N=F2) HBOREERE

1=% 2y v (PD) 132 65 UL EOBMED 5 %ic
RETINEERKLETH ), MEENEET 5 EHE
BELTRP A/ T—HMIRWTHEOR LD T
b b ENEMOBEHLOREI L DS DMK
(EFIZHRT 2 PD OMERET AR S 7 (1) D,
L L, PDORSTI0%L L E &2 BRHEOKBO
RERGEZIAHTH D, i) BEdmome
RENBELEME R LTWA L L 603, KET
BEREHORKLEPD ORMI BV THHE—EELLE
O CEE) NI LLZTNTEMOREIZE S W
SELTHERBL TS,

TR, ZHORERIALZOTHS S b ZILILIIMIE
Mo TREZLHDBIBET L F2 bh o, ZokiE
BAHTHES, Lirl, ELOEBROLHTS 1956 6

B! SEEPDOREAGT

IZD.Harman it Lk o TRBER L7 -3 Y2 0Bid
E(OEMMAZORMEB TR, 7Y —FVh s
LAEGRF (RER. B8 BR:Y) oREOBR
AEREMORICEEREOMEORBL 22 LE 200
3.

ARER. SEATHROWE R AR 52
FREOED TEVHEAROELILEEZLIZBVT
ENEELEMERLLTOBLELOR T, &5
k. ENSERRTRERE S RS0, R
MR RSB LG ED L, BAEA b LA
BREBMOL AN RAEAT WS, BE PDIZBT AR
HEER Flla 222 L4 o0BFREHEENTED
REELTERSATHE, HREOSHTL, AERE
FORITREENG, UREA-F v ok by
FUTHETS - BEA VLA : BARSMAOBET
LOBESF 4 2 (vigious eycle) MRBEND S ki
L, RENCREBAROBME, M) sk

e o _ Gene Function
Park T " "4q2i-28 a-syniiclein presynaptic
Park2 . 62827 Parkin E3-ubiquitir ligase
Park § dpl4 UCH:L1 ubiquitin recycling enzyme
Park 6 1p25:36 PINKI mitochondrial
Park 7 1p36 Dfl oxidative stress response
Park8  12pll2qI31 LRRK2 kinase
- : (6 SWLEITN
DHA
Lys 0
Oxidation NK“ACOOH
e H Succinyl-Lys

0
Oxidation
\ Lvs\ Jk/
+Lys
H

N

4 Frontiers in Parkinson Disease Vol ! Na,! 2008




SNAHLEDEZHNEFEL > TS,

PDOFN: R EWwWTER T Za- Y27
LA vigo+ 72K BT HEAOENREELDICHE
LTMEEEELE4TVAS ENMMOh TS, &4
Bz, MEOAMEREL TR TRL{IavF
DT POMBRSGEOREME LTOEELENE
FoTwad, 2, HEMERBOBRO 2R 1
RELTAMMBHRI AT VS EINTEY, ¥
+TAOTHECRIHFET A RAROABIEIEE L
BEMERLLTVAEEALATVS, BiC, BAIE
Biz&ThafdRo n3 REMARANBLRTH S
docosahexaenoic acid (DHA) #H§LE PD, 7 A v —
BZOWTIHE { OEEMRT, FHHRIREINT
Wwh, LA L, THRAOGDERIELEELESIETE
SFFThdh, BlizEvBIEASEITT 2 LA HER
hTwz, M1 IDHAORELIC L AMBETI/MT
HEY IV EDHEBILP2VTHRLE. a-¥R22b it

=% RD

Visual\/iew

oLy ERARILDO S —Fy b ELRBT I BS
FERAYEHETHD, HRRLOEERUOEL
AViEAKE SOMEE(CIC L o> T PD RED trigger
LR ATREEYH B,

+of, EMELEWRERAKIMOETHS
proteasome EEDET, H2wixs bar FY 7 e
DETLENREENATEN, REEPD EMELAE
WAMEHPD TLHAWHIFI AR ShTWATTRESR
MHde

Bk, S#OPDRFRICBWTIE, ok (E#) L&
£ (RE) , RELERL TP 20O MALREDT
W{ZENERETHH),

REFERENCES
1) Fleming SM. Fernagut PO, Chesselet MF: Genetic mouse models of
parkinsonism: strengths and limitations. NeuroRx 2: 495508, 2005

Frontiers in Parkinson Diveare Vol I No.l 2008 25



o ey
% interScience®

EiRemeis amerTRe T

AMERICAN JOURNAL OF PHYSICAL ANTHROPOLOGY 135 T82-11H (2008)

Development of the Supralaryngeal Vocal Tract in
Japanese Macaques: Implications for the Evolution of

the Descent of the Larynx

Takeshi Nishimura, " Takao Oishi.2 Juri Suzuki,® Keiji Matsuda, and Toshimitsu Takahashi®

'Laboratory of Physical Anthrapology, Department of Zoology, Graduate School of Science, Kyoto University,

Sakyo, Kyoto 606-8502, Japan

*Department of Cellular and Molecular Biology, Primate Research Institute, Kyoto University, Inuyama,

Aichi 484-85086, Japan

ACenter for Human Evolution Modeling Research, Primate Research Institute, Kyoto University, Inuyama,

Aichi 484-8506, Japan

1Syxtems Neuroscience Group, Neuroscience Research Institute, National Institute of Advanced Industrial Science

and Technology, Teukuba, Ibaragi 305-8568, Jopan

SDepartment of Newrophysinlogy, Juntendo University, Graduate School of Medicine, Bunkyo, Tokyo 113-8421, Jupan

KEY WORDS

ABSTRACT  The configuration of the mrahryngu]
vocal tract depends on the nonuniform growth of the oral
and pharyngeal portion. The human ]Lharynx develops to
form a unique configuration, with the epiglottis losing
contact with the velum. This configuration develops from
the f‘rest descent of the larynx relative to the palate,
which is accomplished througl": both the descent of the la-
rf“ii:’“].‘l“l‘:““ relative to the hyoid and the descent of
the hyoid relative to the palate. Chimpanzees show both
rocesses of laryngeal descent, as in humans, but the evo-
utionary path before the divergence of the human and
chimpanzee lineages is unclear. The development of la-
ryngeal descent in six living J y keys,
Macaca fuscata, was examined monthly during the first
three years of life using magnetic resonance imaging, to

Adult humans have a unique anatomy of the supralar-
yngeal vocal tract (SVT), with equally long horizontal
oral and vertical pharyngeal cavities, in contrast to all
nonhuman primates having a pharynx much shorter than
the oral cavity (Negus, 1949; Lieberman, 1984). Such a
configuration of human SVT depends on the nonuniform
growth of the oral and pharyngeal portions with a faster
growth rate in the latter than the former (Negus, 1949,
Lieberman, 1984; Crelin, 1987). Adult humans have a
unique anatomy of the pharynx, with the epiglottis losing
contact with the velum during development, This configu-
ration secures a long oropharyngeal region facing the dor-
sal surface of the mobile tongue, to the laryngo-
pharyngeal region that faces the epiglottis (Lieberman,
1984; Crelin, 1987, Zemlin, 1988). This anatomy of the
human pharynx is formed ontogenetically with the great
descent of the larynx relative to the palate (Negus, 1949;
Roche and Barkla, 1965; Lieberman, 1984; Crelin, 1987;
Westhorpe, 1987: Zemlin, 1988). The laryngeal skeleton is
suspended from the hyoid apparatus and the hyoid is in
turn suspended from the mandible and cranial base by
muscles and ligaments (Zemlin, 1988; Williams, 1985).
Anatomically, two processes accomplish the great descent
of the larynx in humans: the descent of the laryngeal
skeleton relative to the hyoid, and the descent of the
hyoid relative to the palate. One or bath of them cause

oA WILEY-LISS, INC:

descent of the hyoid; hyo-laryngeal complex; epiglottis, Macace fuscata; MRI

delineate the present or absence of these two processes
and their contributions to the development of the pharyn-
geal topology. The macaque shows descent of the hyoid
relative to the palate, but lacks the descent of the laryn-
cal skeleton relative to the hyoid and that of the
rom the We argue that the former descent is simply
a morphological consequence of mandibular growth and
that the latter pair of descents arose in a8 common ances-
tor of extant hominoids. Thus, the Wclut.ionar{ rnt.h aof
the great descent of the laamx is likely to be explained by
a model comprising multiple and mosaic evolutionary
Eall'lwsys, wherein these develoy tal ph a may
ave contributed secondnrilghtn the faculty of speech in
the human lineage. Am J Phys Anthropol 135:182-194,
2008,  ©2007 Wiley-Liss, Ine,

the epiglottis—attached to the thyroid cartilage of the la-
ryngeal skeleton—to descend along the neck and to lose
contact with the velum.

