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ABSTRACT

The mammalian inner ear contains sense organs
responsible for detecting sound, gravity and linear
acceleration, and angular acceleration. Of these
organs, the cochlea is involved in hearing, while the
sacculus and utriculus serve to detect linear acceler-
ation. Recent evidence from birds and mammals,
including humans, has shown that the sacculus, a
hearing organ in many lower vertebrates, has retained
some of its ancestral acoustic sensitivity. Here we
provide not only more evidence for the retained
acoustic sensitivity of the sacculus, but we also found
that acoustic stimulation of the sacculus has behav-
ioral significance in mammals. We show that the
amplitude of an elicited auditory startle response is
greater when the startle stimuli are presented simul-
taneously with a low-frequency masker, including
masker tones that are outside the sensitivity range of
the cochlea. Masker-enhanced auditory startle
responses were also observed in otoconia-absent
Nox3 mice, which lack otoconia but have no obvious
cochlea pathology. However, masker enhancement
was not observed in otoconia-absent Nox3 mice if the
low-frequency masker tones were outside the sensitiv-
ity range of the cochlea. This last observation
confirms that otoconial organs, most likely the
sacculus, contribute to behavioral responses to low-
frequency sounds in mice.
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INTRODUCTION

Mammals have a remarkable sense of hearing, with
auditory ranges specifically adapted to their partic-
ular acoustic niche. This sensitivity is achieved
mainly by the cochlea, a relatively new evolu-
tionary adaptation compared with the much more
ancient vestibular system. Recent studies have
demonstrated, however, that parts of the mamma-
lian vestibular system, notably the sacculus, histor-
ically one of the first acoustically sensitive organs
(Popper et al. 1982), have retained the ability to
detect acoustic stimuli previously associated only
with the cochlea. There is further evidence that
this stimulation may have behavioral significance
(Todd 2001). Acoustic sensitivity of the sacculus in
mammals might be expected as consequences of
both its evolutionary history and anatomical loca-
tion. In mice, for example, the sacculus is located
behind the oval window membrane, directly in the
line of vibration caused by movement of the
stapes. It is clearly visible through the oval window
once the stapes have been removed.

The vestibular systems of birds and mammals
including cats (McCue and Guinan 1994, 1995),
monkeys (Young et al. 1977), guinea pigs (Cazals et
al. 1983; Didier and Cazals 1989), and pigeons (Wit
et al. 1984) have been found to respond to
acoustic stimuli, often with good evidence that
the vestibular afferents innervating the sacculus
are the most acoustically sensitive. Evidence from
primates indicates that afferent projections from
the sacculus reach the medial vestibular nucleus or
inferior vestibular nucleus, which then projects
bilaterally to the spinal cord (Stein and Carpenter
1967). In humans, for example, this pathway
mediates vestibular-evoked myogenic potentials
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(VEMPs), in which acoustic excitation of the
vestibular system causes twitches in various muscles,
most obviously the cervical muscles (Bickford et al.
1964; Ferber-Viart et al. 1999). Although the
typical stimuli used are also within the human
auditory range, an auditory origin of the VEMPS is
ruled out by the fact that they still occur in
patients with hearing loss (Sheykholeslami and
Kaga 2002; Wang and Young 2003; Murofushi et
al. 2005).

With its ability to respond to acoustical stimula-
tion, the vestibular system has the potential to
extend the hearing range of mammals and hence
their ability to detect low frequency sounds of
behavioral significance. For example, the fre-
quency range of the mouse cochlea, defined by
sensitivity to sound stimulation below 80 dB SPL, is
approximately 4-75 kHz, although this varies
depending on age and mouse strain (Nyby 2001).
There are three areas of peak sensitivity that
coincide with behaviorally relevant frequency
ranges; the area of best sensitivity at the lower
range is around 10-18 kHz and at ultrasonic
frequencies, 40 kHz and 70+10 kHz (Nyby 2001;
Miiller et al. 2005).

