-
tion, it is of some interest to understand the meta-
bolic inferactions between presynaptic and post-
synaptic clements in the absence of competition.
For example, we might not expect competition be-
tween afferents for postsynaptic space if elimina-
tion of onc afferent causes rapid reregulation of
membrane surface area.

The remainder of this paper is divided into two
sections. First, we discuss and provide examples of
the time course of pastsynaptic events following
deafferentation. In the second section we review
cxperiments attempling to examine the nature of
the presynaptic signal that is regulating these post-
synaptic events and experiments beginning to look
at the mechanisms involved at the interface be-
tween presynaptic and postsynaptic elements. Al-
though some new data are presented (e.g., regula-
tion of cytoskeletal proteins and subcellular or-
ganclles), most of the information is summarized
from previous publications, where detailed de-
scriptions of the methods and database can be
found. More detail on the normal ontogeny and

effects of manipulations early in ontogenesis can
be found in Rubel and Parks (1988).

CELLULAR RESPONSE TC AFFERENT
MANIPULATION

Figure | is a schematic diagram of the auditory
neurons in the chick brain stem, In avian species
the basilar papilia (cochlea) is a relatively flat
membrane lying within the cochlear duct. Hair
cells are innervated by the peripheral processes of
eighth nerve ganglion cells, whose cell bodies also
lie within the cochtear duct. The central processes
of the eighth nerve ganglion cells enter the brain
stem and bifurcate. One branch innervates
neurons in nucleus angularis (NA) the avian ho-
mologue of the dorsal and posteroventral cochlear
nuclei. The other central branch synapses with
large, calyx-like endings {the end bulbs of Held) on
neurons in nucleus magnocellularis (NM). NM
neurons are homologous to the spherical cells in
the mammalian anteroventral cochlear nucieus
(AVCN). Each NM neuron, which has few if any
dendntes, receives two or three end bulbs, which
cover about two thirds of the surface of NM so-
mata (Hackett, Jackson, and Rubel, 1982; Parks,
1981). The eighth nerve input provides the only
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excitatory input to NM neurons and is strictly ipsi-
lateral. A second type of synaptic ending is seen on
NM neurons, small boutons that are GABAergic
{Code, Burd, and Rubel, 1989) and thus probably
inhibitory in nature. Axons from NM neurons bi-
furcate and project bilaterally to third-order
neurons in nucleus laminans (NL). The dendrites
of NL neurons are spatiatly segregated into dorsal
and ventral domains, and input from NM neurons
likewise is segregated. One branch of each NM
anon innervates the dorsal dendrites of the ipsilat-
eral NL neurons, and the other branch crosses the
midline in the crossed dorsal cochlear tract
{XDCT) to innervate the ventral dendrites of the
contralateral NL neurons. NM axons provide the
exclusive excitatory input to the NL soma and
dendnites.

The sources of excitatory input 1o both NM and
NL are relatively easily manipulated. All excit-
atory input to NM can be eliminated by cochlea
removal, which severs the peripheral processes of
the eighth nerve ganglion cells but leaves their cell
bodies intact. These cell bodies and their central
processes remain intact for at least 12 hours and
then begin to degenerate. Following cochlea re-
moval, action potentials recorded in NM cease
within minutes, and eventual degeneration of end
bulbs of Held results. Excitatory input to NL can

Figwre 1 Schematic diagram showing the organization of the chick brain stem auditory
nuctei. The basilar papilla (cochlea) is inncrvated by the peripheral processes of eighth nerve
ganglion cells, The ceniral processes (VHI n.) bifurcate and synapse in the second-order
nucleus magnocellularis (NM) and nucleus angularis (NA). Axons from NM bifurcate and
project bilaterally to third-order neurons in nuclcus laminaris (NL). NL neurons are amanged
in a monoclayer sheel and possess dendrites spatially segregated into domains dorsal and
ventral 1o the ceit body lamina. The projection from NM is also segregated; axons from the
ipsilateral NM terminate on dorsat NE dendrites and cell bodies, and axons from the contra-
lateral NM terminate on ventral NL dendrites and somata. Abbreviation: 1V, fourth ventricle.
From Rubel and Parks {1988). Reprinted by permission of John Wiley and Sons.
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Figure2 Time course of changes in neuronal discharges recorded in nucleus magnoceiularis
during cochlea removal. Extracellular recordings were made with a tungsten microclectrode,
Spikumcounledbyaemnuhelcvdof‘apulaeheiahld.imrimimmnulevdtwiuthat
found with the electrode just above the biain stem. The spike mic calculated by computer
fmmﬂuoulpulofth:puhehd.hldisuiminmisplonedunﬁ;mﬁon of time. There is a
sicady, high level of activity recorded in nucleus magnocellularis even when no specific
acoustic stimulus is presented. Immediately following cochlea removal, the spike rate precipi-
tously falis such that within 15-30 sec no more discharges are recorded. No change in the level

ohclivitywnfound[oruploéhaﬁerwdﬂeammwaﬁomnnm(wu).

be partially eliminated by removing one cochiea or
by severing the XDCT (tract cut). The latter ma-
nipulation totally denervates only the ventral den-
dritic regions of NL neurons. Cell death of some
neurons in NM following cochlea removal pro-
duces partial denervation of specific dendritic re-
gions in both ipsilateral and contralateral NL.
Both of these manipulations offer the opportunity
1o examine the effects of specific afferent manipu-
lation on & well-defined group of neurons. In addi-
tion, NM neurons on the side of the brain contra-
lateral to cochlea removal or NL dendrites whose
innervation remains intact can serve as a within-
animal control. In the following sections we will
describe the postsynaptic consequences of afferent
manipulation, first on NM and then NL. For rea-
sons discussed above, we will concentrate on carly
cellular events,

NM Response to Afferent Manipulation

The early events afier afferent manipulations are
of particular interest in understanding the mecha-
nism of afferent control of postsynaptic targets.
We present first a time course of the events occur-
ring in NM following unilateral cochica removal,
followed by brief discussion of two specific aspects
of the response to cochlea removal. One polen-
tially confusing consequence of presenting the
time course of cellular events is that not every
postsynaplic response (0 cochlea removal has been
examined at exactly the same points. Every effort
will be made to make clear whether or not a partic-

ular response has been examined. In each case
given, the cffects were observed in NM ipsilateral
to cochlea removal unless otherwise stated.

Early Events (Up 10 1 k after Cochita Re-
moval). The most rapid postsynaptic event exam-
ined in NM fellowing cochlea removal is the ces-
sation of electrical activity. As shown in Fig. 2,
extracellular recordings made in NM before, dur-
ing, and after cochlea removal show a cessation of
action potentials occurring within | min after re-
moval of the cochlea (Born and Rubel, 1984). Be-
cause of the resclution limits of extracetlular re-
cording, it is not known whether subthreshold
EPSPs occur in NM neurons after cighth nerve
input has been eliminated. As might be expected,

glucose uptake also rapidly decreases in NM as -

measured with the 2-deoxyglucose technique (Heil
and Scheich, 1986; Lippe, Steward, and Rubel,
1980). The earliest time point measured is 1 h after
cochlea removal, but it scems likely that glucose
uptake may decrease much sooner.

Experiments using the "*C-iodoantipyrine
method (Sakuroda, Kennedy, Jehle, Brown, Car-
bin, and Sokoloff, 1978) show a 30% decrease in
blood flow in NM 30 min afier cochlea removal
{Richardson and Durham, 1989). A 50% decrease
in the incorporation of amino acids into proteins is
observed 30 min aficr cochlea removal, as mea-
sured by uptake of *H-leucine (Steward and Rubel,
1985). It is tempting 1o conclude that changes in
amino acid incotporation are a consequence of the
blood flow changes. However, recent work using

an in vitro slice preparation, in which labeled pre-
cursor is not limited by blood flow, indicates that
the decrease in amino acid incorporation is inde-
pendent of decreases in blood flow (Hyson and
Rubel, 1989). Finally, changes in nonncuronal ele-
ments are also occurring within 1 h of cochlea
removal. Immunocytochemical staining for glial
fibrillary acidic protein (GFAP) shows a striking
increase in the number of immunopositive glial
fibers within NM (Rubel and MacDonald, 1987).

Afferent Regulation of Newrons N

Experiments using a silver impregnation stain s
gest that new glial processes are being produced.
opposed to increased GFAP production in exist -
fibers (MacDonald and Rubel, 1989). i

Three to 6 b afier Cochlea Removel. At this tin ||
a number of processes observed earlier are still | k
curring. Blood flow, 2-DG uptake, and electri . T
activity remain decreased by the same magnitu -
as seen immediately afler cochlea removal. |

¥igure 3 Photomicrographs of NM glial celis from an animal sacrificed 6 h afler cochlea
removal. NM comralatenal (top) and ipsilateral (bottom) to cochlea removal are shown ffom a
single tissue section stained with an antibody to GFAP. Dotted line in top panel indicates
border of NM. Stained glial processes can be seen in both pancls; the number of these stained
fibers is greatly increased on the side of the brain ipsilateral to cochlea removal. (See color
plate section at end of issue.)