All nonhuman primates have a pharynx much shorter
than the oral cavity (Negus, 1949; Laitman and Reiden-
berg, 1993), although they show the descent of the lar-
ynx relative to the palate that lengthens the pharyngeal
cavity during growth (Fligel and Rohen, 1891). Such a
SVT configuration makes the great descent of the larynx
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DESCENT OF THE LARYNX IN MACAQUES

as seen in humans to be absent from nonhuman pri-
mates (Negus, 1949, Licberman, 1984; Laitman and Rei-
denberg, 1993), and the term "descent” of the larynx or
hyoid often implies the nonuniform changes of human
SVT. However, despite their SVT configuration in adults,
chimpanzees also show a great descent of the larynx
with the descent of the epiglottis from the velum, as in
bumang (Nishimura et al, 2003, 2006. On the other
hand, the face grows to be projected and prognathic in
adults, to allow for a great elongation in the oral cavity
and tongue in chimpanzees (Nishimura et al, 2008,
These facts strongly suggest that the SVT configuration
unique to humans arose along with evolutionary trends
in face flattening in the human lineage and did not
involve the great descent of the larynx (Nishimura et al.,
2006). However, uncertainty remains regarding the evo-
lutionary path of the two processes involving the great
descent of the larynx before the divergence of the human
and chimpanzee lineages.

Laryngeal descent in humans causes some modifiea-
tions to the integrated funetions of the pharyngeal region,
including swallowing, breathing, and vocalization. In
humang, the epiglottis descends to lose contact with Lhe
velum, following modification to the epiglotlic movements
required for swallowing (Sasaki et al., 1977). This adult
mode is achieved by the approximation of the laryngeal
skeleton to the hyoid (Ekberg, 1982; Ekberg and Sigur-
jonsson, 1982; Vandaele et al, 1995; Reidenbach, 1997).
The descent of the laryngeal skeleton from the hyoid,
weakening the physical linkages between them, is prob-
ably one prerequisite for such movements (Nishimura,
2003). On the other hand, the SVT is involved in the reso-
nance of the sound sources generated by the vocal folds of
the larynx to generate vowel-like sounds, which form one
basis for vocal communication (Fant, 196(); Lieberman
and Blumstein, 1988; Titze, 1994; Stevens, 1998).
Humans use sequential and rapid modifications of the
SVT topology to produce a wide range of formant patterns
and transitions. Although the nonhuman primates also
share such faculties per se (Fitch, 2000b; Riede et al.,
2005), the great descent of the larynx as seen in humans
might contribute to the productions of distinct formant
patterns, with extensive modifications to the pharyngeal
topology (Lieberman et al., 1969) or it might enhance the
sophisticated modifications of the SVT topology for the
fluent production of speech sounds (Fitch, 2000b). In fact,
laryngeal descent in humans is accompanied by the devel-
opment of a unique tongue anatomy with equally vertical
and horizontal dimensions (Crelin, 1987; Zemlin, 1988),
resulting in the rearrangement of the internal muscula-
ture of the human tongue to make its surface highly mo-
bile (Takemoto, 20011 Thus, an understanding of the evo-
lutionary path of the two developmental processes of the
laryngeal descent will shed light on the evolution of the
anatomical foundations for human faculties of feeding
and vocal behaviors.

Here, we used mngnetlc resonance imaging (MRI) to
study the devel ntal changes in the spatial configu-
ration of the hymd laryngeal skeleton, eplg]otus, velum
and palate in the first three years of life in living Japa-
nese macaques. The development of laryngeal descent
was compared with that reported for living humans (Lie-
berman el al., 2001) and chimpanzees (Nishimura et al,,
2003, 2006), for examining the presence or absence of
the two developmental processes involving the great
descent of human larynx in macaques and their contri-
butions to the developmental changes in pharyngeal
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Fig. 1. Longitudinal sample of data used in this study. Black
boxes indicate the magnetic resomonce (MR) images used. Slash
homs pray hmu, and spnces |ndium axial, poor-quality, and
y. They are not used for the
nnnlym M and F hcfm the mh}ecl numher indicate the sub-
ject gex of male and female, respectively.

topology. We will use these observations to discuss the
evolutionary path of the great descent of the larynx as
seen in humans and chimpanzees, with functional back-
grounds of feeding and voealization.

METHODS
Subjects

We examined the development of the pharyngeal anat-
omy in six Japanese macaques, Macaca fuscata, using 8
semilongitudinal sample of two females and four males
isee Fig. 1). The care and use of the subjects conformed
to the guidelines of the Primate Research Institute (PRI)
of Kyoto University (2002). Two monkeys were born at
the PRI during each birth season in 2003, 2004, and
2005, and were examined over the first three, two, and
one years of their life, respectively (see Fig. 1).

Imaging procedures

The heads and necks were scanned using the same
General Electrics Signa Profile MR] scanner (0.2 T) at
the PRI, with the same extremity receiving-coil, every
month from one month of age (see Fig. 1). The examina-
tions were set up primarily for another study on the de-
velopmental changes of brain structures. The subjects
were anesthetized intramuscularly with a mix of 4.0 mg
ketamine hydrochloride (Sankyo, Tokyo, Japan) and
0.15 mg medetomidine hydrochloride (Meiji Seika Kaisha,
Tokyo. Japan) per kilogram of body weight. After the MRI
examinations, the subjects were woken with a solution of
0.75 mg atipamezole hydrachloride (Meiji Seika Kaisha)
per kilogram of body weight. During scanning, they were
placed prostrate and fixed to the same receiving coil
using a custom cephalostat (Fig. 2A,B), in which their
heads were raised (Fig. 2B). The subjects examined in
this study were in a different posture from those subjects
in the comparable studies of chimpanzees (Nishimura
et al., 2003, 2006) and humans (Lieberman et al., 2001),
The scans were taken with sagittal or axial three-dimen-
sional spoiled gradient recalled acquisition in the steady
state (3D-SPGR; Fig. 1), They were taken with time-to-
echo durations of 9 ms, time-to-repeats of 44 ms, 1.5 mm
slice thickness, an acquisition matrix of 256 % 256, and
with one excitation, The fields of view of 12 or 15 em
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Fig. 2. S of the cust t used in the pres.
ent study. A, left lateral view. B, wp view, The subjects were
always fixed to the cephalostat, using bars placed into esch ear
canal, bars holding the inferior edge of each orbit, and a bar
holding the incisors. The animals were alwaye placed prostrote
and their head was raised tn retroflex the neck.

were chosen based on subject size (see Appendix). The
imaging protocol was approved by the Ethics Panel of
the PRI. The matrix of all MR images was 266 * 256
pixels and image resolutions ranged from 0.47 % 0.47 or
0.69 x 0.59 mm/pixel (see Appendix). The following anal.
yses included the sagittal scans and we took care to
exclude any scans obscured by artifacts decreasing the
accuracy of the measurements (see Fig. 1).

Measurements

MR images were transferred from the MRI scanner to
a personal computer, usmg Vox-Base Transmil software
(J-Mac System, Sapporo, Japan). The images transferred
were converted from DIOSM to TIFF format, using
IrfanView software (version 3.91, available on https/
www.irfanview.com/). Images were analyzed from a
three-way set of images reformatted using Amira soft-
ware (version 3.1, n%CIS. San Diego, CA) to record
measurement points and standard planes using Adobe
PhotoShop CS software (version 1.0, Adobe Systems, San
Jose, CA). The pixel-based landmarks for linear dimen-
sions were identified and the coordinate values were
measured three times from MR images, using ImageJ
software (version 1.32i, available on http//rsh.info.nih.
gov/ijf). If the values were inconsistent, they were re-
identified. This procedure makes the measurement value
independent of any error accompanied with identifica-

T. NISHIMURA ET AL,

tionz of the landmarks, in contrast to procedures using
calipersa where the landmarks and dimensions were
simultaneously identified and meoasured. It should be
noted that this procedure inevitably provides an error
dependent on the spatial resolution of an image, at larg-
est a measurement plus or minus the diagonal length of
& pixel gize: 0.66 mm or 0.83 mm in this study,

For -comparisons with measurements reported in
humans (Lieberman et al,, 2001) and chimpanzees (Ni-
shimura et al, 2003, 2006), measurement points and
standard pl on the midsagittal plane included the
following: anterior nnsal spine (ANS), anterior tubercle
of the atlas (ATA), endoprosthion (EPr), hyoid bone
(HB), posterior nasal spine (PNS), posterior orepharyn-
geal wall (POW), palntal plane (PP), posterior pha-
ryngeal wall line (PPW), and vocal fold (VF), These
de.ﬁml.mrw (Table 1) are those that have been used for

(Nishi 8, 2005; Nishi a et al., 2006)
and are roughly equivalent to those used for radio-
graphic studies of humans (Lieberman el al., 2001). We
used two additional points, epiglottis (EG) ‘and velum
(VL) These definitions tgwen in Table 1) were those
used for chi (N a et al., 2003, 2006).
Measurements included the length of the oral cavity
(hereafter SVTy length, as customary), along the EPr-
ATA line from the EPr to the POW; the length of the
pharyngeal cavity (hereafter SVT\, length, as customary)
parallel to the PPW from the VF to the PP; the distances
from the hyoid to the palate and to the vocal folds (HB-
PP and HB-VF, respectively), parallel to the PPW from
the HB to the PP and 1o the level of VF (see the keys to
Fig. 3A). These definitions of dimensions are those used
for chimpanzees by Nishimura (2005) and Nishimura
et al. (2006) and are similar to those used for humans by
Lieberman et al. (2001). Although, there are some differ-
ences in the abbreviations of some measurement points
and planes, the dimensions are the same as those used
for the chimpanzee by Nishimura et al, (2003), We also
examined the lengths of the oropharyngeal (op) and lar-
yngopharyngeal (Ip) parts of the \mrhn:f pharyngeal cav-
ity, parallel to the PPW from the EG to the levels of the
VL and VF, respectively (see the key to Fig. 3A), These
dimensions are the same as those used by Nishimura
et al. (2003, 2006), but there are no comparable mea-
surements in humans (Lieberman et al,, 2001).