In this article, we investigate whether mice can
respond to low-frequency sounds. We demonstrate
that low-frequency pure tones, which have stimulus
parameters outside the sensitivity range of the mouse
cochlea (Taberner and Liberman 2005; Miiller et al.
2005), can facilitate acoustic startle responses (ASRs)
caused by a highfrequency tone that is within the
range of the frequency and sensitivity of the cochlea
(Fig. 1). This facilitation disappears in vestibular
deficient mice proving that the vestibular system in
mice can mediate the detection of low-frequency
sounds.
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FIG. 1. ASR (circles; age 1 month) and ABR (squares) thresholds for
CBA mice compared with the levels and frequencies used as
background maskers in the experiments (triangles). Only the higher
levels (60 and 80 dB SPL) at the higher frequencies (3 and 6 kHz) are
above ABR threshold. ASR threshold curve was modified from
Parham and Willott (1988). ABR threshold curve was modified from
Miiller et al. (2005).
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METHODS

The ASR is a short latency motor reflex in response to
loud, abrupt sounds, common to most mammals. It is
often used as a behavioral method to assess hearing in
mice; ASR protocols are most revealing when a startle
eliciting stimulus (probe) is used in conjunction with
additional stimuli (maskers). The ASR can be modi-
fied by maskers presented simultaneously or preced-
ing the startle stimulus. For example, Carlson and
Willott (2001) employed simultaneous masker tones
of different frequencies in conjunction with a probe
stimulus to reveal facilitation of the elicited ASR
(Carlson and Willott 2001). However, masker frequen-
cies below the auditory range of the mouse cochlea
have not been included in previous studies. The
experiments described in this article test the hypoth-
esis that low-frequency pure tones are detected by
mice and are capable of modifying the ASR in a
similar fashion to audible background tones.

In total, two strains of mice were used; wild-type
CBA/Ca] maintained at the University of Sussex and
Nox3 C57BL6/] mice originally obtained from The
Jackson Laboratory and then maintained and outbred
to a CBA/Ca] background at the University of Sussex.
All mice were housed individually for at least a week
prior to experimentation and were used between 6
and 8 weeks old to avoid any complications caused by
age-related hearing changes. The Nox3 mice carry a
series of recessive mutations that knock out the
NADPH oxidase 3 gene preventing the development
of the otoconia in the sacculus and utricle in
homozygous mutants with consequent vestibular def-
icits (henceforth referred to as otoconia-absent Nox3
mice) (Paffenholz et al. 2004). The ASR from CBA/
CaJ mice was initially measured to provide baseline
data because this particular mouse strain demonstra-
ted a larger ASR amplitude. For the sake of clarity,
results for the CBA/Ca] mice are presented separately
to the otoconia-present Nox3 mice as the absolute size
of their ASRs varied slightly due to a small difference
in weight between the litters of each type used.