Tt
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E
Figure 5 Photomicrographs of NM neurons stained for CO from chickens sacrificed 6 h afier

cochlea removal. NM contralaieral (A) and ipsilaieral {B) to cochlea removal are shown from
a single 25 pm tissue section. In NM neurons ipsilateral to cochlea removal, note the darker

nmoval.. NM contralateral (A) and ipsilateral {B} to cochlea removal are shown from a single
30 um tissuc section stained with an antibody to actin. Note staining in cytoplasm of all
and abr of staining in nucleus. N ipsilateral to cochiea removal

more lightly stained than neurons on the contralateral side of the brain. Scale bar = 20 pm,

CO reaction product as compared with neurons on the opposite side of the brain. The inset in

B shows a neuron with an eccentric nucleus, increased CO-staining in the peri

region,

and lighter CO staining in the pole of the cell opposite the nucieus.

creases in glial processes are more pronounced
than those observed earlier (Fig. 3).* Changes in
structural proteins within NM neurons are now
apparent as well. Immunocytochemical staining
for three structural proteins [tubulin, actin and
microtubule associated protein 2 (MAP2)] show a
decrease beginning 3 h after cochlea removal (Fig.
4), The decrease in staining appears to oocur in all
NM neurens (Seftel, Deitch, and Rubel, 1986). No
changes in cell size have been observed at this ime
point,

Metabolic changes other than glucose uptake
begin 10 occur between 4 and 6 h after cochlea
removal, Increases in the activity of two Krebs’
cycle enzymes, succinale dehydrogenase (SDH)
and malate dehydrogenase (MDH), have been de-
scribed in individual NM neurons using histo-
chemical staining {Durham and Rubel 1985a,b).
Changes in MDH activity have been confirmed
with biochemical measurements from similarly
prepared tissue (Durham, Rubel, and Matschin-
sky, 1985). These increases in oxidative enzyme
activity are surprising considering the decrease in
glucose uptake observed with 2-DG and the de-
crease in biood flow. Recent evidence suggests that
these metabolic increases also are observed in the
oxidative phosphorylation pathway. Light micro-
scopic histochemical staining for eytochrome oxi-
dase {CO) demonstrates increascs in CO activity in
the cytoplasm of individual NM neurons begin-
ning between 3 and 6 h afier cochlea removal

* See color plate section ai end of issue.

(Hyde and Durham, 1989a) (Fig. 5). The purpose
of this apparent metabolic burst is not yet clear.

In addition to an increase in the density of CO
reaction product in NM neurons following cochlea
removal, a change in the distribution of CO reac-
tion product within the cytoplasm is evident {inset,
Fig. 5). Less CO reaction product is seen at the
edges of each NM neuron, suggesting that the mi-
tochondria in which the CO is localized have been
redistributed. To examine this possibility, Hyde
and Durham (1989b) prepared tissue to examine
CO at the electron microscopic level. A stnking
increase in the surface density of mitochondria is
observed 6 h after cochlea removal (Fig. 6). In
addition, mitochondria in ipsilateral NM neurons
appear more branched and more heavily stained
for CO. Qualitative observations also suggest that
changes in other cellular components such as lipid
vacuoles are occurring. It is not known as yet
whether these ultrastructural changes occur eartier
than 6 h after cochlea removal.

Within several days after cochlea removal ap-
proximatety one third of the ipsitateral NM
neurons will die (see below). Several lines of evi-
dence suggest that by 6 h after cochlea removal 2
populations of neurons within NM can be dis-
cerned and that they comrespond to neurons that
will eventually live or die. First, in vivo studies
examining uptake and incorporation of *H-leucine
demonstrate two populations of NM neurons ipsi-
lateral to cochlea removal (Fig. 7). One group, ap-
proximately one third of all cells, shows virtually
no labeling, indicating they have essentially ceased
protein synthesis. The remaining neurons show a
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Figure & Two nucleus magnocellularis neurons from & chicken sacrificed 6 h afier cochies

removal. The 1op neuron (A) is rep ve of I" newrons on the side of the brain
contralateral to cochlea removal. The bottom cell (B) is representative of the ipsilateral “deal-

less severe but highly signiticant (approximately
20%) decrease in labeling compared with control
neurons on the opposite side of the same tissue
section (Steward and Rubel, 1985). Second, pulse
labeling experiments, in which birds are given a
pulse of *H-leucine 6 h afier cochiea removal and
aliowed to survive 3-6 days, indicate that the un-
labeled celis seen in Fig. 7 do not survive. Third,
using alternate sections prepared for electron mi-
croscopy and autoradiography, Rubel and col-
leagues (1988) were able to show that at 6 h after
cochlea removal, the unlabeled neurons are totally
devoid of polyribosomes and show other ultra-
structural changes that separate them from labeled
neurons on the side of the braip ipsilateral to co-
chlea removal (Fig. 8). Finally, although at the
light microscopic level histochemical staining for
metabolic enzymes has never revealed iwo popula-
tions of NM neurons in cither controel animals or
following cochlea removal, preliminary data sug-
gest that NM neurons ipsilateral to cochlea re-
maval that show degenerative changes in ribo-
somes also show neither the increase in mitochon-
dria nor increases in CO staining secn in other
neurons ipsilateral to cochlea removal (Hyde and
Durham, unpublished observations). The ability
to distinguish at the ulirastructural level which
NM neurons are destined to dic will better allow
investigations of the cvents leading to ncuronal
death.

One to 3 Days after Cocklea Removal. At this
time, both electrical activity and glucose uptake
are decreased 1o the same extent as seen at earlier
time points. Gross morphological changes in NM
neurons now become apparent. A 20% decrease in
cross sectional neuronal area can be measured ei-
ther in Nissl-stained material (Born and Rubel,
1985) or in CO-stained maiterial viewed with No-
marski optics (Hyde and Durham, 1989a). By 2
days an apparent 30% Joss of neurons is observed
in Nissl-stained material {Born and Rubel, 1985),
This cell loss is due to the loss of Nissi substance in
approximately onc third of the NM neurons.
These “ghost neurons™ are uniabeled after ‘H-leu-
cine injections and presumably are the neurons
that eventually will die [see above and Steward and
Rubel (1985) for a fuller discussion of this issue].

»
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Degencration of eighth nerve fibers is first ¢
served two days after cochlea removal (Parks a*
Rubel, 1978). Between 2 and 4 days after coch:
removal, recovery in the density of staining |
cytoskeletal proteins in the remaining neurc |
begins. Between | and 3 days following cochl
removal the increase in glial fibers seen imme
ately after cochlea removal is more pronounce
there is a fivefold increase in the number
GFAP-stained glial fibers in ipsilateral NM. .
One day afier cochlea remaval the activity, -
SDH and CO are still elevated in NM neurc
ipsitateral to cochlea removal (Durham a ¢
Rubel, 1985a; Hyde and Durham, 1989a). Ho, &
ever, activity then begins to decrease in deaff *
ented NM neurons relative o control such that
3 days after cochlea removal ipsilateral neurc
show less histochemical reaction product th
contrel neurons. MDH activity reverses even mu
quickly; by 1 day after cochlea removal N
neurons on the 2 sides of the brain show simi}
enzyme aclivity, and ipsilateral NM neurons ;
less heavily stained by 3 days (Durham, et ;
1985).

Long-Term Changes. While our emphasis | -
been on early events following cochlea remon ¢,
some aspects of NM neurons have been examin -
several weeks following the surgery. No addition "+
changes are observed in newron size or numl E
between 3 and 26 days afier cochlea removal (B¢ ¥
and Rubel, 1985). Both CO and SDH remain
creased at 2 weeks, and SDH remains decreased
long as 90 days following cochlea removal (D
ham and Rubel, unpublished observations). By
days after surgery the density of staining for cy
skeletal proteins is the same on the 2 sides of 1.
brain, suggesting that ipsilateral NM neurons hz
reregulated levels of cyloskeletal proteins (Sefiel.
al., 1986).

All of the changes reported so far occur on 1
side of the brain ipsilateral to cochlea remon
One contralateral change has been observed, be -
ever, involving terminals on NM neurons whi -
use GABA as their neurotransmitter (Code, D .
ham, and Rubel, 1988). Immunocytochemi k
staining with an antibody to GABA has be ¥
shown to label these terminals in normal anim

ferented” neurons. The darkly stained organclies which are so much more abundant in the

ipsilateral neuron are mitochondna. Stereological measurements of mitochondrial surface Y

density show a 33% increase in mitochondria in ipsilateral NM neurons 6 h after cochlea
removal. Note also the irregular shape of the nucleus in the ipsilateral neuron. Magnification

4950%.
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Figure 7 Phasc contrast photomicrographs of 10 um Nissl-stained paraffin sections through
NM prepared for emulsion autoradiography from chicks sustaini il I cochlea re-
moval. *H-leucine was injected 12 houss after cochlea removal and birds were sacrificed 30

{Code et al., 1989). Following cochlea removal, a
slight increase in the density of these terminals
ipstlateral 10 cochlea removal occurs, due to the
decrease in NM velume occurning after this ma-
nipulation. However, a surprising decrease in the
density of GABA terminals also occurs on the side
of the brain coniralaterat to cochiea removal, even
though no direct connection exists between the
eighth nerve and the contralateral NM (Fig. 9).*
Parallel studies on similarly prepared animals
stained with an antibody to glutamic acid decar-
boxylase (GAD) show no differences in the density
of terminals on the two sides of the brain, The
interpretation of these immunocytochemical re-
sults regarding absolute levels of either substance is
preliminary, since no direct biochemical measure-
ments of GABA or GAD have been made, but
they suggest the possibility of independent regula-
tion of the levels of the enzyme (GAD) and its
product {GABA). In addition, it is interesting to
note that changes in these terminals were not ob-
served ipsitateral to cochlea removal, where no
other terminals compete for synaptic space;
changes are onlty observed on neurons for which
the other input is still intact.