Comparable growth stages

In this study, measurements were recorded for the
Japanese macaques at chronological ages ranging from
one month to three years (present study), and compared
with those for chimpanzees from four months to five
years (Nishimura et al, 2003, 2006) and for humans
from one month to 13 years and nine months (Lie-
berman et al, 2001). The developmental trajectories
were here compared in terms of the developmental ages
of the three species after their chronological ages had
been adjusted to correspond to dental eruption stages,
which reflect legitimately comparable growth phases. In
the present study, three growth stages were defined fal-
lowing Nishimura et al. (2008): “early infancy" “late
infancy," and “juvenile.” These comprised the dental
stage from birth to before the eruption of the deciduous
dentition, the stage from the eruption of the deciduous
dentition to before the eruption of the firat molars, and
the stage after the eruption of the first molars and
before the eruption of the second molars, respectively.

Awmeviean Jaownad of Physical Anthropology—DO1 10.1002/jpa
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TABLE . Definstions of the measurement points and standard planes wsed

185

Landmarks and plunes Abbreviations Definition

Anterior nasal spine ANS The most anterior inferior point of the pivifarm aperture of the nose, which
in roughly equivalent ta the most anterior root point of the nasal septum®

Anterior tuberele of the atlas ATA The superior-infevior midpoint of the antevior tuberele of the atlos"

Epiglottis EG The most superior point of the epiglottis

Endoprosthion EPr The maat anterior inferior point of the lingual surface of the premsxilla
alveolar

Hyaid bone HB Most anterior and superior point of the insertion of the geniohyoid muscle
onto the hyoid bone

Posterior nusal spine PNS The most posteriar point of the maxillory body at the level of the nasal o
at the junction of the hard and soft palates

Posterior oropharyngeal wall FOW Paint an the postorior pharyngeal wall appesite the anterior tubercle of the
atlas along the plane from EPr to ATA

Palatal plane PP The line from the ANS to PNS

Posterior pharynges) wall PPW The most posterior straight line of the pharyngeal wall from the level of the
volumn to the laryngeal arifice

Voeal folds VF The anterior-posterior midpaint of the vocal folds

Velum VL The most postevior inferior point of the palatine velum, excluding the uvala

All landmarks and planes wore defined on the mid-sagittal plane of the MR images.
i ra

" Thie definition ie the same as that for ch

# (2005) and Nishimurn ot al. 12008, 2006), but is different

by N

fram that used by Licberman et al, 12001} in the narrow sense because no true anterior nasal spine is found in Japanese macagues

and chimpanzoes.
" This definition is the same as that used for chi

Niehi

a {2005) and Nishimurn et al. 12008, 2006), but is different

fram that used for the human ATA (Licherman et al,, 2001). The human ATA {4 defined as the most anterior and superior point of
the anterior tubercle of the atlas that projects on the sagittal plane in radiogrophs. This point was identified only abseurely on mid.
of J and chi bj sn the nonh

sagittal MR i

rovaghly nqui\'nlm':l ta the human ATA.

On the basis of studies of dental eruption ages in a
cross-sectional le of Jaj /| (Tw t
et al., 1984, 1987), captive living chimpanzees (Conroy
and Mahoney, 19981, Kuykendall et al, 1992), and
humans of European origin (Hurme, 1948; Lysell et al,,
1962; Smith and Garn, 1987: Smith, 1991), the chrono-
logical ages of the three species were adjusted to corre-
spond to dental stages. In Japanese macaques, “early
infancy” (Fig. 3B) is defined here as the period from
birth to eight months of age, “late infancy” (Fig. 3C) as
the period from eight months to one year and eight
months of age, and the “juvenile” stage (Fig. 3D) as that
period from one year and eight months to three years
and eight months of age (see Fig. 4). The definitions for
chimpanzees and humans used here follow those by
Nishimura et al. (2006), In chimpanzees, “early infancy”
is defined as the period from birth to one year of age,
“late infancy” as the period from one to three years of
age, and the “juvenile” stage as that period from three to
seven years of nge. For humans, “early infancy” is
defined as the period from birth to two and half years of
age, “late infancy” as the period from two and half to six
years of age, and the “juvenile” stage as that period from
$ix to 12 years of age (see Fig. 4). Thus, in this study,
the developmental patterns were examined up to two
years and eight months of age in Japanese macaques, up
lo five years in chimpanzees, and up to nine years in
humans; in the “early infancy,” “late infancy,” and earl
“juvenile” stages (see Fig. 4). In Figures 6-8, mean vn]’-’
ues for pooled sex measurements have been recaleulated
for any given category of chronological age for chimpan-
zees (Nishimura et al,, 2003, 2006) and humans (Lie-
berman et al., 2001).

Comparability of the measurements

It should be noted that the position of the hyoid and
larynx relative to other structures can only be compared

primate ATA was here redefined ns being

accuralely under equivalent conditions (Fitch and Giedd,
1999; Lieborman et al,, 2001; Nishimura et al., 2006)
Human subjects were recorded in an upright position
during quiet respiration using lateral radiographs (Lie-
berman et al., 2001), whereas the subjects of the chim-
panzee and Japanese macaque were recorded in the
supine and prostrate position, respectively, under gen-
eral anesthesia using MR (Nishimura et al., 2003, 2006;
Ermat study). In addition, the jaw was allowed to upen
y its own weight (see the MR image in Fig. 3B-D).
These varied head and mouth postures might alter the
conformation of the living subjects and thereby affect the
measurements in different ways for the three species. A
study with embalmed specimens of chimpanzees (Nishi-
mura, 2006) indicated that head posture has many
potential influences on measurements of those dimen-
sions defined by the landmark of the HB, although it
has small influences on the other dimensions defined in
this study. Such risks were re-evaluated in this study
with comparisons of measurements taken with MRI
scans at the prostrate and supine position in the same
subject (macaque number 1968), at 43 months of age
(see Results). In addition, anesthesia might have had an
influence on conformation. Such methodological differ.
ences limit accurate comparisons between the absolute
values of dimensions measured in the three species,
Nevertheless, the subjects were always recorded using
the same conditions and procedures in each species, so
the degree of any deformity presumably would be con-
sistent in each subject. Thus, this study was mainly con-
cerned with comparing developmental trajectories of the
dimensions, using the increases of the measurement val-
ues in comparable growth stages, rather than with
attempting to define any absolute values of the di
sions and ratios among the three species.

Of semilongitudinal sample of the six Japanese maca-
ques, changes of dimensions in early infancy were calcu-
lated using the means of the measurements at two

Aueevican Jowraal of Plypeical Anthropolagy—DO1 101002/ apa



sgram of SVTy, (outhin

Chi by im 3y
Humans ByOm
] . - 1
Growth Ei Li I

und 8

azees and

mant ] s old 'f

enile period with t ) Y
ith d two year and eight months of age for
1981

RESULTS

nner table had
posture. Fig-

The position of the subjects on the sc
inant influences on the I1c.4d and ne
} showe that the neck of all the subjects was always
retroflexed sharply at th vel below the vocal folds and
the pharynx was angled relative to the head and oral
cavity at the supine (F han at the prostrate
position (Fig. 5B). The mouth we most closed at the
supine position, £ deformities have a profound in
ence on the dis from hyoid to the palate,
although they h on the meagurement
in the other dimen The HB-PP dimension at the
supine position decreased by 19% of the measurement at
the prostr Table 2). However, the other
dimensions, exeluding the oropharyngeal (op) parts
Jf_n.."l.]u at the supine pos v increase
than 5% of the Ls
he op she

V

of the measure
ase of 0.02 cm

supine by !
gition, but this decre
pixel size of the image
ship of the L‘LI'm- Lot
able, although Lh
modified by |
sions used in this
by the head posture, and compariso
ues have not been addressed in the discussion

In these Japanese macaques, the SVT) increased in
length at a rate gimilar to the SVTy t‘i1:1'i|'|[,' early
infancy h after the SVTy show y greater
SVTy This is rl’ﬁt‘tliﬂ in
atio of the SVTy to
re 6A and Appendix.
-\lthrnlg'h 1h+ al'sollnv values varied at the same age
betwee subjects examined here, this ratio
almost con t in early infancy and
after late infancy from 1
infancy, 1 in late .nh.r.r; and

