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Summary

The goal of this study was to investigate the function of
the hyolingual muscles used during tongue protraction in
iguanian lizards. High-speed videography and nerve-
transection techniques were used to study prey capture
in the iguanid Sceloporus undulatus the agamid
Pseudoptrapelus sinaituand the chameleonidChamaeleo
jacksonii. Denervation of the mandibulohyoideus muscle
slips had an effect only orP. sinaitusand C. jacksonij in
which tongue protrusion or projection distance was
reduced. In C. jacksonii, denervation of the M.
mandibulohyoideus completely prevented little hyoid
protraction. Denervation of the M. verticalis had no effect
on S. undulatus but reduced tongue protrusion distance in
P. sinaitus Denervation of the accelerator muscle irC.

jacksonii inhibited tongue projection completely. The

function of the M. mandibulohyoideus and M. verticalis

has become increasingly specialized if. sinaitus and

especially in C. jacksonii to allow greater tongue

protrusion. The combined results of these treatments
suggest that these three groups represent transitional
forms, both morphologically and functionally, in the

development of a projectile tongue.

Key words: reptile, lizard, Iguanidae, Agamidae, Chamaeleonidae,
Sceloporus  undulatys Pseudotrapelus sinaitus Chamaeleo
jacksonij tongue protrusion, prey capture, kinematics, nerve
transection.

Introduction

The form of the tongue has long been considered abe protruded out of the mouth by only 30 % of mandible length,
important character in squamate classification (Camp, 1928hereas some members of the Agamidae can protrude the
Schwenk, 1988). Early studies noted the similarities in internakhole tongue out of the mouth, often by more than 50 % of the
tongue form that seemed to separate iguanian lizardmandible length (Schwenk and Throckmorton, 1989; J. J.
(Agamidae, Chamaeleonidae and Iguanidae) from all othévieyers, personal observations). In chameleons, the sister taxon
lizard families (Scleroglossa). Whereas all iguanian lizardéo the Agamidae (Estes et al., 1988; Schwenk, 1988; Lee,
have a large fleshy tongue, the trend in other lizards is toward998), the tongue is protruded out of the mouth on the
an increasingly narrow and bifid tongue. The use of the tonguentoglossal process and then projected off the entoglossal
as a prehensile organ for capturing prey is generally restrictgmtocess to a distance greater than the snout-vent length
to iguanian lizards (Schwenk and Throckmorton, 1989)(Houston, 1828; Zoond, 1933; Wainwright et al., 1991).
Although there are a few exceptions (Gans et al., 1985; Urbani Prey capture in chameleons is uniquely different from that
and Bels, 1995; Smith et al., 1999), all other lizards use thi@ other iguanian lizards. Unlike other iguanians, chameleons
jaws to capture prey, and the tongue has become specializeject the body of the tongue off the entoglossal process at
for chemoreception. the prey item. This is made possible through modifications of

Although all iguanians use the tongue to capture prey, thetbe tongue musculature and the hyolingual apparatus. Although
are striking differences in the distance the tongue is protrudeskveral studies have begun to address the diversity in intrinsic
or projected in the different groups of iguanians. Tongudongue form and function within the Iguania (Smith, 1984;
protrusion occurs in all groups and is defined as the distan&chwenk, 1988; Bell, 1989; Wainwright and Bennett, 1992a,b;
the tongue moves beyond the mandible tip. Tongue projectidbelheusy et al., 1994; Herrel et al., 1995), it was not until
occurs only in chamaeleonid lizards and refers to the ballistiecently that hypotheses of the evolution of this unique
movement of the tongue as it is propelled off the entoglossahechanism were proposed (Smith, 1988; Schwenk and Bell,
process of the hyobranchium. In most iguanids, the tongue cd988; Schwenk and Throckmorton, 1989).
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Smith (1984) suggested three possible mechanisms ohameleons. Accelerator muscle activity was measured
tongue protrusion in lizards on the basis of anatomy, cineduring tongue protrusion and projection @hamaeleo
radiographic and electromyographic studies: (i) the tongugcksonii (Wainwright and Bennett, 1992a), and Zoond
may be drawn anteriorly out of the mouth by the Mm.(1933) found that denervation of the M. accelerator prevented
genioglossus; (i) the tongue may undergo hydrostatitongue projection completely.
elongation, which requires a decrease in its height, width or The last muscle that may be used in tongue protrusion
diameter that causes a corresponding increase in tongue length; the M. mandibulohyoideus complex (Schwenk and
(iii) contraction of the M. verticalis surrounding the entoglossalThrockmorton, 1989). There are three distinct slips of the
process may exert a centrally directed force on the entoglossahndibulohyoideus (MHI, 11, 1ll) in iguanians. In iguanids
process and cause the tongue to slide forward. In addition smd agamids, these muscles originate medially (MHII) and
these mechanisms, Schwenk and Throckmorton (198%aterally (MHI, III) on the mandible and then run posteriorly
proposed that the M. mandibulohyoideus (=M. geniohyoideugp insert on the ceratobranchials (Secoy, 1971; Tanner and
also plays an important role in protruding the tongue. Avery, 1982; Smith, 1984, 1988). In chameleons, both these