All experiments were conducted in an acoustic
booth (IAC, UK). Pure tones for sound stimulation
and white noise for sound calibration were generated
digitally, converted to analogue by a DT3010/32
(Data Translation) data acquisition card at a rate of
200 kHz and presented through a pair of loud-
speakers, one for the startle eliciting “probe” tone
(2.5” Motorola piezo tweeter) and one for the back-
ground “masker” tone (3” Eurotec 8() loudspeaker).
Sound pressure was monitored using a Bruel & Kjaer
4133 Y-inch microphone. The sound system was
calibrated free field in situ for frequencies between
100 and 70,000 kHz. Known sound pressure levels
were expressed in dB SPL re: 2x107° Pa. Startle
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responses were recorded via an analogue accelerom-
eter (laboratory designed and constructed) and
digitized by the same data acquisition card at a rate
of 200 kHz. The experimental chamber was arranged
with both loudspeakers in front of the mouse to
ensure binaural stimulation. The wire mesh cage was
mounted on the accelerometer and was small enough
to restrict the mouse’s movements, which would
otherwise diminish the ASR amplitude (Fig. 2a).
Stimuli were presented only during periods in which
the mouse was settled, as determined from video
observation and accelerometer output.
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FIG. 2. A The startle chamber schematic. B The temporal order of
probe alone presentations. C The temporal order of probe and
masker presentations (C). The onset of the masker preceded that of
the probe by 2,000 ms and continued for a total of 3,000 ms.
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Each experiment involved manipulating two varia-
bles; masker frequency and probe level, with the
masker level kept constant. The probe frequency was
determined prior to starting the experiments by
finding the most salient startle eliciting frequency.
For both the CBA and the Nox3/CBA mice, this was
14 kHz and was not changed over the course of the
experiments. Suitable probe levels for eliciting the
ASR were also determined prior to starting the
experiments; for the CBA, mice probe levels of 80
and 90 dB SPL were used and for the Nox3/CBA
mice, 90 dB SPL (80 dB SPL was not used for the
Nox3/CBA mice as it did not elicit a large enough
ASR). Individual mice were subject to three experi-
ments; one for each masker level (40, 60, and 80 dB
SPL), separated by at least 24 h. Each possible
combination of stimulus conditions was presented to
the mouse in randomized blocks. For example, for the
CBA mice, the block size was 12—containing all
possible combinations of two different probe levels
and six different masker conditions (Table 1). These
blocks of presentations were repeated until a total of
120 presentations (10 for each masker frequency) had
been performed (or a 1-hour time limit was reached).
The “masker off” conditions were used as a baseline
against which masked responses for the same probe
level were normalized.

The presentation order of each individual probe/
masker combination is shown in Figure 2b (without
masker) and c (with masker). The onset of the masker
always preceded that of the probe by 2 s and was on
for a total of 3 s. The probe stimulus had a rise/fall
time of 2 ms to increase its startle saliency, whereas
the masker tone had a longer 10 ms rise/fall time in
order to avoid it potentially eliciting a startle at its
onset at the higher levels.

ASRs were normalized by dividing the ASR to the
combination of probe tone and masker (Py) by the
ASR to the probe tone alone (F),. In Figures 3, 5, 6,
and 7, the normalized data are expressed as the
“Startle Ratio” (Pyi/Fp). After normalization, multiway
repeated-measures analyses of variance (ANOVAs)
were performed with startle ratio as the dependent
variable on the data as presented in Figures 3, 5, 6, and
7. Post hoc two-way ttests were then performed on each
masker frequency/level combination against the nor-
malized response to the probe on its own to indicate
which masker conditions significantly facilitated the
ASR amplitude. These comparisons were judged sig-
nificant at p=0.01 (Bonferroni correction of p=0.05 for
five multiple comparisons) and are indicated on the
graphs with astrexes. Data and statistical analysis were
performed in Matlab R2006b (The MathWorks, Inc.)
and Origin 7 (OriginLab Corporation).

All Nox3/CBA mice used were bred from hetero-
zygous parents and were phenotyped after completion
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TABLE 1

The 12 possible combinations of stimulus conditions when
using two probe levels and six masker frequencies
(including no masker)

Probe level

(dB SPL) Masker frequency (kHz)
80 Masker off 0.375 0.75 1.5 3 6
90 Masker off  0.375  0.75 1.5 3 6

Each block of 12 was randomized before presentation

of the experiments. Attempts to use behavioral assays
to identify the otoconia-absent Nox3 mice proved
unreliable, and as such, all experiments using the
mice were conducted blind. The homozygous mutants
were identified postmortem, after completing all
experiments by inner ear dissection. The presence
(or lack) of otoconia in the sacculus was checked
visually via the oval window after removal of the
stapes. Out of a total of 38 dissections from four
separate litters, 10 otoconia-absent mice were identi-
fied, 6 of which were prior used in the ASR experi-
ments. The numbers of mice for each group used in
the behavioral experiments are 8, 4, and 4 for CBA
mice, otoconia-present mice, and otoconia-absent
mice, respectively. The numbers of otoconia-present
mice used for the compound action potential (CAP)
and distortion product otoacoustic emission
(DPOAE) experiments are 5 and 9, respectively. The
corresponding numbers for otoconia-absent mice are
3 and 3 (see Fig. 4).