1.88:1 to 1.98:1 in the early juvenile stage. In contr

is, all dimen-
ying degre
ng absolute val-




Fig. 5. MR in
Both
months of age
at the prostrate
flod, but the

es in the supine (A) and prostrate (B) posi-
aken in @ same subject no. 1963, ot 43
The nock is angulated at the supine more than
position. The configuration of the velum is
spatinl relationship botween the velum and

tions scat

. The Ium.\n SVT,; sho
Lml-t:m) to the two other species in ear
thereafler it grows much more slowly: 1
1.0-, and 1.0-fold in the three stages, respectively (F
GB; Lieherman et al., 2001). This difference after late
infancy means that the absolute SVTy length in Japa-
macaques reached that of humans in the juvenile
period (Fig. 6B). Figure 6C and Appendix show that the
VTy length increased constantly in each subject of Jap-
solute dimensions var-
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1.1-, and 11-fold in the three stages, respectively
increases from 22 em to 2.6 cm in the early infancy,
from 2.5 em to 2.8 em in the late infancy, and from 3.2
em to 3.6 em in the early juvenile stage. The documented
in humans and chimpanzees grows
that in Japanese macaques
rases of 1.5-fold in chimpanzees
) and 14-fold in humans (Lieberman et J]
respectively. However, growth slows thereafter and the
trajectories are almost gimilar to those seen in the Japa-
nese macaques: incy 28 of 1.2-fold in late infancy and
of 1.2-fold the early juvenile period in chimpanzees
(Nishimura et al,, 2003, 2006); 1.2-fold late infaney
and of 1.2-fold in the late juvenile period in humans
(Lisberman et al., 2001). This difference means that in
the initial phase of early infancy, the absolute dimension
of the SVTy in chimpanzees is almost similar to that in
Japanese macaques, but the rapid growth in chimpan-
rly infancy absolute
dimensions (Fig. 6C)
As for the growth of the SVTy, in Japanese macaques
the laryngeal skeleton descended negligibly relative to
the hyoid, so the l‘llllﬁ]ﬂl]'{l ion of the h\'u|h:'_\-‘|lgl:&|] ¢om-
plex remained unchanged during the first three years.

causes a
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epiglottis changes minimally. Seale bar = 2.0 em This is documented in Figure 7A and Appendix. The
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Fig. 6. Growth of the SVT in the six Japanese macoques
studied. A, Age-reloted changes in the ratio of SVTy to SVTy
lengths. B, Grow'l.ll of the SV‘T,. lengths. C, Growth of the SVTy
lengths. M himy Ipooled sexes, open
triangles) and humans lpoa!ad sexes, open circles) are from
Nishimura et al. (2008, 2006) and Lieberman et al. (2001),
respectively, with permission. The growth stages and their
sbbreviations are in accmdance with those in Figure 4,

distance from the hyoid to the vocal fold (HB-VF)
showed only a negligible change during the period eval-
uated: an increase of 0.43 cm from 0.28 em to 0.71 em.
By contrast, the laryngeal skeleton descends rapidly in
early infancy and thereafter continues to descend gradu-
ally in both humans (Fig. TA; Lieberman et al., 2001)
and chimpanzees (Fig. 7A; Nishimura et al,, 2003, 2006).
On the other hand, in these Japanese macagues the
hyoid descended negligibly relative to the palate in the
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initial phase of early infancy and thereafter descended
gradually. This growth patter is reflected in the growth
changes in the distance from the hyoid to the palate
(HB-PP) documented in Figure 7B and Appendix. The
HB-PP increased negligibly from 2.10 to 2.19 cm in the
first four months of life, but thereafter it increased con-
stantly to 3.90 cm: an increase of 1.8-fold. Such a growth
trajectory is seen in chimpanzees (Fig. 7B; Nishimura
et al., 2003, 2006), despite a difference in the timing
of its initiation. The distance increases negligibly in
early infancy and thereafter increases 1.8-fold by the
end of the early juvenile phase. Although the human
hyoid descends relative to the palate even in early
infancy, it continues to descend after late infancy: a total
increase of 18-fold (Fig. 7B; Lieberman et al, 2001
Nevertheless, in these Japanese macaques, the epiglottis
descended negligibly from the velum even after late
infancy, and so the oropharyngeal component remained
small. This is reflected in Figure 8A and Appendix, dem-
onstrating that the oropharyngeal component (op)
remained short compared with an increase of this dimen-
sion in chimpanzees: 2.6-fold increase from 0.11 to 0.29
cm in the first three years of Japanese macaques and an
increase of 6.0-fold in the first five years of life in chim-
panzees. On the other hand, the laryngopharyngeal
component (lp), caudal to the oropharyngeal compon-
ent, lengthened constantly as in chimpanzees, despite
smaller absolute dimensions: 1.9-fold increase from 7.88
to 16.20 em in the first three years of life in Japanese
macaques, and an increase of 2.1-fold in chimpanzees
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(Fig. 8B und Appendix). Thus, there were negligible
descents of the laryngeal skeleton relative to the hyoid
and of the the epiglottis relative to the velum, although
there was somewhat greater descent of the hyoid rela-
tive to the palate. [n fact, the great descent of the larynx
relative to the palate is accounted for by the distance
between the hyoid and laryngeal skeleton, but not by
that between the hyoid and palate.

DISCUSSION

This study provides evidence supporting the idea that
nonhominoid primates do not u.g:re full laryngeal
descent as seen in humans and chimpanzees. Here, Jap-
anese macaques showed a negligible descent of the la-
ryngeal skeleton relative to the hyoid, whereas they
showed the descent of the hyoid relative to the palate as
seen in chimpanzees. The developmental descents of the
larynx and hyoid relative to the palate have been shown
by a computer tomography (CT) study using a mixed
sample with longitudinal- and cross-sectional ontogenetic
series of living long-Lailed and rhesus macagues, Macaca
fasciculoris and M, mulafta (Fligel and Rohen, 1991),
although the epiglottis maintains contact with the velum
to restrict the pharyngeal cavity from facing the movable
tongue in macague monkeys (Laitman et al., 1977; Fli-
gel and Rohen, 1991). Unfortunately, the discrepancy
in definitions and the scarcity of the measurements
reported by those authors prevent direct comparisons
with the detailed studies of humans (Lieberman et al.,
2001) and chimpanzees (Nighimura et al., 2003, 2006).
Nevertheless, another anatomic study showed a distinc-
tion in adult anatomy of the hyolaryngeal complex
between hominoids and the other anthropoids (Nishi-
mura, 2003). In adult hominoids, including humans, the
lnryngeal skeleton is lowered from the hyoid and is
assured of mability independent of the hyoid. This con-
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trasts with the other anthropoids, where the laryngeal
skeleton is locked onto the hyoid body and is tied tightly
with or directly articulated with the grealer horn of the
hyoid. Such a distinetion between hominoids and the
other anthropoids strongly supparts the present finding
of a negligible descent of the laryngeal skeleton relative
1o the hyoid. In addition, this study suggested that such
o negligible descent in part contributes to the lack of the
descent of the epiglottis from the velum in Japanese
macaques, forming the oropharyngeal region. Thus, the
evolutionary modifications o the development in the
hyolaryngeal complex probably enhanced the descent of
the epiglottis from the velum, establishing the great
descent of the larynx in a common ancestor of extant
hominoids.

The developmental descent of the hycid was shared by
these Japanese macaques, although this descent probably
makes little cantribution to the descent of the Lhe epiglot-
tis from the velum. Despite slight differences in the tim-
ing and rate, chimpanzees show descent of the hyoid
annlogous to that in humans (Nishimura et al, 2006).
However, the other nonhuman primates are believed not
to share it (Lieberman, 1984; Laitman and Reidenberg,
1993; Fitch, 2000s; Nishimura et al., 2006), because no
such descent of the epiglottis has been detected in them
(Negus, 1949; Laitman and Reidenberg, 1993; Fitch,
2000b). It is to be noted that there are slight differences
in the timing of the hyoid descent in humans versus that
seen in chimpanzees and macaques. This might be caused
by the development of the laryngeal air-sac in the latter
two species. Whereas humans have no sae, chimpanzees
and macaques have one passing between the hyoid and
the thyroid cartilage (Starck and Schneider, 1960; Ha-
yama, 1970; Hewitt et al, 2002). This sac develops to
reach the dorsal aspect of the body of the hyoid as early
as four months of age in chimpanzees (Nishimura et al.,
20071 and even at one month of age for Japanese maca-
ques (present study). The associated anatomical changes
might thereby contribute to elevate the hyoid additionally
in early infancy (Nishimura et al, 2006). On the other
hand, the developmental trajectory of the d of the
hyoid relative to the palate in h was evaluated
using averaged dix ions of a gitudinal
{Lieberman et al., 2001). This might cancel out the devel-
opmental trajectory as seen in chimpanzees and maca-
ques: i.e., the delayed beginning of the hyoid descent. De-
spite being a case report for only one male subject, one
study on a human infant showed that the position of the
hyoid is unchanged relative 1o the palate in the initial
phase of early infancy (Vorperian et al.. 1999). This issue
must be resolved using a large longitudinal sample. How-
ever, despite slight differences, the descent of the hyoid as
seen in humans must have arisen before the divergence of
the extant hominoid and the cercopithecoid lineages.