The first mechanism of tongue protrusion requires thenuscles originate near the mandibular symphysis and run
activation of the genioglossus muscles. In most lizards, the Mhosteriorly to insert onto the basihyoid and ceratobranchials
genioglossus is composed of two large bands of muscles, t(@Bell, 1989). Cine-radiography of markers implanted on the
M. genioglossus medialis and lateralis, which originate neanyobranchium and in the tongue musculatur€ianosaura
the mandibular symphysis and insert on the M. hyoglossusimilis shows anterior movement of the hyobranchium during
(Secoy, 1971; Smith, 1984). Activity of the M. genioglossugransport, but data were not presented for tongue protrusion
medialis during forward movement of the tongue was noted b{Emith, 1984). Herrel et al. (1995, 1997) demonstrated
Smith (1984) in the iguani€tenosaura similisand in the activity of the mandibulohyoideus | and Il during capture and
agamidAgama stelliaHerrel et al., 1995). In chameleons, the processing cycles imdigama stellio Given their position,

M. genioglossus is reduced (Bell, 1989), and anterior tongunese muscles are likely to move the hyobranchium forward
movement is thought to result from a combination of the threan the mouth during tongue protrusion in iguanids and
mechanisms described below. agamids. Wainwright and Bennett (1992a) documented the

Hydrostatic elongation could play a role in tongueactivity of the M. mandibulohyoideus during protraction of
protrusion, but this depends on the action of the intrinsithe hyobranchium and projection of the tongu€ihamaeleo
muscles and the structure of the surrounding musculature ajatksonii By cutting the M. mandibulohyoideus in
connective tissues. If the intrinsic muscles work to flatteiophosaura pumila(now Bradypodion pumiluiy Zoond
and/or decrease the diameter of the tongue, and the oth@933) demonstrated that the hyobranchium was no longer
tissues restrict lateral expansion, the tongue will increase jprotruded out of the mouth and that tongue projection was
length (Kier and Smith, 1985). Hydrostatic mechanisms haveeduced.
been proposed for some scleroglossans (Smith, 1984, 1986);Although Zoond (1933) demonstrated the role of the M.
however, there is no experimental evidence that thisnandibulohyoideus, he was not able to discern interactions
mechanism is used by any iguanian lizards. between this muscle and the hyobranchium. However, using