Comments on Cochlea Removal and NM

One of the most intriguing questions about the
consequences of cochlea removal is why only one
third of the NM neurons die, even though all NM
neurons lose their excitatory input. None of the
parameters examined so far, such as innervation
patterns, response properties, cell size, baseline
staining for any oxidative enzyme, or staining for
cytoskeletal proteins suggest that normal NM
neurons can be divided into two populations. This
inability may reflect both the subtlety of the differ-
ences in these parameters as well as the sensitivity
of the assays employed to detect them. The use of
3H-leucine incorporation, the best marker to date
to label neurons that will eventually die after co-
chlea removal, has provided information regand-
ing ultrastructural changes involved in neuron

® See color plate section al end of issue.
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death (Rubel et al., 1988). These ultrastructural
changes may provide clues as to whether any pa-
rameters can be delected in normal NM neurons
that separate them in1o classes based on the proba-
bility that they will “*succumb” to cochlea re-
moval. At least they can provide clues for which
parameters should be studied with time-intensive
stereological techniques., A further extension of
this reasoning asks, if such a characteristic exists,
whether it is 2 constant feature of an individual
neuron, or whether it is a feature that regularty
varies in each neuron, and only thosc neurons
“caught’ expressing that characteristic at the time
of removal of excitatory input will eventually die,

Figure 10 is a composite, showing the time
courses of changes in several parameters in ipsilat-
eral NM following cochlea removal. The most in-
teresting features are the rapidity of the response as
well as the unusual increase in oxidative markers
at a time when we can determine which neurons
will live and which will die.

One must ask if the rapid response of NM
neurons and glia is representative of what is seen in
other parts of the brain or is specific 10 this system.
If representative, why haven't similarly rapid and
dramatic effects of deafferentation been seen in
other systems? Several lines of evidence suggest 1o
us that these responses 1o deafferentation are char-
acteristic of the events occurring in any immature
system foillowing deafferentation. First, similar
events with a similar time course have been seen in
the gerbil cochlear nucleus following deafferenta-
tion or eighth nerve activity blockade (Hashisaki
and Rubel, 1989; Pasic and Rubel, 1989a; Sie and
Rubel, 1989). Second, while most studies have
only examined long-term changes, those that have
looked for short-term effects have found rapid
changes in cell size and cell number (e.g., Kalil,
1980). Finally, NM neurons are unusual in the
sense that they appear to have only a single source
of exacitatory afferents, whereas most other
neurons have several. Thus, in other systems, the
metabolic influence of removing a single source of
excitatory afferents may be less dramatic because
of continued maintenance by other afferents as
well as the influence brought about by synaptic

min. later. {A) The control side contralateral to the susgery; {B) the side of the brain ipsilateral
to cochlea removal. Neurons on the contratateral side of the brain are heavily tabeled with
silver grains. On the ipsilateral side, however, some neurons are labeled and others are vir-
tually unlabeled. Note that the small cells (presumably glia, gl) appear ta be at least as heavily
labeled on the side ipsilateral to the removal of the cochlea (B) as on the controd side (A). A
simifar pattern of labeled and unlabeled ipsilateral neurons is seen 6 h after cochlea removal.

From Steward and Rubel (1985).
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removal and prepared for *H-leucine aulonadiography. Examination of | um sections which
were adjacent 1o the sections (rom which these photographs were 1aken and were prepared for
emuh_n'on autoradiography showed that the neuron in pancl A was labeled (still undergoing

ynthesis) and the in panel B was unlabeled (no protein synthesis, destined 1o

:lie)‘ Note the normal appearance of ribosomcs in the in A. Endopl in
neuron shown in B is devoid of ribosomes, and no polyribosomes are present,
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Figure 9 Photomicrographs of NM from a single tissue section stained with an antibody to
GABA from an anima) sacrificed 14 days afier cochiea removal. Ny in the top panel are .

from NM contralateral to cochlea removal, and those in the bottom panel are from NM
ipsilateral to cochlea removal. Small, discrete pawches of label are GABA terminals, NM
¢yloplasm shows some background staining. Note the marked reduction in the number of
GABA terminals in NM contralateral (0 cochlea removat. (See color plate section at end of
issue.)

reorganization, i.e., competition for synaptic sites deleterious effects of cochlea removal. It is w ..
or sprouting. known in other sensory systems as well as the aug |
Another characteristic of the response to co- tory system that the age of the animal at the tin- T
chlea removal in NM neurons may be useful in of the afferent manipulation affects the magnitu
answering the question of how these neurons can and even the existence of a response (Globh
be differentiated as to their susceptibility to the 1975; Guillery, 1973; Kalil, 1980). A similar si!u.
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Figure 10 Time course of changes in various aspects of cellular metabolism in NM ncurons
after cochiea removal. The percent difference of any given measure is calculated as 100X
{mean contralateral — mean ipsilateral)/mean contralateral. SDH and €O changes are calcu-
lated from optical density measurements of tissue sections histochemically stained for succi-
nate dehydrogenase and cytochrome oxidase, respectively. 2-DG changes are caiculated from
density measurements from films exposed to lissuc sections labeled with *C-2.deoxyglucose.
Protein synthesis changes were calculated from grain density measurements of autoradio-
grams following "H-leucine incorporation. Tubulin/actin changes were calculated from opii-
cal densities of immunostained tissue sections. Cell area and cell number measurements were
made on Nissl-stained tissue sections.

tion exists in the response of NM neurons to co-
chlea removal. Many of the changes seen in NM
only occur when cochlea removal is done in young
birds. For example, no changes in ncuron size,
oumber, SDH activity, or *H-leucine incorpora-
tion occur in NM when the cochlea is removed in
adult birds {Durham and Rubel, 1985a; Steward
and Rubet, 1985; Bom and Rubel, 1985; Hyde
and Durham, 1989a). Our evidence suggests, how-
ever, that decreased electrical activity and glucose
utilization do occur in adult animals following co-
chlea removal (Durham, Born, and Rubel, 1984).
It would appear that older animals have somehow
uncoupled these postsynaptic metabolic events
from their input. It will be of interest to determine
what differences exist between young and adult
bird physiology, metabolism, or moerphology that
make NM neurons seemingly immune to the dele-
terious effects of deafferentation. An interesting
companison is the difference between adult bird
neurons and the young bird neurons that survive
following cochlea removal—do they have the
same or different strategics for cell survival?

NL Response to Afferent Manipulation

As mentioned above, afferents to third-order
neurons in nucleus laminaris (N1} also can be ma-
nipulated, by either partially or totally denervating
one set of dendrites. The postsynaptic conse-

quences of each of these manipulations will be
considered, followed by comments regarding the
possible role of competition in the neuronal re-
sponse to deafferentation in these neurons.

Tract Cur: Complete Deafferentation of Half a
Cell. As shown schematically in Fig. 1, NL den-
drites are separated into dorsal and ventral do-
mains. Within the nucleus, a gradient of dendritic
length for both sets of dendrites exists along a ros-
tromedial to caudolateral axis, identical to that of
the tonotopic representation in the pucleus (Smith
and Rubel, 1979). This gradient can be used to
predict the length of a given NL neuron’s dendrites
based on its position in the nucleus; the axis for
dendritic length is the same for dorsal and veniral
dendritic felds. Dorsal and ventral NL dendrites
receive excitatory input almost exclusively from
ipsilateral or contralateral NM axons respectively
(Parks and Rubel, 1975). The input to the ventral
dendrites on both sides of the brain can be casily
removed by cutting the axons as they cross the
midline. This manipulation deafferents onty the
ventral dendritic region for each NL neuron, al-
lowing us to examine the subcellular spatial resolu-
tion of the response to deafferentation. Early ¢lec-
tron microscopic morphometric analysis suggested
that enormous reductions in dendritic volume
density were occurring within 1-4 days afier tract
cut and were confined 1o the ventral (deafferented)
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Figmre Il Cells at top show a normal NL celt and an NL call 16 days afier deafferentation of
the ventral dendnite. The amount of ventrat dendrite Jost as a function of time afier tract cut is
shown in the graphs. The emount of dendrite lost from cach cell is estimated by the difference
between the length of the dorsal dendrites (which predicts the normal ventral dendritic length)
and the length of the atrophied ventral dendrites, taken as a peroeotage of the dorsal dendritic
population. Large graph: mean percentage difference over the first 48 h after deafferentation,
Inset: mean percentage difference as a function of days after surgery. Note that there is a very
rapid loss of the ventral dendrites; they are 14% shorter than the dorsal dendrites afier 1 h and
20% shorter afier 2 h. The atrophy continues at a slower rate throughout the 16-day interval
examined. From Deitch and Rubel (1984).
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neuropil {Benes, Parks, and Rubel, 1977). A iater
study using the Golgi method determined that, in
fact, very rapid reductions in dendritic volume
occur in the deafferented dendrites of NL fotlow-
ing tract cut (Deitch and Rubel, 1984). Within just
2 h, ventral dendrites were 20% shorter than those
on the dorsal side of the same neurons or the ven-
tral dendrites in control animals. Loss of ventral
dendrites continues rapidly, such that by 16 days
after tract cut 60% of the ventral dendrites have
disappeared (Fig. 11). Ventral dendritic loss is also
evident in tissue stained with an antibody to
MAP-2 (Fig. 12).* The percentage of ventral den-
drite lost is the same all along the frequency (and
dendritic length) gradient in NL; thus, the absolute
amount of dendrite lost varies as a function of
dendritic Jength, Comparison with control ani-
mals also shows that the dorsal dendrites remain
norma! following deafferentation of the ventral
detnidrites; thus the cellular response is confined 10
the dendritic surface which is directly deaffer-
ented.