The SVTy is slightly decreased in length al the supine
relative to that at the prostrate position. Such a decrease
is caused by the more acute angle of the neck, which
moves the PPW anterior. Among the dimensions along
the neck, the HB-PP wae significantly influenced by
head posture. The dimensions in the neck were all
defined as linear dimensions parallel to the PPW. The
hyoid is tightly linked to the mandible by the genichyoid
and myohyoid muscles, ligaments, and membranes
(Crelin, 1987; Zemlin, 1988; Williams, 1995). Anatomi-
cally, the position of the hyoid is affected by the position
of the mandible rather than the pharyngeal wall. In
contrast, the vocal folds are included within the laryn-
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geal skeleton, which is tightly linked to the pharyngeal
wall by the pharyngesl constrictors (Crelin, 1987 Zem-
lin, 1988; Williams, 19951 Therefore, Lhe position of the
VF does not change signifieantly relative to the PPW,
Moreover, the VF is close to, and the HB distant from,
the PPW. This indicates that the more obtuse angles of
the neck relative to the head move the intersection point
forward between the PP and the line parallel 1o PPW
from HB, to extend the HB-PP dimension. Such differ-
ences in analomy probably underlie that the HB-PP
dimension is most sensitive to head posture, in contrast
to the SVTy and HB-VF. The epiglottis is attached to the
laryngeal skeleton and therefore the position of the epi-
glottis relative to the pharynx is less sensitive to head
posture, as seen in that of vocal fold. This probably con-
tributes to the unchangeable spatial relationship of the
velum and epiglottis (op), despite modifications in the ve-
lum conformation, Thus, the head and mouth postures at
scanning affect the position of the hyoid relative to the
palate (HB-PP), while they have limited influence on the
spatial relationship of the laryngeal skeleton und hyoid
THB-VF). Although such artifacts prevent a direet and
statistical comparison of the sbsolute values of the HB-PP
measure in the three species, this study showed a steady
elongation in this dimension for each subject, indicating o
similar growth trajectory among the three species, This

T. NISHIMURA ET AL.

figuration in h and panzees from that in
Japanese macaques: this descent accompanies the descant
of the epiglottis from the velum in the former two species.
This finding strongly suggests that the developmental
modifications to the dynamic activities and physiclogical
perfurmance of the hyolaryngeal complex and epiglottis
during the early infancy of hominoids will provide valuable
insights into the original functional adaptations of this
descent. Although there is little such information in non-
human primates, in humans the epiglottis descends Lo lose
contact with the velum at about six months of age and this
anatomical development follows modification to the epi-
glottic mov s in llowing (Sasaki et al., 1977). The
descent of the laryngeal skeleton relative to the hyoid may
also provide anatomical foundations for the modified move-
ment of the human epiglottis (Nishimura, 2003), Although
there is controversy regarding the activity of the epiglottis
during swallowing, it contributes to separate the respira-
tary and swallowing pathways in all nonhuman mammals
(Laitman et al., 1977; Larson and Herring, 1996; Cromp-
ton et al., 1997). It will be necessary to study the develop-
mental changes in the activities of the hyolaryngeal
complex and its effects on the epiglottic movements in
swallowing during the early infancy of hominoids and the
other anthropoids. Such studies will contribute to our
understanding of the selective advantages of this descent

does not prevent the interpretation that the develoy

tal descent of the hyoid in Japanese macaques is anale-
gous to the descent in chimpanzees, even though there
may be some overestimations of this dimension.

There were varying absolute dimensions at any given
point among subjects in this study, although the growth
trajectory—the slope—of the dimensions almost coin-
cided during the same growth phase ameng the subjects.
This variation was probably caused by intersubject varia-
tions of each dimension and was not induced by possible
irregularities in the MRI procedure or by variations in
the motions of the animals during measurement. Juvenile
females were slightly smaller than males for all measure-
ments. Although this may show the sexual dimorphism
that develops as the animals grow, this issue has to be
resolved in future studies using a larger sample.

There is still uncertainty about the evolutionary advan-
tages of the descent of the laryngeal skeleton relative to
the hyoid. This descent may contribute to the physical
foundations for a prerequisite for speech production based
on highly independent regulations in the activities of the
laryngeal skeleton for generating sound sources, and in
hyoid activities for tongue mations in articulation (Nishi-
mura et al,, 2003; Nishimura, 2006). However, it is likely
that it originally conferred advantages for functions unre-

ina tor of extant hominoids.

Unlike the d t of the laryngeal skeleton, the evolu-
tionary path of the descent of the hyoid is yet Lo be eval-
uated. This descent is probably a morphological conse.
quence of mandibular growth. The hyoid is linked tightly
to the mandible by muscles, ligaments, and membranes
{Zemlin, 1988; Williams, 1995), and this anatomical re-
striction possibly maintains the spatial relationship
between the two. In fact, in humans, the hyoid descends
along with the superior-inferior growth of the mandibu-
lar ramus (Lieberman and McCarthy, 1999; Lieberman
et al, 2001). Such an anatomical linkage is likely in non-
human primates (Swindler and Wood, 1973; Ankel-
Simons, 2000, and most nonhuman primates probably
share this anatomical pathway in growth. This suggests
that this descent may have originally conferred little in-
herent selective advantage. However, the hyoid also pro-
vides a base for the tongue musculature, so its activities
have a major role in tongue movements (Zemlin, 1988;
Williams, 1995; Hiiemae and Palmer, 2003). These fea-
tures associated with the hyoid underlie the coordinated
cyclic activities of the jaw and tongue in each phase of
feeding behavior as seen in humans and macaques, and
such activities are varied by the physical nature of the
foods and liquids being swallowed (Hiiemae et al,, 1995;
Hii , 2000; Hii et al,, 2002; Hilemae and Palmer,

lated to the sophisticated articulation of modern speect

The hyolaryngeal complex plays an important role in
integrated functions of the pharynx and larynx, such as
swallowing, breathing, and vocalization (Negus, 1949;
Lieberman, 1984; Crelin, 1987; Zemlin, 1988; Williams,
1995; Hiiemae and Palmer, 1999, 2003), This indicates
that the descent of the laryngeal skeleton relative to the
hyoid might have arisen independently to facilitate some
of these integrated functions. Anatomically, this descent
has a minor influence on the dimension of the pharynx.
In fact, despite the absence of this descent, the descent of
the hyoid relative to the palate produces a growth trajec-
tory of the SVTy similar to that in chimpanzees and
humans after late infancy in Japanese macaques. How-
ever, the present study showed that the presence or
absence of this descent differentiates the pharyngeal

2003). This suggests that hyoid descent may alter the
coordinated activities, along with some modifications io
feeding behavior. On the other hand, this descent might
also modify the activities of the hyoid in vocalization and
speech. During human vocalization, the hyoid is shifted
anterior to the region used in feeding to widen the pha-
ryngeal cavity and moves steadily and rapidly to produce
a fluent sequence of speech sounds, although it moves in
a constrained region compared with the case in feeding
(Hiiemae et al., 2002; Hilemae and Palmer, 2003). In con-
trast, a distinct lowering of the hyoid has been found to
lengthen the pharyngeal cavity in some mammals,
including nonhuman primates, but little in the way of
further sophisticated movements can be detected (Fitch,
2000b; Fitch and Reby, 2001), Such a difference might be
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attributed to the presence or absence of a hyoid descent
analogous to that in bumans. The nonhuman primates
lower the larynx tempararily and modify the tongue to-
pology to produce a wide range of formant patterns and
transitions, which had been believed to be unique to
human speech (Fiteh, 2000b; Fitch and Reby, 2001; Riede
et al., 20051, However. the persisting low position of the
larynx and hyoid caused by laryngeal descent could pro-
vide the basis for less effortful, sophisticated, and rapid
rearrangement of the laryngesl position and tongue ges-
ture even in & short single exhalation (Fitch, 2000b).
Unfortunately, there is not much information on hyoid
5 and on anatomical restrictions to them during
vocalization in nonbuman primates. Future studies are
needed Lo examine the presence or absence of this descent
in the lineages of platyrrhines and prosimians, or other
mammals, and to evaluate the selective advantages of
this descent by evaluating variations in the activities of
the hyoid, jaw, and tongue in feeding or vocal behaviors.
This study indicates that the growth of the SVTy is
mvolved in the differences in age-related changes in the
propaortions of the SVT in early infancy between Japa-
nese macagues and the other two species, whereas the
growth of the SVTy is principally invalved in the differ.
ences after late infancy between | and the other
two species. It supports the hypothesis (Nishimura et al.,
2006) that the reduced growth of the facial length afler
late infancy—reductions in facial projection and progna-
thism—established the human SVT configuration and
this evolutionary event in the human lineage entailed
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the evolution of the great descent of the larynx before
the divergence of human and chimpanzee lineages. The
descent of the laryngeal skeleton relative to the hyoid
probably arose in the homineid lineage after the diver-
gence from the cercopithecoid lineage, whereas the
descent of Lthe hyoid preceded this. Thus, the evolution-
ary path for the great descent of the larynx is likely to
be explained by a model of multiple and mosaic evolu-
tion, in which the developmental processes invulved
have arisen in some steps in a long mammalian and pri-
mate evolution, under different respective selective
advaniages. They may have contributed secondarily to
the faculty of speech in the human lineage, as one con-
tribution to it. Better understanding of the evolutionary
story of the laryngeal descent and human SVT will
require continuing efforts to accumulate knowledge on
variations in anatomy and physiology of the oral and
neck apparatuses in primates.
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APPENDIX
TABLE A1 Spaiial resol of images ocy { and eniz of di
FOV Pixel sizes BVT, BVTy HB-PP HP-VF op* Ip
Subjects (sex) { hs) {mm} (mm/pixel) lem) fem) fem) fem) fem) iem)
1963 (female) 26 150 0.59 6.14 3.32 361 0.41 n.13 1.28
27 150 0.59 6.16 3.28 3.61 0.29 0.17 1.30
28 150 0.59 6.31 3.36 3.65 0.3 017 1.35
29 150 0.59 6.34 3.36 361 0.40 0.1 1.38
30 150 0.59 6.36 3.36 4.65 0.39 017 1.40
31 150 0.59 B.44 394 3.60 0.42 0.16 1.47
32 150 0.59 6.45 3.36 .65 0.44 0.13 .42
33 150 0.59 6.53 3.36 3.73 0.40 0.16 L.44
a4 150 0.59 685 3.52 an 0.44 0.18 144
a6 150 0.59 6.87 352 374 0.44 0.20 1.52
a7 150 0.59 5.93 353 a3.73 0.44 0.17 1.50
1981 (male) 18 150 0.59 5.90 .16 332 0.58 0.25 1.27
19 150 0.59 6.03 a.19 344 0,60 0.21 1.32
20 150 0.59 6.16 27 348 0.60 0.25 1.32
21 150 0.59 6.10 325 445 0.54 0.21 138
22 150 0.59 6.22 324 357 0.57 0.25 1.37
23 150 ° 0.59 6.29 3.28 361 0.55 0.29 1.34
24 150 0.59 6.29 3.28 3.65 0.59 0.25 L34
25 150 0.59 6.36 332 3.65 0.62 0.29 1.40
28 150 0.59 6.62 349 3.65 0.62 0.25 141
27 150 0.59 6.64 348 365 0.66 0.25 1.40
28 150 0.59 6.76 3.45 37 0.64 021 1.43
29 150 0.59 6.85 3.52 381 0.64 0.21 1.44
31 150 0.59 6.95 3.53 3.83 0.68 0.28 1.50
a2 160 0.59 7.04 3.66 3.89 0.71 0.29 1.52
33 160 0,58 7.14 365 3.94 0.78 033 L4
34 150 0.59 7.25 3.69 3.86 0.77 033 1.47
35 150 0.59 7.27 3.65 3.90 0. 0.33 1.50
36 150 0.59 7.29 3.65 3.85 0.79 0.25 1.44