The third mechanism suggested by Smith (1984) requirgsigh-speed videography, Wainwright et al. (1991) described
action of the intrinsic muscle on the entoglossal process dést hyobranchial movement that occurs simultaneously with
the hyobranchium. The importance of this mechanism imongue projection. Using nerve-transection techniques, we
iguanids is probably minimal because the M. verticalisvere able look at the role of the M. mandibulohyoideus and
borders the entoglossal process, instead of surrounding it #ee hyobranchium during tongue projection.
in chameleons (Smith, 1984). However, in most agamids, the The goals of the present study were to test the hypotheses
M. verticalis forms a ring of fibers that surrounds theof tongue protrusion put forth by Smith (1984) and
entoglossal process (Smith, 1988). No functional data exi€chwenk and Throckmorton (1989). Using nerve-transection
on the M. verticalis in iguanids, but Herrel et al. (1995) foundexperiments and high-speed videography, we will assess the
that the M. verticalis is active during tongue protrusion inrelative importance of specific hyolingual and intrinsic muscles
Agama stellio This muscle is most developed in chameleonsysed during tongue protrusion and projection. The results
where it forms a dense ring of radially arranged fibersuggest that the relative importance of each of these muscle
surrounding the entoglossal process (van Leeuwen, 1997). gmoups differs for each species. The M. accelerator and
both agamids and chamaeleonids, the structure of thd. mandibulhyoideus become increasingly important in
entoglossal process is important in determining the extent ¢fseudotrapelus sinaitusnd Chamaeleo jacksoniiFor C.
muscle sliding. The agamid entoglossal process is highljcksonij these muscles are critical for normal hyobranchium
tapered (Smith, 1988), whereas in chameleons only the tip gfotrusion and tongue projection.
the process is tapered, putatively allowing the contracting
muscle to build up force before tongue projection
(Wainwright and Bennett, 1992b). Several studies have Materials and methods
addressed the function of the accelerator muscle in The Sceloporus undulatuglLatreille, 1801) (snout-vent
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length 5.3-6.3 cm) in this study were collected in Coconino Corpom temperature (23-26 °C). Tiseeloporus undulatuand
Arizona, USA, between 1996 and 1998 (Arizona Game an&seudotrapelus sinaitugere filmed in a 38 cw6.5cnmx13cm

Fish permit no. SP839083Fseudotrapelus sinaitu$leyden, acrylic container, and the crickets were presented to the animal
1827) and Chamaeleo jacksonii(Boulenger, 1896) were through a hole in the floor of the container. Rirtamaeleo
purchased from commercial animal dealers. These animgacksonij a wooden dowel was provided as a perch, and prey
were of a similar size to tl& undulatus theP. sinaitusranged  were presented at the same vertical height as the animal’'s head.
from 6.7 to 8.6 cm snout-vent length and @héacksoniifrom A 1cm grid background was used as a backdrop during all
6.9 to 8.0cm snout—vent length. TBeundulatusand theP.  feeding bouts.

sinaituswere housed in groups of 8-10 in 4001 terraria and kept Feeding sequences were analyzed using Peak 2D motion-
ona12h:12h L:D photoperiod. Lighting was provided by Vita-analysis software on an IBM-compatible computer. For each
lite full-spectrum lights, and the terraria were heated using 50 \ield of the feeding sequence, thg coordinates of a reference
bulbs. TheChamaeleo jacksonivere provided with the same point, six points (seven for chameleons) on the animal and one
light. However, they were housed in groups of six inon the prey item were digitized (Fig. 1). For each species and
12cmx50cnmx38cm  screened cages with smaliicus  each treatment, three sequences were digitized for three
benjaminafor cover. Initially, lizards were fed crickets and individuals before and after nerve transection, giving a total of
waxworms in their cages. Once the experiments began, tiséx digitized sequences per individual. Only lateral sequences

animals were fed only while being filmed. were used for kinematic analysis and were defined as those in
which the camera was arranged perpendicular to the lizard’s
Anatomy body and in which the lizard did not turn or bend its head

At least two preserved individuals of each species wertowards or away from the camera. Lateral sequences were most
dissected to examine the arrangement of the tongue amedsily obtained if the long axis of the cricket was presented
hyobranchial muscles. In addition to gross dissectionperpendicular to the body of the lizard. A description of the
histological sections of the lower jaw and tongue were madkinematic variables measured from the digitized sequences is
of each species in three different planes (transverse, sagittfi/en in Table 1.
and frontal). Specimens were embedded in paraffin, serially
sectioned at 1Am and stained using Milligan’s Trichrome Muscle denervation
stain (Humason, 1979). Another two individuals of each Two different nerve-transection experiments were
species were cleared using trypsin, and their nerves weperformed on each of the three species. The first treatment
stained with Sudan Black B (Nishikawa, 1987) to visualize theonsisted of bilaterally transecting hypoglossal nerve branches
arrangement of nerves innervating the tongue and hyobranchiahervating the M. mandibulohyoideus slips I, Il and Ill. In the
muscles. To determine innervation points for each musclesecond treatment, the hypoglossal nerve branch innervating
preserved specimens were dissected and compared with tine muscle surrounding the entoglossal process of the
innervation patterns of the cleared and stained specimerisyobranchium was transected bilaterally (Fig. 2). This muscle
Drawings of the muscles and nerves were maal@ camera has been referred to as the M. verticaliSiundulatuandP.
lucidaon a Zeiss dissecting microscope. Basic descriptions @finaitus and the M. accelerator iiC. jacksonii In this
muscle and neuroanatomy are given in this paper, but a moegperiment, no sham surgery was performed to examine the