To measure DPOAEs and CAPs of the auditory
nerve, mice were anesthetized with ketamine
(0.12 mg/g body weight i.p.) and xylazine (0.01 mg/
g body weight i.p.) for DPOAE procedures or with
urethane (ethyl carbamate, 2 mg/g body weight, i.p.)
for CAP procedures. The animals were tracheotom-
ized, and their core temperature was maintained at
38°C. To measure CAPs, a caudal opening was made
in the ventrolateral aspect of the right bulla to reveal
the round window. CAPs were measured from the
round window membrane using glass pipettes filled
with artificial perilymph with tip diameters of 50—
100 pm (recording bandwidth >30 kHz). Signals were
amplified with a recording bandwidth of DC—
100 kHz.

To measure DPOAEs and CAPs, sound was deliv-
ered via a probe with its tip within 1 mm of the
tympanic membrane and coupled to a closed acoustic
system comprising two MicroTech Gefell I-inch
MKI102 microphones for delivering tones and a Bruel
& Kjaer 3135%-inch microphone for monitoring
sound pressure at the tympanum. The sound system
was calibrated in situ for frequencies between 1 and
70 kHz using a measuring amplifier, and known SPLs
were expressed in dB SPL re 2x107° Pa. White noise
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and tone pulses with rise—fall times of 0.2 ms were
synthesized by a Data Translation 3010 data acquisition
board, attenuated, and used for sound system calibra-
tion and the measurement of electrical and acoustical
cochlea responses. To measure DPOALEs, the levels of
the 2 tone were set 10 dB SPL below that of the {1 tone,
with the frequency ratio of f2/f1 set to 1.23. DPOAE
threshold curves were constructed from measurements
of the level of the f2 tone that produced a 2f1-f2
DPOAE with a level of 0 dB SPL. System distortion
during DPOAE measurements was 80 dB below the
primary tone levels. On the basis of laser diode
interferometer measurements from the spiral lamina
and bony wall of the mouse cochlea (Legan et al. 2000;
unpublished data), only sound pressure and not linear
acceleration was delivered to the cochlea at levels and
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FIG. 3. Startle ratio (startle amplitude, compared with that due to
the probe tone on its own; y=1) as a function of masker frequency
for CBA mice. A 80-dB SPL, 14-kHz probe. B 90-dB SPL, 14-kHz
probe. In this and all subsequent figures, startle ratio is the ASR due
to the combination of probe tone and masker (Py,) divided by the
ASR to the probe tone alone (Py) (Py/Po). Error bars indicate standard
deviation; * indicates significance at p<0.0, n=7, for 40- and 60-dB
SPL points for both probes and n=8 for all 80-dB SPL maskers.
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FIG. 4. Threshold levels of acoustical responses (A) recorded in nine
otoconia-present (black) and three otoconia-absent (gray) mice and neural
responses (B) recorded in five otoconia-present (black) and three
otoconia-absent (gray) mice. A Threshold level LT (mean + SD) of the

frequencies within the range of the sound system used
in these experiments.

All procedures involving animals were performed
in accordance with UK Home Office regulations with
approval from the local ethics committee.

RESULTS

Multiway repeated-measures ANOVA of the ASRs
recorded from the CBA mice (Fig. 3) with startle
ratio as the dependent variable and probe level,
masker level, and masker frequency as factors showed
significant effects of probe level (p<0.001, F=30.6, df=
1), masker frequency (p<0.001, F=92.6 df=5), and
masker level (p<0.001, F=47.1 df=2). Interactions
were also observed between masker frequency and
masker level (p<0.001, F=11.7, df=10); ASRs recorded
in the presence of masker tones increased in ampli-
tude with masker level and frequency (Fig 3). Data
points shown to be significantly different (two-way ¢
test) to the probe only baseline are marked with an
asterisk (p=0.01 or better). These maskers included
frequencies within and below the range of the mouse
cochlea (Fig. 1). Facilitation in the presence of
masker frequencies, which are below the frequency
range and sensitivity of the cochlea (masker frequen-
cies 1.5, 0.75, and 0.375 kHz), caused facilitation when
presented at levels of 60 dB SPL and above. No
significant facilitation was observed for any of the
masker frequencies when presented at the lowest
masker level (40 dB SPL), except for at 6 kHz.
Cochlear function in homozygous Nox3 mutant
mice which lack otoconia is not affected (Paffenholz
et al. 2004). This observation was confirmed in our
study through the measurement of similar DPOAE
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and CAP audiograms from Nox3 mice regardless of
the presence or absence of otoconia in the macula of
the sacculus (Fig. 4).