(continued)
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TABLE Al 1Continued)

Ape FOV Pixel sizes 8VTy SVTy HB-PP HP-VF op” Ip
Subjects (sex) (menths) tmm| (mm/pixel) tem) lem) fem) lem) emi fem)
2046 imale) 2 120 0.47 392 2,04 2.00 0,32 0.03 0.86

3 120 047 412 213 206 0.39 0.04 089
4 120 0.47 4.12 215 208 0.37 -00 0.88
6 120 0.47 442 229 2.36 0.33 0.03 0.93
7 120 0.47 454 2.36 242 039 0.00 103
El 120 047 491 2.59 2.65 041 0.03 1.02
10 120 047 513 2.65 2.72 0.40 0.00 1.09
11 120 0.47 5.25 269 2.82 0.45 0.00 1.06
12 120 047 5.30 2,69 282 0.42 0.00 112
13 120 0.47 543 2,79 292 (.44 0.03 1.08
14 120 047 5.46 2.82 262 0.44 0.00 1.13
15 120 047 556 2.85 2.92 044 0.00 L1B
16 120 0.47 5.50 2.82 2.92 0.48 0.03 1.16
17 120 0.47 579 285 2.98 0.51 0.03 116
18 120 047 5.79 289 295 0.49 0.00 112
19 120 047 5.87 287 3.04 0.47 0.03 1.16

20 120 047 6.00 293 312 0.44 0.03 113

21 120 0.47 6.08 2,96 18 0.42 0.04 121

22 120 0.47 8.09 297 3.20 0.45 004 123

23 120 047 6.22 jn 3.32 045 0.00 125
24 120 047 6.9 3.12 342 0.47 003 1.24
2049 (mnle) 6 120 0.47 4.64 2.26 223 0.33 007 095
] 120 0.47 4.83 2.36 239 0.36 0.10 0.85
) 120 047 4.98 243 246 0.36 0.10 085
10 120 047 6.07 248 248 036 0.13 1.0
11 120 047 522 2.57 2.50 037 0.09 1.07
12 120 047 5.29 2.61 2,64 0.35 007 1.04
13 120 047 528 2.56 2.65 0.29 0.07 109
14 120 0.47 5.33 263 2.66 0.40 010 105
156 120 0.47 6.48 267 217 0.31 0.08 1.04
16 120 0.47 5.66 271 2.80 0.32 0.07 1.08
17 120 0.47 566 27 278 0.34 0,07 1.10
18 120 0.47 5.69 271 281 0.30 0.09 1.06
19 120 0.47 5.78 2,73 2.86 038 013 110
20 120 047 5.86 2.1 285 0.34 0.10 110
21 120 047 5.83 2,80 290 041 0.07 118
22 120 0.47 6.04 286 299 0.42 0.07 121

23 120 047 6.16 293 3.03 0,38 0.07 1.20

24 120 0.47 6.22 2.9 a6 0.36 0.07 1.26
2068 (female) 1 120 047 3.90 212 2.16 018 021 0.75

] 120 047 4.10 223 2,12 0.18 0.18 0.73
3 120 047 413 2.26 217 0.23 0.21 0.81
] 120 0.47 424 231 229 0.25 025 087
5 120 0.47 434 235 223 0.27 023 085
6 120 0.47 451 247 247 0.23 0.27 0480
7 120 047 4,56 248 248 0.29 0.27 080
B 120 0.47 4.89 2.63 264 0.30 0.23 1.02
9 120 0.47 4.4 267 2.69 0.28 0,23 106
11 120 0.47 5.13 268 2.69 0.35 0.20 1.08
12 120 0.47 535 2.1 2,76 0.33 0.21 1.07
13 120 0.47 6.40 278 2,76 038 014 114
2089 (male) 1 120 047 392 2,22 216 0.31 0.17 0.74
2 120 047 4.01 2.27 2.18 0.33 ol 037
3 120 0.47 4.25 238 2.21 0.47 0.13 0.80
4 120 0.47 427 2.42 219 0.47 0.10 089
5 120 0.47 4.37 2.50 2.38 0.40 017 093
6 120 047 447 2.56 2.52 0.37 0.17 L00
7 120 047 4.62 261 257 0.39 0.18 0.97
8 120 0.47 481 269 2.68 0.37 017 1.06
2 120 0.47 489 268 270 0.42 0.13 1.06
10 120 0.47 6.01 270 270 0.40 0.13 116
11 120 0.47 5.06 L 267 0.46 0.09 1.12
12 120 0.47 5.24 2.80 2.89 0.46 0.06 1.08

See Subjects and Methods for abbreviations of the dimensions.

* Negative volues indicate that the epiglottis makes a contact with the velum.

American Jowrnal of Physical Anthrapology—DO1 10.1002/xjpa
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Abstract

In this mic!c. the effects of allicin, a biological active d of garlic, on HL60 and U937 cell lines were examined. Allicin induced
growth i ion and elicited apoptotic events such as blebbing, mitochondrial membrane depolarization, cytochrome ¢ release into the
eytosol, activation of caspase 9 and caspase 3 and DNA fragmentation. Pretreatment of HL60 cells with cyclosporine A, an inhibitor of the
ruuochonclmi permeability wransition pore (mPTP), inhibited allicin-treated cell death HL60 cell survival after 1 h pretreatment with
cyclosp A, followed by 16 h in presence of allicin (5 uM) was ~80% ¢ d to allicin treatment alone (~50%). Also N-acetyl
cysteine, a reduced glutathione (GSH) precursor, prevented cell death. The effects of cyclosporine A and N-acetyl cysteine suggest the
involvement of mPTP and intracellular GSH level in the cytotoxicity. Indeed, allicin depleted GSH in the cytosol and mitochondria, and
buthionine sulfoximine, a specific inhibitor of GSH synthesis, significantly aug d allicin-induced apoptosis. In HL60 cells treated with
allicin (5 uM, 30 min) the redox state for 2GSH/oxidized glutathione shifted from Eggy —240 to =170 mV. The same shift was observed in
U937 cells treated with allicin at a higher concentration for a longer period of incubation (20 pM, 2 h). The apoptotic events induced by

ions of allicin late to intracellular GSH levels in the two cell types tested (HL60: 3.7 nmol/10° cells; U937: 7.7 nmol/
nells) The emerging mechanlsﬂc basis for the antiproliferative function of allicin, therefore, involves the activation of the mitochondrial
pathway by GSH depletion and by ch in the i llular redox status.
0 2008 Elsevier Inc All rights n:s:nred
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1. Introduction Since alliinase and alliin are enclosed in different compart-

ments within the garlic clove cells, intact garlic cloves do not

Allicin, diallyl thiosulfinate, is the main biologically
active compound derived from garlic. It is produced by the
interaction of the enzyme alliinase (alliin lyase; EC 4.4.1.4)
with its substrate alliin (S-allyl-L-cysteine sulfoxide) [1).

Abbreviations: BSO, p,L-b 5, R-sulfoximine; CsA, Cyclosp
A DTNB §,5"-dithiobis-(2-nitrobenzoic acid), GGCS, y-Glutamyl-L-
ynth GSH, Reduced glutathione; GSSA, S-allylmer-
lutathi GSSAG, Oxidized glutathi mPTP, Mitochondrial
pumbdw transition pore; NAC, Nmyl-uymm. XTT, 2,3-Bis
ll-nmy—irmws-m!ﬁ., yl)-2H- S-carboxanilide sodium salt.
* Corresponding author. Tel.: 4972 8 9343627, fax: 4972 8 9468256,
E-mail address; 1alia.mironi@weizmann.ac.il (T. Miron).