* See color plate section at ¢nd of issue.

Ultrastructural study of the early time periods
following tract cut, designed to ¢xamine the sub-
ceilular correlates of dendritic atrophy, revealed 2
number of changes in the subceljular organization
of NL neurons (Deitch and Rubel, 1989b). Within
4 h of tract cut a marked reduction in microtubule
density at the base of the ventral dendrites was
observed which became more pronounced with
time. By 12 h afier tract cut neurofilament density
at the base of ventral dendrites decreases as well.
Subscquently, a lucent gap appears at the base of
the ventral dendrites, which becomes more pro-
nounced with time. Surprisingly, no evidence of
degeneration of dendritic plasma membrane was
cvident until 2 days following tract cut. Examina-
tion of the soma, however, revealed an increase in
volume within hours of tract cut, which increased
in magnitude up to & days following the lesion
(Deitch and Rubel, 1989a). These results suggest a
resorption of dendritic membrane as the mecha-
nism of at least the early decrease in ventral den-
dritic length.

As was the case following cochlea removal in
NM, removal of the exclusive excitatory input to
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Figure 11 Photomicrograph of NL neurons stained with an antibody to the cytoskeletal protein MAP2 from an animal sacrificed 12 h afier tract cut. Note
staining of cell somata and dendritic processes, which are segregated into dorsal {top) and ventral (bottom} dendritic domains. Note shon ventral dendritic

processes. (Sce color plate section at end of issue.)

NL dendnites results in rapid and dramatic mor-
phological changes in NL neurons. The unigue
morphology and synaptic connections in NL al-
lowed the additional demonstration that afferent
excilatory input can independently regulate differ-
ent paris of the same neuron. While such regula-
tion is undoubtedly occurring in other systems,
NL provides a convenient system in which to ex-
amine this phenomenon more precisely.

Cochlea Removal; Partinl Deafferentation of a Set
of Dendrites. Becavse cochlea removal results in
the death of approximately one third of NM
neurons, and thus degeneration of NM axons, co-
chlea removal partially deafferents ipsilateral de -
sal and contralateral ventral NL dendrites. Unlike
the results of tract cut, however, littie dendritic
atrophy is observed following cochlea removal
(Rubel et at., 1981). These results suggest that the
remaining input is sufficient to maintain the den-
dritic surface integrity. Changes in oxidative en-
zymes are observed in NL neuropil after cochlea
removal, however, Within 3 days of cochlea re-
moval, both CO (Hyde and Durham, 1989a) and
SDH (Durham and Rubel, 1985a) decrease in the
NL neuropil receiving input from the deafferented
NM neurons. Due 10 the limitations of light mi-
croscopic analysis, it is not known, however,
whether the changes are occurring in NM axons or
ML dendrites.

Up to this point, we have not secn examples of
synaplic reorganization in the chick auditory sys-
tem that can be attributed to competition between
aflerent terminals for a target structure such as
vacant postsynaplic space on a neuron, a gland, or
a muscle fiber. As noted above, GABAergic termi-
nals do not appear to proliferate afier denervation
of NM. In addition, we see no evidence of sprout-
ing by NM terminals from the opposite side of NL
after one dendrite is completely deafferented, In-
stead, there is rapid and profound loss of the deaf-
ferented dendrite and, therefore, of vacated mem-
brane sites. Examination of NL dendrites follow-
ing cochlea removal indicates that atthough there
is massive degeneration of the NM axons onto one
side of NL, the dendrite remains nearly normal.
Thus & “vacated” membrane surface exists which
should support sprouted NM afferents from the
opposite side of NL.

This idea was tested directly by comparing the
amount of sprouting occurting in NL following
cither total deafferentation of one set of dendrites
(tract cut) or partial deafferentation (following co-
chiea removal) (Rubel et al., 1981). At long (45
day) survival periods following either manipula-
tion, the exient of sprouting by the NM axons in-
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nervaling the opposite NL dendrites was dete
mined using degeneration techniques. Only in tl
casc in which partial deafferemation was the initi ...
insuit is sprouting seen to occur. Thus, it woui |
seem that sprouting depends on the amount « by
membrane space preserved. Taken alone, these ni
sults could be interpreted as evidence for a proce:
in which topographic boundarics are maintaine
by competitive interactions. However, as note’
carlier, if we accept the definitions of Guiller
(1981) this can not be classified as an example ¢
competition since there is no evidence for its ro}
in normal development.

INTERCELLULAR SIGNAL FOR
AFFERENT REGULATION

Activity

Since cochlea removal results in an immediat.t
cessation of activity in NM and changes in NN - °
neuronal metabolism can be observed within s
lide as 0.5 h after cochlea removal, one logic
postulate is that the alteration in afferent activity /
responsible for this metabolic regulation. Cochle
removal, however, also damages the distal prc
cesses of the eighth nerve fibers and resulisin ever)
tual degeneration of most of the ganglion celk
Thus, it is possible that the transneuronal effec
on NM neurons and glia are a result of reaction t
this trauma. To convincingly demonstrate that ac
tivity is an impontant regulating factor, one mus -
climinate afferent activity without damaging th -,
nerve fibers. Born and Rubel (1988) succeeded i -
doing just. this. They injected tetrodotoxin (TTX "y
into the perilymph of the inner ear at the level ¢, b
the saccule. TTX blocks voltage-dependent sa *
dium channels, thereby preventing the generatiol
of action potentials in the eighth nerve. Injection
of TTX into the perilymph results in a virtuall
immediate blockade of all activity in the ipsilaters
NM (Fig. 13). Evidence that this treaiment doe
not result in permanent damage to the cochlea o
cighth nerve fibers is provided by two control ex
periments: ( |} spike activity in NM returns to noi
mal levels (if time is allowed for the TTX to wes
off); (2) evoked potential thresholds in response t
acoustic stimuli return to normal. _
The effects of cighth nerve activity blockade o: -,
protein synthesis arc identical to those observe -
afler cochlea removal and are displayed in Fig. 1¢ "
After 1 h of activity blockade, protein synthesis 1
reduced by approximately 40% in the ipsilater:” ¥
NM. TTX administered in this way, however, has
limited duration of action, with activity bcsinnin'
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Figure 13  Spike rate in nucleus magnocellularis (NM) as a function of time. Above the graph
are samples of the microelectrode output during the periods indicated (arrows). Above the
microelectrode traces are far-ficld evoked potential averages recorded from the same animal at
the same time, using subdermal electrodes (averages of 200 repetitions). The time of the TTX

injection is indicated by the pointer. In this

I, the L ] cochlea was removed

prior 1o TTX injection, Approximately 1100 spikes/s are recorded in NM under these condi-
tions. Approximately 6 min afier a 0,1 ul injection of a 3 mAf TTX solution (pointer), there is
3 precipitous drop in the spike rate. Within a minute, no spikes are recorded. These spontane-
ous newral potentials are seen 1o decrease to a level similar to the electnical noise of our
recording system. Elimination of the evoked potential coincides with the decrease in action
potentials. The small peaks that are preserved in the evoked potential recording are the
cochtear microphonic, which is maintained after TTX injections. From Bomn and Rubel

(1988).

return in approximately 6 h. As seen in Fig, 14,
stein synthesis in the ipsilateral NM shows a cor-
ponding retum to normal levels within 24 h after
ingle injection of TTX. Longer duration block-
: of activity was achieved by multiple injections
I'TX. The resulis of these experiments again rep-
ite the effects of cochlea removal (see Fig. 15).
er 6 h of continuous activity blockade, neurons
\M can be dissociated into two populations: one
ich appears to have completely ceased making
iein and one which continues synthesis but at a
uced level. Again, if afferent activity is allowed
return to normal levels, the cells completely re-
er. If however, activity of the eighth nerve is
cked for 48 h, cell size and cell number changes
mic those seen following cochlea removal. These
a not only confirm that changes in activity are
ponsible for the alterations in cellular metabo-
n and cell structure following cochlea removal,
; also suggest that a dynamic relationship exists
ween afferent activity and the metabolism of the
itsynaptic NM necuron; protein synthesis can be
sn-regulated by a reduction of presynaptic activ-

ity and then up-regulated by allowing activily to
return to normal levels.

