newly inserted receptors share other
properties of extrajunctional receptors.

The finding of a subpopulation of rap-
idly degraded ACh receptors in the junc-
tional region may shed light on certain
puzzling observations. First, the obser-
vation that neuromuscular transmission
recovers more quickly than expected af-
ter blockade of ACh receptors with the
irreversible agent o-BuTx (3, 14) might
be explained by the more rapid rate of
junctional receptor synthesis predicted
by our results; a proportion of the
blocked ACh receptors would thus be
quickly replaced by newly synthesized
receptors. Second, the rapid degradation
of a subpopulation of receptors may help
to explain discrepancies in previous esti-
mates of junctional ACh receptor turn-
over rates; estimates of half-lives of
junctional ACh receptors range from 6 to
13 days. Measurements of receptor loss
begun soon after labeling and continued
for only a short period would give an
apparently faster rate of junctional ACh
receptor turnover and a correspondingly
shorter half-life than measurements be-
gun later after labeling, or for longer
periods, when the subpopulation of rap-
idly degraded receptors would have less
influence on the overall receptor degra-
dation rate. For example, in an earlier
study we had examined degradation oc-
curring for a relatively short time and
found a half-life of 5.6 days for junctional
ACh receptors (6) as compared with the
half-life of 12.4 days obtained in the
present study in which turnover was
examined later after labeling and for a
longer time period.

The coexistence of rapidly and slowly
degraded ACh receptors at the end plate
can be explained by two hypotheses.
First, it is possible that ACh receptors
are initially inserted into the postsynap-
tic membrane in a form that is relatively
unstable and that they are subsequently
stabilized by some influence of the motor
nerve. Alternatively, there may be two
or more independent pools of ACh re-
ceptors with different intrinsic turnover
rates. Earlier observations that the slow
degradation rate of preexisting junctional
ACh receptors can be increased after
denervation indicate that junctional ACh
receptors can be destabilized by remov-
ing the influence of the motor nerve (7,
10). Furthermore, ACh receptors that
are inserted into the junctional region
after a period of denervation have a
turnover rate that is very rapid and is
similar to that of extrajunctional ACh
receptors (15). Taken together, these ob-
servations favor the nerve stabilization
hypothesis. Reiness and Weinberg (/6)
have shown that receptors in new ectop-
ic synapses have a rapid rate of turnover

and may correspond to the rapidly de-
graded receptors identified in this study
at the intact, mature neuromuscular
junction. How the nerve might influence
the stability of ACh receptors at the
neuromuscular junction remains to be
determined. It could act directly by alter-
ing the ACh receptors or their immediate
environment or indirectly by inducing a
change in the postsynaptic membrane or
underlying cytoskeleton of the muscle
cell.
ELis F. STANLEY

DANIEL B. DRACHMAN
Department of Neurology,
Johns Hopkins Unversity
School of Medicine,
Baltimore, Maryland 21205
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Intracellular Recordings from Cochlear Inner Hair Cells:

Effects of Stimulation of the Crossed Olivocochlear Efferents

Abstract. Intracellular recordings were obtained from inner hair cells located in
the lower basal turn of the guinea pig cochlea. At low sound pressure levels the inner
hair cells were highly frequency selective, producing receptor potentials only in
response to sound frequencies between about 16 and 24 kilohertz. Electrical
stimulation of efferent nerves in the crossed olivocochlear bundle markedly reduced
these receptor potentials while causing little change in the resting membrane
potential. At high sound levels, where cells responded to an increasingly wider range
of sound frequencies, stimulation was less effective in reducing receptor potentials.
Since the crossed olivocochlear bundle primarily innervates outer hair cells, these
results support an outer hair cell contribution to the most sensitive response region

of inner hair cells.