0955-2863/5 ~ see front matter © 2008 Elsevier Inc. All rights reserved.
doi: 101016/ jnutbio. 2007 06,009

contain allicin. When the garlic clove is crushed, alliin and
alliinase interact, to form allicin, pyruvic acid and ammonia
(Scheme 1). Allicin became an object of interest due to its
potential to confer a vast spectrum of health beneficial effects
including: anti microbial, antifungal and antiparasitic [2],
antihypertensive [3], cardioprotective [4-6], anti-inflamma-
tory [7] and enticancer activities [2,8,9].

In vitro studies of allicin’s effect on human mammary
MCEF-7 cancer cells revealed that its antiproliferative activity
is accompanied by accumulation of cells in the regulatory
checkpoints, Go/G, and G/M, of the cell cycle [9].
Interestingly, also other ally sulfur compound cause similar
effects [10]. Allicin was shown to induce apoptosis in gastric
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cancer SGC-7901 cells. The cause of apoptosis was related
to decreased telomerase activity, an enzyme which allicin
inhibits in a time- and dose- dependent manner [11]. Allicin
induces apoptosis in human cervical cancer SiHa cells and
mouse fibroblast-like 1-929 cells, manifested through the
appearance of characteristic apoptotic morphological
changes in apoptotic bodies, through DNA fragmentation,
and activation of caspases 8, 9 and 3 [12]. Allicin was also
shown to induce apoptosis in human epithelial carcinoma
through a caspase-independent pathway, mediated by the
release of apoptotic-inducing factor (AIF) from mitochon-
dria and protein kinase A (PKA) activation [13]. More
results describing the effects of allicin or other garlic-derived
products on various proteins participate in the apoptotic
process have already been reported [14]. However, the
mechanism underlying the induction of cell death by allicin
has not been fully elucidated,

Apoptosis is an ordered cascade of events that
culminates in cell death. Two main pathways of apoptosis
have been characterized. The extrinsic pathway is initiated
through ligand stimulation of the cell surface death
receptors such as TNFR or CD95R. In this pathway, cell
death is executed via a cascade of proteolytic events with
the sequential activation of caspase 8 and caspase 3. The
intrinsic pathway is triggered by mitochondrial stress
caused by various factors such as DNA damage, oxidative
stress and heat shock (reviewed [15]). This pathway is
initiated through the release of signal factors from
mitochondria as a consequence of mitochondrial membrane
permeability transition. Such changes lead to translocation
of pro- and antiapoptotic proteins across the mitochondrial
membranes [16,17]. Among these proteins is cytochrome
¢, which is released from the mitochondria to the cytosol
and participates with other molecules in the formation of a
complex that activates caspasc 9, which in tum activates
caspase 3. The activation of these caspases leads to the
final fragmentation of nuclear DNA, with the typical
apoptotic morphological manifestations.

Allicin easily diffuses through cell membranes (diffusion
coefficient 5x10°® cm?™") [18] and exerts its biological
effects by reacting with free thiols within the cell. In living

Q
HyC=CH-CHy-5-S-CHy-CH=CHy 4+ 1GSH
) Reduced
Allicin Glutathione

cells, reduced glutathione (GSH) is the major free thiol
participating in cellular redox reactions and mixed disulfide
formation, GSH is therefore the main cellular target of allicin
reaction (Scheme 2), Both allicin and its glutathione
derivative, S-allylmercaptoglutathione (GSSA), can prevent
the formation of free radicals. GSSA is similar in this
preventive capacity to GSH, both being less effective in this
antioxidant activity than allicin [19-21]. Allicin can
scavenge the chain-carrying peroxyl radicals of the sub-
strates by transferring its allylic hydrogen to the oxidized
substrate. This renders it a stronger antioxidant than its
derivatives [22].

Allicin is a short-lived compound, which rapidly reacts
with free intracellular thiol groups [18,19,22]. It was found
to disintegrate in the blood a few minutes after its
administration, both in vitro in human blood [23] and in
vivo in rats [24]. Therefore, the therapeutic effect of allicin
administered orally may be restricted to targets that are
close to the gastrointestinal tract. However, its main
oxidation products, S-allylmercapto-glutathione and S-
allylmercapto-cysteine, could exert their action in more
remote sites within the body because they are more stable.
The rapid disappearance of allicin can be exploited in
tumor cells targeting. We previously showed that allicin
kills tumor cells in vitro [25,26] and also in vivo if
generated on their surface by conjugating alliinase to
monoclonal antibodies directed to specific cell-surface
receptors, such as ErbB2, overexpressed in breast and
ovarian cancer [25]; CD20, a receptor expressed at high
levels in human B chronic lymphocytic leukemia and other
B-cell lymphomas [26].

The redox environment of a cell reflects the sum of the
products of the reduction potential and the reducing capacity
of the linked redox couples operating within the cell [27,28]
Glutathione is considered to be the major thiol-disulfide
redox buffer of cells [29]. The redox state of the 2GSH/
oxidized glutathione (GSSG) redox couple depends on their
molar ratio. Upon reacting with GSH, allicin causes a
decrease in free GSH concentration and an increase in mixed-
disulfide glutathione products, which leads to an increase in
the reduction potential values. Allicin also reacts with other

" ’ 2G-5-5-CHy-CH=CH; + H0

S-Allylmercaptoglutathione

Scheme 2,
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free sulfhydril (SH)-bearing molecules in the cell, such as
cysteine and SH residues in proteins, yet their relatively low
concentrations contribute only little towards changing the
reduction potential of the cell upon oxidation. The reduction
potential of cells was proposed to reflect their growth cycle.
Accordingly, the reduction potential of proliferating cells (pH
7.0) is Egsy =240 mV. Increased values (Eggy —200 mV)
represent differentiation, and a further oxidative shift to a
higher value (Eggy —170 mV) elicits apoptosis [27]. In this
study, we aimed to examine the initial events leading to
apoptosis upon allicin treatment and the dependence of the
apopiotic pathway on the reduction potential of cells.

2, Materials and methods

Alliin was synthesized from L-cysteine and allyl bromide
followed by H,0; oxidation [30]. Allicin (purity ~98%) was
produced by applying synthetic alliin onto an immobilized
alliinase column and its concentration was determined by
high-performance liquid chromatography, as previously
described [31].

2,3-Bis (2-methoxy-4-nitro-5-sulfophenyl)-2 H-tetrazo-
lium-5-carboxanilide (XTT) sodium salt; p,L-buthionine S,
R-sulfoximine (BSO); cyclosporin A (CsA); N-acetyl-L-
cysteine (NAC); 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB); metaphosphoric acid; phenazine methosulfate
(PMS) and 2-vinylpyridine were purchased from Sigma
Chemical (St. Louis, MO, USA).

2.1, Cell culture, cell viability and morphological studies.

HL60 human promyelocytic leukemia-derived cells and
U937 human myelomonocytic cells were maintained in
RPMI-1640 supplemented with 2 mM L-glutamine, 10%
(v/v) fetal bovine serum and antibiotics. Cell viability was
measured using the XTT assay, based on the reduction of
tetrazolium salt to soluble formazan compounds by
mitochondrial enzymes. Cells (15.000-20.000 cells/well)
were seeded in a 96-well plate, After 16-h incubation with
allicin, in the presence or absence of NAC (0,1-1.0 mM) or
after 16 h incubation with BSO (0.1 mM) alone, 50 pl of
XTT/PMS mixture (50 uM PMS, 0.1% XTT in medium)
were added onto the cells, After an incubation period of 3~
4 h at 37°C, the absorbance of the samples was measured
in an enzyme-linked immunosorbent assay (ELISA) reader
at 450 nm. SDS (1%, 10 pl/well) was added to reference
wells before adding the XTT/PMS solution.

HL60 cells (300,000/ml) were pretreated with CsA for 1 h.
Cells were seeded in a 96-well plate (20,000 cells/well) in the
presence of allicin. The viability was tested by the XTT assay.
The analysis of apoptotic morphological changes was done
by staining cells with Hoechst 33342 at 37°C for 30 min in
medium, washing with phosphate-buffered saline (PBS) and
examining by fluorescence microscopy. For evaluating DNA
ladder formation, cellular DNA was extracted from cells by
ethanol precipitation of the phenol/chloroform extract [32].

After electrophoresis (5-10 pg DNA/lane) on an agarose
(2.5%) gel, DNA was visualized by ethidium bromide
staining.

Mitochondrial membrane potential was measured by
using the fluorescent dye, Mito Tracker Red CMXRos
(Molecular Probes, Eugene, OR, USA) that accumulates
selectively in active mitochondnia. Cells were washed with
medium, incubated with Mito-Tracker Red CMXRos for 30
min at 37°C, washed with PBS and examined under
fluorescence microscopy (Olympus, Tokyo).