Similar effects of blocking eighth nerve activity
are observed in the mammalian brain stem. Pasic
and Rubel (198%a) used TTX to block activity of
the cighth nerve in gerbils and ¢xamined subse-
quent changes in the size of large spherical cells in
the anteroventral cochlear nucleus (AVCN). They
produced a continuous blockade of activity by
embedding TTX into a slow-release copolymer
{Elvax). A pellet of this compound was placed ad-
jacent to the round window. The TTX released
from the compound passed through the round
window into the peritymph, which bathes the pro-
cesses of eighth nerve fibers. The effectiveness of
the TTX-induced activity blockade was assessed
by measuring sound-evoked auditory brain stem
responses (ABRs). Within 15 minutes after the
TTX pellet is in place, ABRs are abolished (Fig.
16). An ABR threshold shift remains for 24-48 h,
as long as the pellet is in place. ARer this time, or
after removal of the pellet, ABR thresholds returm
to normal levels. Figure 16 also shows cochlear

microphonic (CM) responses which are “‘un-
masked™ afier blocking neural activity with TTX.
The persistence of the CM after TTX administra-
tion suggests thai this treatmenl does not damage
the inner ear; outer hair cells, which are believed to
generate the CM, are sull functional.

The effect of TTX-induced blockade on the
cross-sectional area of spherical cells in the AVCN
is shown in Fig. 17. Blockade of auditory nerve
activity with TTX for 48 h results in a decrease in
the size of large spherical cells in the ipsilateral
AVCN. Control subjects receiving implantation of
the Elvax vehicle alone show no difference in cell
size on the two sides of the brain. This decrease in
cell area after TTX blockade of activity is as great
as the decrease observed after total destruction of
the cochlea. When animals received a cochlea ab-
lation on one side and TTX administered to the
other ear, there is no difference in the size of
AVCN large sphencal cells. Thus, it appears that
changes in aflerent activity can completely ac-
count for the alterations in cell size observed after
cochlea removal. Pasic and Rubel (1989b) have
gone on to show that a dynamic relationship exists
between afferent activity and postsynaptic celt
size. After 24 or 48 hours of unilateral activity
blockade, they removed the Elvax-TTX pellets

Amino Acid Incorporation After Tetrodotoxin
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Figure 14 Time course of changes in *H-leucine incor-
poration by NM neurons afier a single injection of TTX,
For each animal the average grain densily on the side
ipsilaterat 10 the TTX injection is expressed as a percent-
age of the grain density over neurons in the contralateral
NM. The group means are plotied as a fanction of time
after the TTX injection. One hour after a single injec-
tion of TTX, *H-leucine incorporation ipsilateral to the
injection reduces to 60% of that found on the contralat-
eral side. There is a gradual return of amino acid incor-
poration 1o control levels over time, By 24 h afler a
single injection, there is no difierence beiween the two
sides of the brain. Bars indicate SEM. From Born and
Rubel (1988).
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and allowed animals to survive an additional 7
days, during which time normal levels of activity
returned. They found that the decrease in cell size
normally found after 24 or 48 hours of activity
blockade is not observed after this recovery peniod.
Thus, neuronal cell size in the gerbil can be down-
regulated by a decrease in presynaptic activity and
then up-regulated if activity returns to normal
levels.

Given the dramatic changes in NM ncurons fol-
lowing climination of activity by cochlea removal
or activity blockade, Tucci and Rubel ([985) rea-
soned that perhaps more subtle manipulations
would have similar effects. Thus, they produced a
conductive hearing loss by removing the columelia
(the bird’s single middle ear ossicle). This proce-
dure produces a 40-50 dB hearing loss for airborne
sound, but does not damage the cochiea, as as-
sessed by thresholds for bone-conducted sound.
Surprisingly, this dramatic hearing loss has abso-
lutely no effect on neuron size in NM (Fig. 18).
Measurements of electrophysiological activity in
NM afier this manipulation resolved the dilemma.
Figure 19 displays the changes in spike rate ob-
served afier various manipulations of the ear. Al-
though columella removal results in a threshold
shift for airborne sound, it docs not result in any
detectable reduction in the overall spontancous ac-
tivity recorded in NM.

These data suggest that the overall level of activ-
ity, rather than the information about the external
environment received by NM neurons, is impor-
tant for transneuronal regulation of neuronal
structure. These data also illustrate an important
point for experiments examining the roles of “ex-
perience” in development. Investigators often
make assumptions as to how a particular manipu-
lation affects afferent activity. This experiment
points lo the importance of directly examining the
effects of each experiential manipulation; it is criti-
cal that one define the effect of that manipulation
on activity in the region under study (see also
Globus, 1975).

In Vitro Analyses

The experiments of Born and Rubet (1988) clearly
show that the activity of afferents is important for
transneuronal regulation of cellular metabolism.
They do not address, howcver, what aspect of ac-
tivity is impontant, the nature of the trans-synaptic
signals, or the postsynaptic cellular events in-
volved. To address these questions, Hyson and
Rubel (1988, 1989) have utilized an in vitro slice
preparation of the chick brain stem auditory sys-
tem containing portions of the cighth nerve, NM,
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Figure 6 Representative intensity serics of average ABR waveforms from 512 alternating
rarefaction/condensation click stimuli (A-C) and rarefaction or condensavion stimuli alone
{D). {A) Befare TTX there is an increase in wave latency with decreasing stimulus intensity.
{B) Fifieen minutes afier TTX-Elvax is placed in the round window niche, no ABR is present.
(C) Return of neural activity shows waveforms similar 10 those observed prior 10 manipula-
tion. (D) Cochiear microphonic response (rom rarefaction (solid line) or condensation stimuli
(dashed ling) 15 min afier placement of TTX-Eivax. There is no latency change with decreas-
ing stimulus intensity. The waveform is dependent upon stimulus polarity, The ncural re-
sponse is blocked and the cochlear microphonic response is “unmasked.” Scale bar = | ms/}

g

#V (A-C)and | ms/0.5 uV (D). From Pasic and Rubel (19892},

and NL bilaterally. This preparation provides the
advantages of having direct control over the
amount and pattern of afferent activity as well as
aliowing manipulation of the external jonic and
chemical environment of the neurons.

The first question to be addressed using this
preparation was whether afferent regulation of
neuronal metabolism requires some signal re-
leased from the presynaptic auditory nerve termi-
nal or if the activity of the postsynaptic neuron per
se is sufficient to maintain normal neuronal meta-
bolic activity. This is a question that has been
fruitfully addressed in analyses of the influcnce of

Y
motoneuron aclivity on muscle. Damaging o
stopping the activity of the motoneuron affects ti
acetylcholine receptor system, sodium condu
tance mechanisms, and resting membrane poter
tial of the deaffercnted muscle {Guth, 196; .
Harris, 1980). Some of these changes, howevej i
can be prevented or attenuated by electrical! -
stimulating the deafferented muscle (Lomo a; Y
Rosenthal, 1972; Lomo and Westgaard, 197 .
The same general strategy was used for investiga
ing the role of presynaptic versus postsynaplic a
tivity in regulating neurons in NM (Hyson an
Rubel, 1989). M

;k

-

Figure 15 Photomicrographs of autoradiograms and distributions of normalized grain den-
sities from an animal that reccived 3 injections of TTX during a 6-h interval prior to being
injected with *H-teucine. (A) Autoradiogram from NM contralateral {Con) 1o the injections,
showing a uniformly high level of labeling over individual NM neurons. {B) NM on the side
ipsilateral to TTX injection. A noticeable paucity of labeling is seen over a portion of the
neurons (arrowheads). The remaining neurons appear to be slightty less labeled than those on
the contralateral side. (C) Graph below shows distribution of normalized grain densities over
NM neurons from six animals. The standard scores on both sides of each brain were calcu-
lated on the basis of the mean and standard deviation of grain densities on the contralateral
normal side. The distribution of grain densities of NM neurons on the side ipsilateral to TTX
injection {ciosed bars) can be divided into two populations. One population, with grain
densities more than four standard deviations below the mean on the normal side, represents
“unlabeled” samples. These ncurons constitute about 20% of the neurons. Scale bar = 10 um,
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wre 17 Mean percent difference in AVCN large
rical cell size between the manipulated ipsilateral
unmanipulated contralateral side of the brain. Posi-
values indicate smaller ipsilateral mean cross-sec-
al areas. Evx = Elvax alone; TTX = tetrodotoxin;
= cochlea ablation; TTX-Ab = ipsilateral TTX and
ralateral cochlea ablation. From Pasic and Rubel
9a).

n all of the in vitro experiments summarized
;, protein synthesis, as measured by amino acid
irporation, has been used as the dependent
able. It will be recalled from the preceding sec-
that this dependent variable is a rapid predic-
of the final changes in neuron number and
ron size seen in NM. We, therefore, have made
assumptions that the regulation of protein syn-
is seen in vitro reflects the same cellular events

interceflular communication process as ¢b-
ed after cochlea removal or eighth nerve activ-

N
20
EXPEAMENTAL

SIDE SMALLER
101

ity blockade in vivo. Eventually, we will have to
evaluate these assumptions by discovering other
shori-term indicators which predict the long-term
events or by conducting long-term chronic stimu-
lation experiments on cultured brain stem slice
preparations. For the present descaption, how-
ever, it is important to understand that the goal of
these experiments is to begin unraveling the infer-
celfular signals involved in transneuronal struc-
tural and metabolic regulation rather than study-
ing protein synthesis per se. That is, protein syn-
thesis is used as a marker for postsynaptic change
and our goal is to understand the transneuronal
events leading up to such changes.