Octavo-lateralis sensory systems are
characterized by an abundant efferent,
as well as afferent, innervation (/). In the
mammalian cochlea, the two types of
sensory receptors, or hair cells, receive
distinct patterns of innervation (Fig. 1A).
Whereas inner hair cells (IHC’s) receive
the bulk (85 to 95 percent) of the afferent

innervation (2), in the guinea pig, effer-
ent endings on IHC’s occur only rarely
(3). Outer hair cells (OHC’s) receive a
large number of efferent endings, many
of which are from axons of the crossed
olivocochlear bundle (COCB), which
originates in the brainstem in the medial
portion of the superior olivary complex




and decussates at the level of the facial
genu (4). Other efferent fibers to the
OHC’s may project from the superior
olivary complex on the ipsilateral side
(not shown in Fig. 1A). In addition, the
COCB may contain some efferents that
end on afferent dendrites beneath the
inner hair cells (5).

Several studies have shown that elec-
trical stimulation of the COCB reduces
auditory afferent neural activity in re-
sponse to sound (6). In studies of single
afferent neurons, virtually every unit
was affected by COCB stimulation (7).
These results are perplexing when the
cochlear innervation pattern is consid-
ered, since stimulation of axons that end
primarily on OHC’s affects the respons-
es of neurons that transmit information
from IHC’s. Explanations for this para-
dox include the possibility of COCB end-
ings on afferent neurons or the possible

Fig. 1. (A) Simplified
diagram of the hair cell
innervation patterns in
the mammalian co- A
chlea. Afferent neurons
are shown in solid lines,
efferent neurons in
dashed lines. An intra-
cellular recording elec-
trode is shown impaling
an inner hair cell and
an electrical stimulating
electrode is shown in
the brainstem. Abbrevi-
ations: OHC, outer hair
cells; IHC, inner hair
cell; COCB, crossed
olivocochlear bundle;
UOCB, uncrossed oli-
vocochlear bundle. (B)
Intracellular d-c recep-
tor potentials in Te- B J
sponse to repeated tone I
bursts at the character- i S
istic frequency (20 kHz)
of the inner hair cell.
The recording was C
made with the use of a -
direct-coupled amplifi- =
er. Electrical stimuli 16 |-
were presented to the L
COCB during the indi-
cated interval. (C) Di-
rect-current  receptor
potential intensity func-
tions at the characteris-
tic frequency (CF, 20
kHz) and a lower fre-
quency (LF, 12.4 kHz)
for normal = conditions
(solid lines) and dur-
ing COCB stimulation
(dashed lines). Values
during COCB stimula-
tion were obtained dur-
ing the last 200 msec of 1

Electrical
stimulus

10 -

Receptor potential (mV)

spread of stimulating current to the un-
crossed olivocochlear bundle (UOCB),
which may end in efferent synapses on
afferent axons (Fig. 1A). If these expla-
nations are correct, COCB stimulation
should not alter the responses from
IHC’s. We tested these hypotheses by
making intracellular recordings from
IHC’s during COCB stimulation.

Most of the experimental procedures
used with anesthetized guinea pigs have
been described (8). In our experiments,
the THC recording site is limited to the
lower basal turn, an area most respon-
sive to high frequencies. The physiologi-
cal condition of this portion of the co-
chlea was verified by recording, from the
round window, the compound action po-
tential of the auditory nerve in response
to high-frequency (16 to 22 kHz) tone
bursts with a rise time of 1 msec. Only
preparations in which action potential

Stimulating
electrode

*200 msec

X Acoustic
stimulus

the 400-msec trains
of electrical stimuli.
The sound pressure lev-
el is with respect to 20
wPa.

70

40 60 80

100

Sound pressure level (dB)

thresholds were unchanged by surgical
procedures are considered here. The
IHC’s were identified by electrophysio-
logical and histological criteria (9). For
electrical stimulation, a bipolar electrode
was implanted-at the COCB (10). The
middle ear muscles were sectioned, and
the animals were paralyzed with curare
to reduce movement artifacts.