Mitochondria were prepared from cultured cells (5-
10x107) as described elsewhere [33], Cells were harvested
and washed with PBS (600 g, 7 min). Cell pellets were
suspended in 0.5 ml cold hepes isotonic mitochondrial buffer
(HIM) buffer (200 mM mannitol, 70 mM sucrose, 1 mM
EGTA, 10 mM HEPES-KOH buffer, pH 7.5) containing
protease inhibitors, incubated 30 min on ice and homo-
genized by multiple passages through a 25-gauge needle (5/8
in.). Nuclei and unbroken cells were removed (1300 g, 8 min
at 4°C). Protein and free SH were determined in the cytosol,
supernatant (10,000 g, 30 min at 4°C) and in the
mitochondria-enriched fraction (pellet, dissolved in HIM
buffer containing 1% Triton X-100). Protein assay was done
with the Biuret Reagent [34] or the BCA protein assay kit
(Pierce, Rockford, 1L, USA).

2.2. Cell cycle analysis

HL60 cells were pretreated with CsA (5 uM, 1 h) and then
cultured further for 20 h in the presence or absence of allicin.
After harvesting, washing and resuspending in 0.25 ml PBS,
an equal volume of 0.005% propidium iodide solution
containing 0.01% heated-RNase A and 0.3% Triton X-100
was added. Cells were analyzed by flow cylometry using
fluorescence-activated cell sorting (Becton Dickinson
FACScan Instrument using CellQuest software (BD
Bioscience, San Jose, CA, USA).

2.3, Electrophoresis and Western blot analysis

Cell pellet was resuspended in lysis buffers A or B [32].
Lysis buffer A (2xPBS, 0.1% sodium dodecyl sulfate (SDS),
1% Nonidet P-40, 0.5% sodium deoxycholate) containing
protease inhibitors was used to analyze of caspases 3, 8 and 9.
Lysis buffer B (250 mM sucrose, 20 mM HEPES-KOH buffer,
pH 7.5, 10 mM KCl, 1.5 mM MgCly, 1 mM EDTA, | mM
EGTA, | mM dithiothreitol [DTT]) containing protease
inhibitors was used to analyze the presence of eytochrome ¢
in the cytosol as described above (Section 2.2), After
centrifugation (10,000g, 30 min, 4°C) the supernatant was
separated by SDS-polyacrylamide gel electrophoresis using
15% gel and transferred electrophoretically onto a polyviny-
lidene difluoride (PVDF) membrane (Du Pont, Boston, MA,
USA). The membrane was incubated overnight at 4°C with the
following antihuman antibodies: anti P-actin (Sigma-
Aldrich), anti-caspase 3 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-caspase 8 (MBL, Nagoya, Japan), anti
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caspase-9 (Novus Biological, Littleton, CO, USA) and anti
cytochrome ¢ (Upstate Biotechnology, Lake Placid, NY,
USA). The membranes were washed with tns-buffered saline
Tween-20 (TBST), incubated with HRP-conjugated secondary
antibody for 1 h at room temperature and washed with TBST.
Proteins were detected with an enhanced chemiluminescence
(ECL) detection kit (New England Biolabs) and a chemilumi-
nescence detector (LAS-1000, Fuji, Japan),

2.4, Determination of cell volume

The volume of nontreated cells was determined by
calculating sphere volumes based on diameter measurement
of 100 cells. Since the morphology of treated cells was not
spherical, cell volume was estimated by weighing the pellet
of 2-4x10° cells and evaluating the volume on the
assumption of 1/1 wiv,

2.5. Assay for glutathione and free SH

Cells were collected (600 g, 7 min, 4°C), washed with PBS
and the pellets were stored at —80°C. After protein fmcipim-
tion with 5% metaphosphoric acid (0.2-0.3 mI/3x10° cells) by
centrifugation (10,000g, for 30 min), the supernatant was used
for GSH quantitation, and the pellet, dissolved in 0.2-0.3 ml of
0.5 M NaOH, was used for protein determination. To
determine GSH in the supematant, a glutathione assay kit
(Calbiochem) was used. GSH and GSSG content were also
determined by the glutathione reductase recycling assay before
and after modification with 2-vinyl pyridine [35], Samples
(40 yil) were neutralized with 2 M triethanolamine (10 pl) in a
96-well plate. The reaction was started by adding 200 pl per
well of 0.4 U/ml enzyme in 143 mM phosphate buffer pH 7.5
containing 0.3 mM reduced nicotinamide adenine dinucleo-
tide phosphate, 0.6 mM DTNB and 6.25 mM EDTA. The
initial rate of 5-thio-2-nitrobenzoic acid formation was
monitored. Determination of GSSG was done | h afier
modification of the free SH with 9 M 2-vinyl pyridine (1 pl/
well) at room temperature. Oxidized glutathione (0-6 nmol/
well) served as a reference.

Total free SH content in cell extracts or in cytosolic and
mitochondrial fractions (50 pl) was determined with DTNB
in a 96-well plate. Samples were acidified with 5%
metaphosphoric acid (50 pl/well) to stabilize the reduced
state and neutralized with 2 M triethanolamine (50 pl/well).
DTNB (50 pl of 1 mM solution in 50 mM phosphate buffer
pH 7.2 containing 2 mM EDTA) was added. After 10 min of
incubation, the absorbance was measured at 412 nm using an
ELISA reader. GSH (0-20 nmol/well) precalibrated with
DTNB served as a reference, using Epg 14150 M ™' at 412 nm
[36]. Reduction potential was calculated by using the Nemst
equation for GSSG/2GSH: Egsy=Ey—30xlog ([GSH]’.-’
[GSSG]) [27].

2.6. Statistical analysis

Each experiment was performed at least three times, and
the results were expressed as mean values+ S.D. (n=2-6).

The Student ¢ test was used to determine the significance of
differences between the mean values obtained for the two
cell lines. Otherwise, the various treatments, were analyzed
using one-way analysis of variance (ANOVA) followed by
either Dunnett or Bonferroni’s multiple comparison test,
considering P<03 as significant,

3. Results
3.1. Allicin inhibited proliferation of HL60 and U937 cells

The proliferation rate of exponentially growing HL60
and U937 cells in the presence of allicin was determined at a
density of 100,000 cells ml™', Cells were incubated with
increasing concentrations of allicin (HL60: 0-10 uM; U937:
0-30 uM) for growing time periods up to 72 h. Cell
viability was determined by the trypan blue dye exclusion
assay. Allicin inhibited cell growth in a concentration-
dependent manner (Figs. 1A and 2A for HL60 and U937,
respectively). In the presence of 5 uM allicin, HL60 cells
exhibited about 50% inhibition of proliferation after 22 h,
and at 10 pM allicin after 22 h, the rate of inhibition reached
80% (Fig. IA). HL60 cells were more sensitive to allicin
than U937 cells. Inhibition of U937 cell proliferation
reached 50% and 60% at 15 and 20 pM allicin, respectively,
after 22 h (Fig. 2A). We therefore chose to continue the
study of HL60 and U937 cells (100,000 cells/ml) at § and
20 pM allicin, respectively.

3.2, Allicin induced apoptosis in the cells

3.2.1. Morphological changes

Morphological changes indicating apoptotic processes
were observed by staining the cells with Hoechst 33342,
Distinct nuclear condensation was observed in HL60 cells
treated with allicin (5 uM) for 16 h (Fig. 1B) and U937 cells
treated with allicin (20 uM) for 40 h (Fig. 2B). In both
allicin-treated cell lines, more than 90% of the cells showed
blebbing after 2 h (Fig. 3A, lower panel).

3.2.2. DNA fragmentation

A DNA ladder appeared in allicin (5 pM)-treated HL60
cells 6 h after treatment, whereas in allicin (20 pM)-treated
U937 cells, it appeared only after 40 h (Figs. 1C and 2C).

3.2.3. Cytochrome ¢ release into cytoplasm and activation
of caspases

To better understand the mechanism of allicin-induced
apoptosis, Western blot analysis was used to detect
apoptosis-related proteins. Increased amounts of cytochrome
¢ appeared in the cytosol of allicin (5 pM)-treated HL60 cells
after 2.5 h of incubation. An increase in cleaved caspase 9
appeared 4 and 6 h after adding allicin, and it gradually
decreased to the basal level after 30 h. Cleaved caspase 3
appeared after 16 h and was still observed 30 h after the
treatment (Fig. 3B). U937 cells reacted at a slower rate to
allicin (20 pM) treatment. Cytochrome ¢ release into the
cytosol began 6 h after adding allicin and reached a maximal
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Fig. |. Effect of allicin on cell growth of human leukemia HL60 cells. (A) Growth dependent of HLG0 cells on allicin concentration. Viable cells were counted at
various time intervals between 0-72 h after staining with trypan blue. Data represent the mean value of % viable cells (nontreated=100%)£5.0. (B) Apoptotic
changes observed afler Hoechst 33342 (5 pgfml) staining for 30 min. Cells were treated with $ pM allicin for 16 h. (C) Nucleosomal DNA fragmentation of
e i cells and all treated HL6D cells (5 pM, 6 h, 5 pglane). Lane M is a DNA size marker
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Fig. 2. Effect of allicin on cell growth of human leukemia U937 cells. (A) Growth dependence of U937 cells on allicin concentration. Viable cells were counted at
various time intervals between 0-72 h after staining with trypan blue. Data represent the mean value of % viable cells (nontreated=100%)45.D, (B) Hoechst
33342 (5 pg/ml) staining for 30 min of cells treated with 20 M allicin for 40 h. (C) Nucleosoma! DNA fragmentation of nontreated cells and allicin-treated 11937
cells (20 uM, 40 h, 10 pgflanc). Lane M is a DNA size marker.