I the brain stice, the cochleae on both sides of
the brain have been removed. In order to mimic
the condition of a unilateral cochlea removal, the
eighth nerve on once side of the shice is electrically
stimulated (Fig. 20). Afier 1-3 h of unilateral or-
thodrotmic stimulation, tritiated amino acid 1s
added to the bathing medium for 42 h, and protein
synthesis is subsequently assessed by autoradiogra-
phy. As in the in vivo experiments, levels of pro-
tein synthesis in neurons on the stimulated (analo-
gous 1o cochlea intact) and unstimulated (analo-
gous to cochlea removal) sides of the brain are
compared.

Unilateral stimuolation in vitro produces the
same results as unilateral cochlea removal in vivo:
stimulated neurons show greater protein synthesis.
An example of this effect is shown in Fig. 21. This
effect appears to require synaptic release since pre-
venting release by maintaining the slice in a low
Ca*?/high Mg*? medium also prevents the differ-

S ANTERIOR
Il POSTERIOR

L e

—20 Columelia Oval Window Earplug
Removal Puncture
Figwre I8 Mean percentage decrease in cell area following columella removal and oval
window punciure in animals that survived 60 days. Percent decrease in cell area is 100
X (area contralateral — area ipsilateral)/area contralateral; positive numbers indicate that
ipsilateral cells arc smaller than those contratateral 10 manipulated ear. Mean scores arc given
for anterior and pesterior pertions of NM. Bars indicate SEM. From Tucci and Rubel (1985).

% DECREASE CELL AREA

ence in protein synthesis between the “stimulated™
and unstimulated sides.

To assess whether activity of the postsynaptic
neuron 15 sufficient to up-regulate protein synthesis,
NM neurons were antidromically activated by stim-
ulating their axons as they approach midline (see Fig.
20). Thus NM neurons on one side of the slice are
clectneally active but are deprived of synaptic trans-
mission from the eighth nerve, If action potentials of
the postsynaptic neuron are sufficient to regulate
protein synthesis, then one would expect that anti-
dromically stimulated neurons would make more
protein than unstimulated neurons. Surprisingly, an-

A. Befors Manipuiations

D. Cochiea Removed
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tidromic activation actually resulted in reliably less
synthesis by the stimulated oells (see Fig. 21). The
mechanism responsible for this reduction in synthe-
sts is unknown, but these data clearly indicate that
postsynaptic action potentials are not responsibie for
the up-regulation of synthesis observed afler unilat-
eral orthodromic stimulation,

Together, these results suggest that afferent ac-
tivity regulates the metabolic properties of the
posisynaplic neuron through the action of some
substanoe released from active auditory nerve ter-
minais, The next question, then, is what is the
nature of this substance?

Spikes/Sec

1041

E. Electrode Above Brain

A v i AL A AN A 0

100
v

Figure 19 Recordings made in nucicus magnocellularis with a tungsten microelectrode, On
the right are spike rates determined by counting the triggers from the pulse height discrimina-
tor. The trigger level is shown as the solid horizontal line in each trace. Each plot is of
“spontancous” activity, defined as activity recorded in a sound-attenuating room with sound
delivery tubes in place. The traces show recordings afier each procedure in one animal. (A}
The plot of activity recorded in NM before any experimental manipulation. Afer puncturing
the tympanic membrane (B} or removing the columella (C), there is no change in the level of
spontaneous activity. By | min afler cochiea removal (D) neuronal discharges recorded in NM
cease. The potentials recorded following cochlea rensoval are of similar magnituds to those

above the brain (E). From Born (1986).
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Figure 20 Schematic of the brain stem auditory system of the chick displaying the mﬂhodoll-
ogy for in vitro experiments. Neurons in NM are stimulated either orthodromically (1), via
activation of the auditory nerve, or antidromically (2), via activation of their axons as they
approach midline. Recording clectrodes (R} are periodically placed on NM 10 monitor evoked

activity. From Hyspn and Rubel (1989).

One substance that could be involved in the
metabolic coupling of presynaptic and postsynap-
tic elements is the peurotransmitter. The transmit-
ter for the auditory nerve-NM neuron synapse is
believed to be an excitatory amino acid (Jackson,

Nemeth, and Parks, 1985; Martin, 1985; Nemeth,
Jackson, and Parks, 1983; Nemeth, Jackson, and
Parks, 1985). To assess if the action of excitatory
amino acids is necessary for transneuronal regula-
uon of protein synthesis, excitatory amino acid

ORTHODROMIC

STIMULATED

UNSTIMULATED
e TN

Figure 21  Autoradiographs of stimulated and unstimulated NM neurons. The top photomi-
crographs are taken from a shoe stimulated octhodromically for 1.5 h: the botiom photoni-
crographs are taken from a slice stimulated antidromically for 1.5 h. In both cases, *H-leucine
was added to the bath during the last 0.5 h. From Hyson and Rubel (1989).

receptors were blocked with the receptor antago-
nist kynurenic acid. Kynurenic acid blocks synap-
tic transmission in this system and also blocks the
difference in protein synthesis between the stimu-
lated and unstimulated sides of the slice (Hyson
and Rubel, 1988). Thus, it appears that activation
of some excitatory amino acid recepton(s) is neoes-
sary for this transneuronal regulation of cellular
metabolism,

Although it is clear that excitatory amino acids
are necessary signals for this form of transneuronal
regulation, it is not known if they are sufficient.
Additionally, kynurenic acid blocks both the
NMDA and non-NMDA subtypes of excitatory
amino acid receptors (Elmslie and Yoshikami,
1985; Ganong, Lanthorn and Cotman, 1983).
Thus, we do not know the relative contributions of
these different receptor types. Finally, it is not
known what postsynaptic cellular events occur
after receptor activation to produce these changes
in cellular metabolism. The antidromic stimula-
tion experiments suggest that the generation of ac-
tion potentials has a negative effect on protein syn-
thesis. Thus, some cellular eveni(s), requiring re-
ceplor activation, must overcome depression of
synthesis resulting from the generation of action
potentials and enhance synthesis beyond the level
observed in unstimulated neurons.

SUMMARY

We have reviewed a series of experiments which
begin to examine the cellular events underlying
afferent regulation of neuronal structure. Qur ini-
tial interest in such experiments stemmed from a
desire to understand the cellular nature of experi-
ential influences on brain development. While this
remains a long-range goal, it’s elusive nature has
become increasingly apparent; how will we know
when such a goal is achieved? On the other hand, it
has become increasingly clear that by approaching
this question as a subset of the larger problem of
tissue interactions regulating nervous system
structure and function, some progress is possible.
In this respect, understanding afferent regulation is
part and parcet of understanding “competition.”
Both exemplify the fact that we are dealing with a
dynamic system, where changes in the balance of
extracellular factors result in a cascade of events
defining a new “‘steady state.” Unfortunately,
most of our methods are limited to taking “snap-
shots™ of a few parameters and attempting (o re-
construct an epic.