detailed account is in preparation. effects of the surgical procedure. However, in anurans, sham
_ _ _ surgery has revealed no effect of these procedures (Deban and
Kinematic analysis Nishikawa, 1992; Ritter and Nishikawa, 1995). In addition, the

Prey capture was quantified using a Display Integratiotwo treatments performed here serve as controls for each other
Technologies model DIT 660 high-speed, multi-frame videdNishikawa and Roth, 1991).
camera. The feeding sequences were filmed at 120fiéldss  Animals were anesthetized by flowing 5% isoflurane

Fig. 1. Points used to calculate kinematic
variables: 1, external reference; 2, middle
of eye; 3, upper jaw tip; 4, jaw vertex; 5,

lower jaw tip; 6, throat surface below jaw
vertex; 7, tongue tip; 8, prey. In

Chamaeleo jacksoniithere was also a

point for the tip of the hyobranchium,

which was placed on the tongue tip until
the hyobranchium became visible after
tongue projection.




2836 J. J. MeYERS AND K. C. NISHIKAWA

Table 1.Kinematic variables measured for all three species

Variable

Measured as

Onset of mouth opening

Onset of tongue protraction

Onset of lunge

Time of prey contact

Onset of tongue retraction

Time of maximum gape

Time to completion tongue
retraction

Time to maximum horizontal
displacement of the upper
jaw tip

Onset of mouth closing

Duration of approach
Duration of mouth opening
Duration of tongue protrusion

Duration of tongue projection

Duration of lunge

Duration of tongue retraction
Duration of mouth closing
Duration of recovery
Duration of feeding sequence
Maximum gape angle

Head angle at onset of lunge
Head angle at prey contact

Gape distance
Distance to prey

Maximum tongue protrusion

Time at which the animal first opens the mouth

Frame in which the tongue is first seen moving forward in the mouth
Time at which the animal begins to rotate over the forelimbs towards the prey item
Time of first contact of the tongue or jaw with the prey

Time at which the tongue begins to move back into the mouth

Time at which the mouth is opened widest

Time at which the tongue stops posterior movement in the mouth

Time at which the upper jaw tip travels the farthestirctieedinate

Time at which the distance between the upper and lower jaw begins to decrease, usually the fiest frame aft

maximum gape
Time from the onset of mouth opening to the onset of the lunge
Time from the onset of mouth opening until the time of maximum gape
Time from the onset of tongue protrusion until the time of maximum protrusion (this is salely hyoi
movement in chameleons)
Time from the onset of projection until the time of maximum tongue projection (this is vaidple is
relevant for chameleons)
Time from the onset of lunge until prey contact
Time from the onset of tongue retraction until the time of completion of tongue retraction
Time from the onset of mouth closing until the time of completion of mouth closing
Time from maximum horizontal displacement of the upper jaw tip until the completion of mouth closing
Time from onset of mouth opening until the jaw closes over the prey
Angle between the upper jaw tip, jaw vertex and the lower jaw tip (points 3, 4 and 5, Fig. 1)
Angle calculated using a horizontal reference point, the jaw vertex and the upper jaw af thegmset
Angle calculated using a horizontal reference point, the jaw vertex and the upper jaw atgheytime of
contact
Distance between the upper and lower jaw tips (points 3 and 5, Fig. 1)
Distance from the lower jaw tip to the prey at the beginning of the luSgelfmporus undulatuesnd
Pseudoptrapelus sinaituyand at the onset of tongue projectioiCimmemaeleo jacksonii
Distance from the lower jaw tip to the anterior tip of the tongue