The ASRs recorded from the otoconia-present
littermates of the otoconia-absent Nox3 mice
exhibited similar facilitation to the CBA mice
(Fig. 5), whereas this facilitation differed for the
otoconia-absent mice (Fig. 6). Multiway repeated-
measures ANOVA with startle ratio as the dependent
variable and phenotype, masker frequency, and
masker level as factors showed significant effects of
phenotype (p<0.001 F=40.7, df=1), masker fre-
quency (p<0.001 F=14.3, df=4), and masker level
(p<0.001 F=37.1, df=2). Interactions occurred
between phenotype and masker frequency (p<
0.001, F=5.27, df=4) and between masker frequency
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FIG. 5. Startle ratio (startle amplitude, compared with that due to

the probe tone on its own; y=1) as a function of masker frequency
for otoconia-present Nox3 mice at the masker levels shown. n=4 for
all points.
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FIG. 6. Startle ratio (startle amplitude, compared with that due to
the probe tone on its own; y=1), as a function of masker frequency
for otoconia-absent Nox3 mice at the masker levels shown. n=4 for
all points.

and masker level (p<0.001, F=4.14, df=8). As with
the CBA mice, the ASR of otoconia present mice
was facilitated for all masker frequencies when
presented at 80 dB SPL. Facilitation at lower masker
levels (40 and 60 dB SPL) occurred only at 6 kHz
(Fig. 5). This facilitation was again generally greater
for higher frequencies (3 and 6 kHz) but still
present for the masker frequencies below the
mouse’s auditory range (1.5, 0.75, and 0.375 kHz).
Again, facilitation increased with masker level for all
frequencies, although with a higher threshold;
between 60 and 80 dB SPL compared with between
40 and 60 dB SPL for the CBA mice. The ASRs of
otoconia-absent Nox3 mice were facilitated only by
masker frequencies well within the auditory range
of the mouse cochlea, at frequencies 3 kHz (at
80 dB SPL) and 6 kHz (at 60 dB SPL and above)
(Fig. 6). No significant facilitation was observed for
the lower frequency maskers at any level.

Figure 7 shows a comparison of the 80-dB masker
levels for each group of mice. Multiway ANOVA of this
data with startle ratio as the dependent variable and
phenotype and masker frequency as factors indicates
significant effects of phenotype (p<0.001, F=11.0, df=
2), masker frequency (p<0.001, F=61.5, df=5), and
interaction between phenotype and masker frequency
($<0.001, F=4.86, df=10).

DISCUSSION

ASRs measured in CBA and otoconia-present Nox3
mice were facilitated at all masker frequencies that
were tested. The maskers at 3 and 6 kHz are within
the frequency range of the cochlea and were deliv-
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ered at levels within its range of sensitivity. It is highly
likely, therefore, that the facilitation of the ASRs at
these frequencies was mediated via the cochlea and
auditory nerve. Effective facilitation of the ASR was
also achieved with maskers at frequencies (0.375, 0.75,
and 1.5 kHz) and levels (60 and 80 dB SPL) outside
the frequency-sensitivity range of the mouse cochlea,
as measured from threshold, single unit, auditory
nerve data (Taberner and Liberman 2005), and
auditory brainstem responses (Fig. 1). The facilitation
must, therefore, be a result of input from another
sensory modality that is also excited, albeit indirectly,
by sound pressure (see “Methods”).