Our analyses of the postsynaptic events follow-
ing cochlea removal have only scratched the sur-
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face. They are beginning Lo reveal myriad cellt
processes that are dramatically altered by chang
the balance of synaptic activity, or “synag
drive,” in a neuronal system. We have been ¢
tinually struck by the rapidity of these postsyn
tic changes when the manipulations are perforn
on immature animals. While the kinctics of m:
bolic and structural events we have studied do
yet maich those of ionic events involved in inj
mation transmission, the two classes of interce .
lar communication are coming much closer. Sa i
neuromodulators can alter synaptic currents - T
up to many seconds, and we have shown that
tering afferent activity can cause changes in
tein synthesis within a few minutes. The merg
of these two classes of phenomena should comd
no surprise since our studics and many othersh
definitively linked a variety of metabolic 2
structural events to changes in the synaptic al
between two neurons. On the other hand, this
gress does highlight the need for increased an
tion to the short-term changes following mani,
lations of afferent activity. Hopefully such stuc
will kad to an understanding of the intracelli’
chain of events responsible for the regulation *
neuronal form. ,,7;
A second area of interest has been the age rest |
tions on the events we have studied. While itis v+
known that a variety of manipulations affect you -
animals more severely than adults, the age rest:
tions, or “sensitive periods,” are usually assumec
be corvelated with the maturation of synaptic o
nections or their “stabilization™ (¢.g., see Cow
1970). Owr studies do not support this idea. I
lruelllaltheagcaunrhit:h\\«e.lmcﬁlstal:ulemdel7
postsynaptic morphological changes following
chlea removal corresponds to the development
synaplic transmission (embryonic day 11-13;
Rubel and Parks, {988). However, the sensitive -
riod extends well past the maturation period of
auditory system. Chicks hear with adult sensitiv
by the first week afier hatching (Rubel and Pai -
1988) but the postsynaptic metabolic changes . ;
have observed are as pronounced in 6-weck-" 3
birds as in newly hatched animals. Although
“sensitive peniod” extends well past the period
auditory system maturation, it does not extend it
adulthood (recall that adult animals are largely i
mune to such effects). At this time we have i
understanding of the cellular events responsible
the termination of this sensitive period but tl |
may be systemic (i.c. related 10 puberty) rather tt
localized to specific neural structures. [n addit:
why neurons in adult animals are insensitive,
relatively inscnsitive, to dcaﬂ”ercnmtion—indusl
|4y
|
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hanges remains a mystery, Both of these probiems
rovide important avenues for future research.

As noted above we have begun 1o generate a
wrge list of metabolic and structural processes that
re dynamicaily regulated by the afferent activity
npinging on neurons or their individual den-
rites. How these events and others are coupled in
rder 1o regulate cell death, cell size, dendritic
rowth, etc., also remains to be explored. Equally
nportant is to begin evaluating the interaction of
onneuronal elements in processes such as trans-
euronal regulation and competitive interactions.
‘he influence of activity on local blood flow has
een demonstrated by our work and by others, but
e still do not know the spatial or temporal con-
traints on this interaction. We have recently dis-
overed rapid and dramatic changes in astrocyte
rocesses in NM which appear to be regulated by
e activity of eighth nerve axons or the postsyn-
ptic neurons (Canady and Rubel, 1989). The
roximal signals controlling glial cell structure and
1¢e interactions of glia cells with structural meta-
olic changes in neuronal eiements remain un-
nown. It is clear, however, that these nonneuro-
al elements are serving a variety of regulatory
anctions in the development and maintenance of
eural structure and function. The bidirectional
ateraction between these structures needs much
nore attention.

An area in which significant progress is being
nade involves the nature of signals undertying al-
*rent regulation (sec also Miller et al., 1989). It is
lear from the experiments discussed above that the
s1al amount of excitatory synaptic activity im-
inging on a cell is one regulatory event. Neither
he time domain (i.c., the period over which the cell
averages™) nor the shape of this function are
hown, however. In other situations, i.c., some
ompetitive interactions, it appears that the tem-
worat balance (or cross-correlation) of firing pat-
zrns between two or more afferents is critical.
\gain, the exact temporal kinetics are not well un-
lerstood and are important in that they may shed
ight on the postsynaptic events that are being regu-
ited. We have demonstrated that the cascade of
vents involved in synaptic transmission—cal-
ium-activated release of transmitter, binding to a8
wstsynaptic receptor, etc.—are involved in the
ransncuronal regulation of cochlear nucleus
ieurons; antidromic stimulation alone docs not
nimic orthodromic stimulation. Given these ad-
ances, the molecules, receptor structures, and sec-
nd messenger systems underlying activity-regu-
ated metabolic interactions should be readily ac-
essible.

How, then, might the processes we are investi-

gating, or those involved in competitive interac-
tions, be involved in the dynamic regulation of
nervous tissue underlying normai behavior? At
this point we can only draw analogies between the
results of manipulations we impose and the alter-
ations of environmental events an organism expe-
riences. Hopefully, integration of the cellular
events underlying transneuronal interactions with
a thorough understanding of the nevronal circuits
underlying the behavioral repertoire will provide
meaningful solutions, We are reminded of the sage
advice given to Alice by the White Queen:

“Why sometimes [’ve belicved as many as six im-

possible things before breakfast”

From Through the Looking Glass,
by Lewis Carroll
{Grossett and Dunlap, New York, 1983, p. 222).
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sistance of Shannon Wood, Shannon Logan, and Ne-
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REFERENCES

BENES, F. M,, Parks, T. N., and RUBEL, E, W (1977).
Rapid dendritic atrophy foltlowing deafferentation: an
EM morphomectric analysis. Brain Res. 122:1-13.

BeRrG, D. K. (1984). New neuronal growth factors. Ann.
Rev. Newrosci. T:149-170,

BeYER, C., and Feper, H. H. (1987). Sex steroids and
afferent input: their roles in brain sexual differentia-
tion. Ann. Rev. Physiol. 49:349-364.

BorN, D. E. (1986). The roie of neuronal activity in
regulating the structure and function of auditory
neurons. Ph.D. Thesis, University of Virginia.

Born, 12, E., and RuBEL, E. W (1984). Cochlea removal
eliminates physiological activily in brain stem audi-
tory nuclei of the chicken. Soc. Neurosci. Abstr.
10:843.

BORN, D. E., and Ruses, E. W (1985). Afferent influ-
ences on brain stem auditory nuclei of the chicken:
neuron number and size following cochiea removad.
J. Comp. Neurol. 231:435-445.

BornN, D. E., and RuBeL, E. W (1988). Afferent influ-
ences on brain stem suditory nucler of the chicken:
Presynaptic action potentials regulate protein synthe-
sis in nucleus magnoceilularis neurons. J. Neurosci.
8:901-219,

CanADY, K. §., and RuseL, E. W (1989). Rapid prolif-
eration of astrocytic processes in chick cochlear nu-
cleus following afferent activity blockade. Soc. Neuro-
sci. Abstr. 15:512.

Copg, R. A, Burp, G. D, and Ruegr, E. W (1989).
Development of GABA-immunoreactivity in brain
stem auditory puclei of the chick: ontogeny of gra-

dients in terminal staining. /. Comp. Neurol
284:504-518,

CODE, R. A., DURHAM, D., and Runer, E. W (1988).
Effects of unilateral cochlear removal on GABA-im-
munoreactive terminals in nucleus magnocellulads of
the chicken. Assoc. Res. Otolaryngol. Abstr. 11:43.

CowaN, W. M. (1970). Anterograde and retrograde
transneuronal degeneration in the central and periph-
eral nervous systemi. In Contemporary Research
Methods in Neuroanatomy, W, . H. Nauvta and
5. Q. E. Ebbesson (Eds.), Springer-Verlag, New York,
pp. 217-249.

DrurcH, 1. S., and RUBEL, E. W (1984). Aflerent influ-
ences on brain stem auditory nuclei of the chicken:
time course and specificity of dendritic atrophy fol-
lowing deafferentation. J. Comp. Neurol. 229:66-79.

Derrcn, ). 8., and Ruser, E. W (1989a). Changes in
neuronal cell bodies in n. laminans during deafferen-
tation-induced dendritic atrophy. J. Comp. Newrol,
281:259-268.

DEITCH, ). §., and RUBEL, E. W (1989b). Rapid changes
in ulirastructure during deafferemation-induced den-
dritic atrophy. J. Comp. Neurol 281:234-258.

DuRHAM, D., BogN, I). E.. and RUBEL, E. W (1984).
Effects of cochlea removal in adult chickens on meta-
bolic activity in the brain stem auditory nuclei. Assoc.
Res Otofaryngol. Abstr. 7:27-28.

DurHaM, I, and RuBgeL, E. W {1985a). Afferent influ-
ences on brain stem auditory nuclei of the chicken:
changes in succinate dehydrogenase activity following
cochlea remaoval. J. Comp. Neurol. 231:446-456.

DURHAM, D, and RuBeL, E. W (1985b). Alteration in
malate dehydrogenase and lactate dehydrogenase ac-
ttvity in chick brain stem auditory neurons following
cochlea removal. Assoc. Res. Orolaryngol. 8:134-135.

DurHAM, D., RUBEL, E. W, and MATSCHINSKY, F. M,
{1985). Quantitative histochemical measuremenis of
malate dehydrogenase in normal and deafferented
chick brain stem auditory neurons. Soc. Newrosci.
Absir. 11:448.

EDELMAN, G. M. {1984). Modulation of cell adhesion
during induction, histogenesis, and perinatal develop-
ment of the nervous system. Ann. Rev. Neurosci.
T:339-377.

ELmsLEE, K. 8., and YosHixame, D. {1985). Effects of
kynurenate on root potential evoked by synaptic ac-
tivity and amino acids in the frog spinal cord. Brain
Res. 330:265-272.