Figure 1B shows an intracellular re-
cording from one representative THC.
The sound stimuli were repeated tone
bursts at the characteristic frequency,
which is the sound frequency that
evokes the largest d-c response at low
sound pressure levels (SPL’s). The d-c
receptor potential is a depolarization of
the membrane lasting for the duration of
the sound stimulus. During a portion of
the recording, the COCB was electrically
stimulated with a train of pulses. (i) The
resting membrane potential (When no
sound stimulus was present) was rela-
tively unaltered during COCB stimula-
tion (11, 12). The IHC’s never hyperpo-
larized during COCB stimulation. (ii)
The d-c receptor potential was substan-
tially reduced during COCB stimulation.

Figure 1C shows intensity, or input-
output, functions for the IHC d-c recep-
tor potential for normal conditions and
during COCB stimulation. At the charac-
teristic frequency, the normal function
showed an increase in receptor potential
with increasing SPL until about 45 dB,
above which the function saturated.
Stimulating the COCB decreased the re-
ceptor potential, especially over the ini-
tial portion of the curve. At the lowest
SPL used, the 2.75-mV receptor poten-
tial was eliminated by COCB stimula-
tion. At high SPL’s, COCB stimulation
was less effective in decreasing the re-
sponse.

As a measure of the effectiveness of
efferent stimulation over the rising por-
tion of the intensity function, we com-
puted A (Fig. 1C), which is the amount of
increase in SPL required to bring the
response during COCB stimulation up to
the level of the normal response. For 12
IHC’s with characteristic frequencies
between 16 and 22 kHz, A ranged from
9.5 to 20 dB. In addition to the d-c
receptor potential, the intracellular re-
sponse also consists of an a-c receptor
potential at the frequency of the sound
stimulus (9). For each IHC, values of A
for the two receptor potentials were sim-
ilar. The compound action potential
evoked by high-frequency tone bursts
was also measured during COCB stimu-
lation. In each guinea pig studied, values
of A for the action potential were usually
similar to those for the d-c receptor
potential.
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Figure 1C also shows an intensity
function from the same IHC for a lower
sound frequency. Higher SPL’s were
required to evoke responses and the
function did not begin to saturate until
higher receptor potential levels. The
function was only slightly altered by
COCB ‘stimulation. For eight THC’s,
low-frequency (6 to 12.5 kHz) intensity
function A ranged from 0 to 2.4 dB.

We also investigated the effects of
COCB stimulation on frequency tuning
curves for the d-c receptor potential
(Fig. 2). These curves graph the SPL
required to evoke a 2-mV response
against sound frequency. The normal
frequency tuning curve has a sensitive
response region consisting of a finely
tuned ‘‘tip’” with characteristic frequen-
cy of about 22 kHz, as well as a less
sensitive response region consisting of a
broad low-frequency ‘‘tail’’ (below 14
kHz). The dashed curve was obtained
during a 20-second period of continuous
COCB stimulation. The sensitivity of the
tip was reversibly reduced, whereas the
tail was unaltered. In seven tuning
curves, tip sensitivity decreased from S
to 17 dB.

The effects of COCB stimulation on
IHC’s are similar to many aspects of the
effects of COCB stimulation on neural
responses shown by earlier investiga-
tions (7). In the absence of sound stimu-
lation, the IHC resting membrane poten-
tial, like the spontaneous activity of af-
ferent neurons, is relatively unaltered by
COCB stimulation. The most profound
effect of COCB stimulation on IHC’s and
auditory neurons is to decrease respons-
es evoked by sounds of low SPL with
frequencies near the characteristic fre-
quency. For auditory nerve fibers, A
ranges from about 0 to 20 dB (7) and the
A for IHC’s falls within this range. We
encountered no IHC’s uninfluenced by
COCB stimulation in our limited sample
of undamaged cochleas.