In contrast to the CBA and otoconia-present Nox3
mice, ASRs recorded from the otoconia-absent Nox3
mice were not facilitated by masker frequencies below
3 kHz (Fig. 7), even though DPOAE and CAP
audiograms from otoconia-present or otoconia-absent
Nox3 mice are indistinguishable (Fig. 4). The Nox3
mutation is reported to affect only the otoconia of the
vestibular system (Paffenholz et al. 2004). In agree-
ment with this observation, our dissections of the
peripheral auditory system did not reveal any other
abnormalities in the gross structure of the inner ear at
the macroscopic level, with the cochlea and vestibular
apparatus appearing to be similar in both otoconia-
present and otoconia-absent Nox3 mice. The ASR
thresholds were very similar for all three groups of
mice, although the ASR amplitude was slightly smaller
for the Nox3 mice, due to individuals in these litters
of mice being slightly smaller in size than the mice in
the CBA litters.

On the basis of our observations that tones with
frequencies below 3 kHz facilitate ASRs caused by
audible tones in otoconia-present Nox3 mice but not
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FIG. 7. Startle ratio (startle amplitude, compared with that due to
the probe tone on its own; y=1), as a function of masker frequency at
constant 80-dB SPL level for CBA, otoconia-present (OP) Nox3, and
otoconia absent (OA) Nox3 mice.
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in otoconia-absent Nox3 mice, where the otoconia is
missing from the gravitational receptors, we propose
that at least two systems are implicated in the ASR
facilitation. The cochlea mediates facilitation with the
masker tones above 3 kHz and the vestibular system
(most likely the sacculus) mediates facilitation for
masker tones with frequencies below 3 kHz. This
proposal is also supported by the finding that one of
the two peaks observed in VEMPs is of vestibular
origin with the other of cochlea origin (Ferber-Viart et
al. 1999). Cross-modal modification of the ASR by the
sacculus/utricle has been described previously using
free fall rather than acoustic stimulation of the
vestibular system (with the facilitation being greatest
when the stimulation of each modality was temporally
synchronized relative to the point of summation)
(Yeomans et al. 2002).

The neuronal circuitry underlying the ASR is
thought to involve the caudal pontine reticular
nucleus (PnC) innervating motor neurons and receiv-
ing input from brainstem nuclei including the dorsal
cochlea nucleus (DCN), cochlea root nucleus (CRN),
medial cochlea nucleus (MCN), and lateral superior
olive (LSO) (Koch 1999). Of these innervating nuclei,
the CRN pathway has the shortest latency and
depolarizes cells in the PnC to close to firing thresh-
old. It is hypothesized that any further input from the
other nuclei will then elicit a startle response (Koch
1999). It has been shown that the sacculus has
projections reaching the DCN (Burian and Gstoettner
1988), providing a possible mechanism by which it
can facilitate the ASR. Perhaps a more parsimonious
explanation for the augmentation of the acoustically
activated ASR through acoustic activation of the
vestibular system is that the vestibular signals activate
the limbic system; i.e., rumbling, low-frequency, vibra-
tions cause anxiety, thereby eliciting a stronger startle
response. Support for this latter suggestion has yet to
be forthcoming because, for example, Schanbacher et
al. (1996) discovered that lesions of the amygdala do
not affect the enhancement of the ASR by back-
ground noise. These proposed mechanisms also
predict that, as observed in the data presented in this
article, vestibular stimulation by acoustic stimuli is not
necessarily capable of eliciting an ASR independently
of acoustic stimuli within the range of the cochlea (at
least not by the same auditory pathway). Acoustic
stimulation of the vestibular system can, however,
contribute to a concurrent ASR elicited by a cochlear
pathway (which activates the PnC).

The data in this article support and extend
previous studies showing the retained acoustic
sensitivity of the mammalian sacculus and for the
first time demonstrates how this detection has a
physiologically significant effect on an important
behavioral reflex.
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