From digitized sequences we calculated the 18 timing events (ms), three angles (degrees) and three distance (cm) eacabfesyfor
capture sequence. All timing variables were calculated relative to the onset of mouth opening, which is set as times ztwdyn thi

(AErrane) through a 500 ml flask containing the animal. Oncsurgery feeding behavior was recorded as soon after recovery
the animals had been sedated, they were placed on their baelss possible. Filming of the animals was usually terminated
on the stage of a Zeiss dissecting microscope. A small comdthin 3 weeks to avoid recording the behavior of reinnervated
placed over the nose continued to deliver 5% isoflurane animals. After at least three feeding sequences had been
approximately 300mimit. When the anesthetic was recorded, the animals were killed with an overdose of 5%
removed, the animals came out of surgical anesthesia withinisoflurane, and the nerve transections were confirmed by
few minutes. To determine whether the animal was undetissection.

surgical anesthesia, the forelimbs were squeezed with forceps.

If no reaction was elicited, the animal was usually sufficiently Statistical analyses

anesthetized to perform the surgery. A small incision was made Kinematic variables were analyzed using Statview statistical
between the mandibles in the skin that covered the muscle amdftware on a Macintosh Power PC. A two-way analysis of
nerve of interest. The superficial musculature was teased apadriance (ANOVA) was performed to compare differences in
parallel to the orientation of the fibers to expose the deejme means of the kinematic variables before and after nerve
muscle layers. Once the nerve had been isolated close to tinensection. Of the 24 variables, only the durations, angles and
innervation point of the muscle, it was dissected away from thdistances were used in the analysis. These tests were performed
surrounding tissue, and a 1-2mm section of the nerve wésr the following treatments: (i) before and after bilateral
removed. The incision in the skin was closed using Nexabartdansection of the M. mandibulohyoideus complex; and (ii)
surgical adhesive. Animals were then placed in separatsefore and after bilateral transection of the verticalis or
containers and allowed to recover from anesthesia. Posiccelerator muscle.
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Fig. 2. Ventral view of a cleared and stained lower jaBa#loporus
undulatus CBI, ceratobranchial |; CBII, ceratobranchial II; CH,
ceratohyal; EP, entoglossal process; IX, glossopharyngeal nerv
Xll, hypoglossal nerve; ggm, ramus genioglossus medialis; hc
ramus  hyoglossus; v, ramus verticalis; mhl, ramus
mandibulohyoideus I; mhll, ramus mandibulohyoideus II; V,
trigeminal nerve. Scale bar, 5mm.