Neural units tuned to middle and high
frequencies have frequency tuning
curves with well-defined tip and tail por-
tions. The effect of COCB stimulation on
these neural tuning curves is to decrease
the sensitivity of the tip with less alter-
ation of the tail (/3), an effect also found
for the IHC responses of this study,
which are limited to hair cells tuned to
high frequencies. Some auditory neurons
tuned to low frequencies show sensitiv-
ity decreases below the characteristic
frequency (/3), but this effect may result
from a different process, since the COCB
innervation of OHC’s in the apical, low-
frequency portions of the cochlea is min-
imal (14).

We have shown that THC responses
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Fig. 2. Inner hair cell FTC’s for the d-c
receptor potential, with a 2-mV criterion re-
sponse, during normal conditions (O—0J),
during a 20-second period of continuous
COCB stimulation (- --), and after COCB
stimulation (O O).

can be altered by efferent COCB stimula-
tion, in a pattern similar to the alteration
of responses of afferent neurons, which
transmit information from the IHC’s.
The effect of COCB stimulation on the
afferent neural response thus occurs with
the involvement of the IHC’s. Hence,
we rule out hypotheses that invoke
COCB endings on afferent neurons, or
spread of stimulation current to the
UOCB, to explain the effects of COCB
stimulation on afferent neural responses.
Also, no electrophysiological evidence
of direct COCB synapses onto IHC’s
was observed. This is consistent with
cochlear anatomical evidence and con-
trasts” with observations made on hair
cells of the lateral line, frog sacculus,
and turtle cochlea, where efferent fibers
form axo-somatic synapses onto hair
cells (15, 16). In these hair cells, the
effect of efferent stimulation is to hyper-
polarize the resting membrane potential
by S to 25 mV (16, 17).

The alterations of IHC’s by COCB
stimulation may be explained by an OHC
influence on the response of IHC’s. An
OHC contribution to the THC response
has been suggested, especially to explain
substantial alterations of the most sensi-
tive response region of afferent neurons
observed after OHC’s have been selec-
tively destroyed with aminoglycoside
antibiotics (I8, 19). These earlier results
have been criticized because of the pos-
sibility that the IHC’s were directly af-
fected by the drug treatment (20). Our
study indicates that a hair-cell interaction
can take place in the undamaged co-
chlea, at least during COCB stimulation.
No neural substrate for an OHC contri-
bution to IHC responses has been found
(21)' and an electrical interaction has
been proposed (/9). Recent evidence,

however, suggests that the interaction
may be mechanical (12, 22), possibly via
the outer hair cell stereocilia and the
tectorial membrane. '
M. CHRISTIAN BROWN*
"ALFRED L. NUTTALL
ROBERT I. MASTA
Kresge Hearing Research Institute,
University of Michigan Medical School,
Ann Arbor 48109
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Segregation and Mapping Analysis of Polymorphic HLA Class I
Restriction Fragments: Detection of a Novel Fragment

Abstract. An HLA-B7 complementary DNA clone was used as a hybridization
probe to analyze the segregation pattern of polymorphic class I restriction fragments
in several families whose HLA tvpes had been determined by serological techniques.
In one family in which a crossover in the HLA region had occurred, a specific
genomic fragment was mapped with respect to the crossover. In another family, a
novel genomic fragment present in one child and absent in all other family members
was observed. With the exception of this novel fragment, all polvmorphic class 1
fragments observed in this study segregated with a serologically defined parental
haplotype, a result consistent with HLA linkage.

ical functions [reviewed in (/)]. The class
I genes encode the serologically defined
transplantation antigens, HLA-A, B, and
C as well as the human analogs to the
murine Qa and T1 antigens (2, 3). The