FUNDER, ], W, and SHEPPARD, K. (1987}, Adrenocorti-
cal steroids and the brain. Ann. Rev. Physiol. 49:397~
411,

GANONG, A. H., LANTHORN, T. H., and COTMAN,
C. W. (1983). Kynurenic acid inhibits synaptic and
acidic amino-induced responses in the rat hippo-
campus and spinal cord. Brain Res. 273:170-174,

GiLoBUS, A, (1975). Brain morphology as a function of
presynaptic morphology and activity. In The Develop-
mental Neurospsychology of Sensory Deprivation,
A. H. Riesen (Ed.), Academic Press, New York, pp.
9-91.

GuILLERY, R. W. (1973). Quantitative studies of trans-

Afferent Regulation of Newurons 195

neuronal atrophy in the dorsal lateral geniculate nu-
cleus of cats and kittens. J. Comp. Neurol. 149:423—
438.

GuILLERY, R. W. (1981). Competition in the develop-
ment of the visuzl pathways. In The Making of the
Nervous System, ). G. Parnavelas, C. D. Stemn, and
R. V. Stirling {Eds.), Oxford University Press, New
York, pp. 356-379.

GuTH, L. (1968). Trophic influences of nerve on mus-
cle. Physiol. Rev. 48:645-687.

HacketT, ). T, JACKSON, H., and RUBEL, E. W (1982).
Synaplic excitation of the second and third order au-
ditory neurons in the avian brain stem. Newroscience
T:1455-1469.

Harris, A. J. (1980}, “Trophic™ effects of nerve on
muscle. In The Physiology of Peripheral Nerve Dis-
ease, A. J. Sumner (Ed.), Saunders, Philadelphia, pp.
195-220,

HasHisary, G. T., and RusiL, E. W (1989). Effects of
unilateral cochlea removal on anteroventral cochlear
nucleus neurons in developing gerbils. J. Comp.
Newrol. 183:465-473.

HEL, P., and SCHEICH, H. {(1986). Effects of unilateral
and bilateral cochlea removal on 2-deoxyghucose pat-
terns in the chick auditory system. J. Comp. Neurol.
252:279-301.

HYDE, G., and DurRHAM, D. {19892a). Aflerent influences
on brain stem auditory nuclei of the chicken: changes
in cytochrome oxydase activity following cochlea re-
moval. Assoc. Res. Orolarymgol. Abstr. 12:32-33,

HyYDE, G., and DURHAM, D. (1989b). Rapid mitochon-
drial response to cochlea removal in chicken brain
stem auditory neurons. Soc. Neurosei, Abser. 15:290,

Hyson, R. L., and RUBEL, E. W (1988). Activation of
excitatory amino acid receptors enhances protcin syn-
thesis in brain stem auditory neurons of the chick.
Soc. Neurosci. Abstr. 14:517.

Hvysow, R. L., and RuBkeL, E. W (1989). Transneuronal
regulation of protein synthesis in the brain stem audi-
tory system of the chick requires synaptic activation.
J. Newrosci. 9:2835-2845.

JACKSON, H., NEMETH, E. F., and Parks, T. N. (1985).
Non-N-methyl-D-aspartaie receptors mediating syn-
aptic transmission in the avian cochlear nucleus: Ef-
fects of kynurenic acid, dipicolinic acid and strepto-
mycin. Neuroscience 16:171-179,

JACKSON, H., and Parks, T. N, (1988). Induction of
novet functional afferents 10 the chick cochlear nu-
cleus. J. Comp. Neurol. TT1:106-114.

KaLir, R. {1980). A quantitative study of the effects of
monocular enucleation and deprivation on cell
growth in the dorsal lateral geniculaie nucleus of the
cat. J. Comp. Neurol. 189:483-524.

LIPPE, W. R., STEWARD, O., and RUBEL, E. W (1980}
The effect of unilateral basilar papifla removal upon
nuclei laminaris and magnocellularis of the ¢hick ex-
amined with [*H)2-deoxy-D-glucose autoradiogra-
phy. Brain Res. 196:43-58,

Lomo, T., and ROSENTHAL, J. (1972). Conirol of ACh
sensitivity by muscle activity in the rat, J. Physiol.
(Lond) 221:493.-513,



196 Rubel Hyson, and Durham

Lomo, T., and WESTGAARD, R. H. (1975). Further
studies on the control of ACh sensitivity by musclke
activity in the rat. J. Physiol (Lond) 252:603-626.

MacDonNALD, G. H., and Rused, E. W (1989). Normal
and proliferating glial processes of n. magnocellularis
in neonalal chicks: a silver impregnation study. Soc.
Newrosci. Abstr. 15:512.

MaARTIN, M. R. (1983). Excilatory amino acid pharma-
cology of ibe auditory nerve and nucleus magnocellu-
{aris of the chicken. Hear. Res. 17:153-160.

MiLier, K. D, KELLER, }. B., and STRYKER, M. P.
(1989). Occular dominance column development:
analysis and simulation. Science 245:605-615.

NeMeTH, E. F, JAckson, H., and Parks, T. N.(1983).
Pharmacological cvidence for synaplic transmission
modiated by non-N-methyl-D-aspartate recepiors in
the avian cochlear nuckeus. Newrosci. Lett. 40:39-44.

NEMETH, E. F., Jackson, H., and Pakxs, T. N. (1985).
Evidence for the involvement of kainate recepiors in
synaplic Lransmission in the avian cochlear nucleus.
Neurosci. Lett. §9:297-301.

Parks, T. N. {1981). Morphology of axosomatic end-
ings in the avian cochlear nucleus: nuclcus magnocel-
lularis of the chicken. J. Comp. Newrol. 203:425-440.

Parks, T. N, and RueeL, E. W (1975). Organization
and development of the brain stem audilory nuclei of
the chicken: organization of projections from n, mag-
noceliularis o n. laminaris. J. Comp. Neurol.
164:435-448.

Parks, T. N, and RuBeL, E. W (1978). Organization
and development of the brain stem auditory nuclei of
the chicken: primary afferent projections. J. Comp.
Nevrol. 180:439-448.

Pasic, T. R., and RuseL, E. W {1989a). Rapid changes
in cochlear nucleus cell size following blockade of au-
ditory nerve clectrical activity in gerbils. J. Comp.
Newrol. 283:474-480,

Pasic, T, R., and RubtL, E. W (1989b). Gerbil antero.
ventral cochlear nucleus cell size following reversal of
electrical activity blockade. Assoc. Res. Otolaryngol.
Abstr. 12:10-1 1.

RICHARDSON, B. E., and DURHAM, D. (1989). Blood
flow changes in chicken brain stem auditory nuclei
following cochlea removal. Hear. Res., in press.

Ruskt, E. W, FaLk, P. M., and STEwARD, O. (1988).

Y onal d ation involves active destruc-
tion of ribosomes. Soc Newrosci. Absir. M:1117.

RuBtL, E. W, and MacDonaLD, G. H. (1987). Rapid
proliferation of glial processes following deafferenta-
tion of N. magnocellulans in nconatal chickens. Soc.
Newrosci. Absir, 13:80,

RUBEL, E. W, and PARrkS, T. N. {1988), Organization
and development of the avian brain-siem auditory
system. In Auditory Funciion, G. M. Edelman, W. E.
Gall, and W. M. Cowan (Eds.), John Wilcy & Sons,
New York, pp. 3-92.

RUBEL, E. W, SMITH, Z. D. ., and STEWARD, O. (1981},
Sprouting in the avian brainstem auditory pathway:
dependence on dendritic integrity. J. Comp. Newrol.
202397414,

SAKURADA, O, KENNEDY, C., JEHLE, )., BrowN, 1. D,

' CARBIN, G, L., and SOKOLOFF, L. (1978). Mcasure-
ment of local cerebral blood flow with iodof'*C}-
antipyrine. Am. J. Physiol. 234:H59-H66.

SEFTEL, M_ A, DEfTCH, LS., and Rusiy, E. W (1986).
Immunocytochemical analysis of cyloskeletal pro-
teing in pormal and deafferented nucleus magnocel-
lularis neurons. Assoc. Res. Giolaryngol. Abstr. 9:8-9.

SiE, K. 5., and Ruper, E, W (1989). The carly effects of
eighth nerve blockade on proiein synthesis and cell
size in the anteroventiral cochlear nucleus of the
young gerbil. Assoc. Res. Ovolaryngol, Abstr. 12:9-10.

Seurrh, I 1, and Ruser, E. W (1979). Organization
and development of brain stem auditory nuclei in the
chicken: dendritic gradients in n. laminaris. J. Comp.
Newrol. 186:213-240.

STEWARD, O, and RuUBEL, E. W (1985). Afferent influ-
ences on brain stem auditory nuclei of the chicken:
cessation of amino acid incorporation as an anieced-
ent 1o age-dependent mansnewronal degeneration, J.
Comp. Neurol. 231:385-395.,

Tuoa, D, L., and RuBgL, E. W {1985). Afferent influences
in brain stem auditory nuclei of the chicken; effects of
conductive and sensorineural hearing boss on n. magno—
ocllulanis. J. Comp. Newrol 238:371-381.

Yound, S. R, and RupeL, E. W (1986). Embryogcncsm
of arborization pattern and topography of individual
anons in n. laminaris of the chicken brain stem. J.
Comp. Neurol. 254:425-459.

s

s i

e i

s R