The human major histocompatibility
complex (MHC) is a highly polymorphic
genetic region (HLA) on the short arm of
chromosome 6; this region encodes
products involved in various immunolog-
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Fig. 1. Genomic blots of restriction endonuclease—digested DNA from an HLA-typed family
hybridized with the HLA-B7 cDNA probe (9). High molecular weight DNA was prepared from
approximately 2 X 107 frozen lymphocytes derived from blood samples of the individual family
members as described (/2). Each genomic DNA was digested with the restriction endonucle-
ases Hind 111 (A), Bam HI (B), and Pvu Il (C); subjected to electrophoresis; transferred to
nitrocellulose (/4, 15); and hybridized with the nick-translated probe (/6) as described (/7). The
filters were washed at 20°C in double-strength standard saline citrate and 0.1 percent sodium
dodecyl sulfate, and subsequently at 50°C in 0. 1-strength standard saline citrate and 0.1 percent
sodium dodecyl sulfate, and analyzed by autoradiography. Polymorphic restriction fragments
are denoted a to 0. The large arrows represent specific size markers (Hind 111 digest of A DNA).
The HLA haplotype of the father [A2, C(—), BwS0 (Bw6), DR3, BfS1, Glol/Al11, Cwé, B37
(Bw4), DRS, BfS, Glol) is designated A/B and of that of the mother [A3, C(—), B18 (Bwé6), DR3.
BfF1, Glo2/A2S, C(—), B7 (Bw6), DR2, BfS, Glol], C/D. The fragment n appears in the DNA of
only one child and is absent from both parental DNA’s. The print displayed in (A) is a
composite of two different autoradiograms of the same blot; longer exposure time (bottom) was
necessary to reveal the smaller fragments.
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transplantation antigens—composed of a
polymorphic glycoprotein of 45,000 dal-
tons associated with an invariant poly-
peptide of 12,000 daltons, B-2 microglob-
ulin, which is encoded on chromosome
15—are present on the surface of all
nucleated cells. Population studies have
shown significant associations—and
family analyses have demonstrated link-
age—between specific serologically de-
fined HLA antigens and a large number
of human diseases [reviewed in (4)]. The
genetic complexity of the class I genes
revealed by recombinant DNA analysis
is significantly greater than that predict-
ed by serological analysis (5, 6), with
estimates of more than 30 class I genes in
the mammalian MHC. Consequently,
the identification and characterization of
DNA sequence polymorphisms in the
HLA region within normal (7, 8) and
diseased populations and their relation to
the HLA alloantigens defined by classi-
cal serological and immunochemical
techniques is of interest. DNA sequence
polymorphisms can be detected as poly-
morphisms in the length of restriction
fragments. We report the segregation
analysis of polymorphic class I restric-
tion fragments in two families. The
HLA-B7 complementary DNA (cDNA)
clone (9) was used as a hybridization
probe. In one family, in which a cross-
over in the HLA region had occurred, a
specific genomic fragment was mapped
with respect to the crossover; in another
family, a new fragment present in one
child and absent in all other family mem-
bers was observed.

Genomic DNA from members of fam-
ily Stk was digested with Hind III, Bam
HI, and Pvu II; transferred to nitrocellu-
lose; and hybridized with the 32P-labeled
HLA-B7 probe (Fig. 1). All autoradio-
graphic bands clearly showing polymor-
phism were denoted by a lowercase let-
ter and are listed in Table 1 along with
the segregation pattern and inferred
HLA haplotype assignments. Three dif-
ferent segregation patterns could be dis-
tinguished. In pattern 1 (exemplified by
fragment a), a fragment present in DNA
from only one parent appears in the
DNA of some but not all of the children,
allowing assignment to a unique parental
haplotype. In pattern 2 (exemplified by
fragment b), a fragment present in DNA
from only one parent is present in the
DNA of each child; this pattern is con-
sistent with derivation of the fragment
from both chromosome 6 homologs of
the parent (that is, the mother is homo-
zygous for the fragment, which segre-
gates with both maternal haplotypes). In
pattern 3 (exemplified by fragment h), a
fragment is present in the DNA of both
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