Fig. 3. Cross section through the lower jaw and tongue of each
species. The selected sections represent those in which the verticalis
Results or accelerator muscle was the most developed. (A$deloporus
Muscle anatomy undulatus the M. verticalis does not form a complete ring of muscle
The tongue and hyobranchial musculature of iguani@round the entoglossal process. (BPseudoptrapelus sinaitpthe
(Oelrich, 1956; Secoy, 1971; Tanner and Avery, 1982; Smitraddition of a ventral layer of muscle fipers cre__ates a complete ‘ring’
1984; Schwenk, 1988; Delheusy et al., 1994), agamid (Sande&°und the process. (C) Bhamaeleo jacksoniia dense group of
1872; Gnanamuthu, 1937; Tanner and Avery, 1982; SChWenradlally arranged fibers can be seen surrounding the. en'toglossal
1988; Smith, 1988; Herrel et al., 1998) and chamaeleoni\%c:ggzﬁé, Zp,'vl chtgglfrs;ilr g;c;ci‘:ssaro;ntlrr]r? hyobranchium; v, M.
(Houston, 1828; Gnanamuthu, 1930, 1937; Tanner and Aver T ' ' '
1982; Bell, 1989; Wainwright and Bennett, 1992a) lizards ha
been described in some detail. Here, we describe only thod& mandibulohyoideus inserts onto the distal tip of the
muscles thought to be important in protruding and projectingertobranchial 1l, but is also connected to the basihyoid by a
the tongue out of the mouth (Gnanamuthu, 1937; Smith, 198#and of fascia.
1988; Schwenk and Bell, 1988; Schwenk and Throckmorton, The M. genioglossus medialis and lateralis are present in
1989; Herrel et al., 1997). Although descriptions of the tongueoth S. undulatusndP. sinaitusbut have been reduced @
and hyolingual apparatus are available for all three of thegacksonii The M. genioglossus medialis originates near the jaw
groups, there is none specifically #r undulatusP. sinaitus  symphysis dorsal to M. mandibulohyoideus slip Il and runs
or C. jacksonii Therefore, we provide a preliminary description posteriorly to insert on the M. hyoglossus at the level of the
for these three species. basihyoid. The M. genioglossus lateralis also originates at the
The M. mandibulohyoideus (MH) complex lies dorsal to thejaw symphysis. It runs posteriorly and then dorsally to insert
M. intermandibularis and is made up of three distinct slipslaterally on the M. hyoglossus.
including the M. mandibulohyoideus slips I, Il and Ill. These The intrinsic muscle, M. verticalis or M. accelerator, is the
slips are present in all three species, but only Mlast muscle that may be used to protrude the tongue. This
mandibulohyoideus slips | and Il are well developed. Each aihuscle is present in all three species.SiInundulatusthe
these muscle slips originates on the mandible and insensuscle fibers of the M. verticalis are arranged vertically and
ventrally onto the ceratobranchials in b&hundulatugindP.  only border the entoglossal process of the hyobranchium
sinaitus In C. jacksonij slip | of the M. mandibulohyoideus (Fig. 3A). In P. sinaitus the M. verticalis forms a ring of
inserts postero-ventrally on the basihyoid. Slip 1l of themuscle that becomes increasingly developed in the posterior
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portion of the tongue (Fig. 3B). The accelerator muscl€.in branches of the nerve diverge into the M. hyoglossus and M.
jacksonii is the most developed, forming a dense ring ofmandibulohyoideus complex. Midway up the M. hyoglossus,
radially arranged fibers around the entoglossal process (Befigar the insertion of the M. genioglossus medialis onto the M.

1989; van Leeuwen, 1997). hyoglossus, the hypoglossal nerve trifurcates into three main
branches. The medial branch innervates the M. verticalis, the
Neuroanatomy middle branch runs deep into the M. hyoglossus and the lateral

The muscles of the tongue and hyobranchium of lizards ateranch runs forward to innervate the M. genioglossus internus,
innervated by four cranial nerves, the facial (VII), trigeminallateralis and medialis (Fig. 2). Although some of the smaller
(V), glossopharyngeal (IX) and hypoglossal (XIl), and the firsbranches may vary in the number, size and position of the
spinal nerve (Willard, 1915; Oelrich, 1956; Sondhi, 1958)branches, gross innervation patterns are conserved among the
The pattern of innervation i8. undulatusand P. sinaitusis  taxa examined.
relatively conserved between the two taxa. HoweverC.in
jacksonii because the arrangement of the muscles is highly Normal feeding kinematics
modified and the body is laterally compressed, it is difficult to Because the focus of this study was to look at the function
compare the innervation patterns. of specific components of the feeding apparatus, a detailed

The hypoglossal nerve provides most of the motor input tanalysis of movement kinematics is only presented with
the tongue and hyobranchial muscles. This nerve emergesspect to treatment effects. A general description of normal
posterior to the dentary and runs anteriorly on the ventrdeeding movements will be given for each species. Bth
surface of the M. hyoglossus. As it proceeds anteriorly, smallndulatusandP. sinaitusexhibit similar feeding behaviors that

Fig. 4. Selected frames from feeding sequenceSdetoporus undulatuendPseudoptrapelus sinaitu¥he prey was presented through a hole

in the floor of the container. Time (in milliseconds) is given in the upper right-hand corner. (A) Normal feeding sequ&nocadulatus
Post-surgery sequences are not presented because there were no differences in the ability to protract the tongueafarezith@BYridormal
feeding sequence fd?. sinaitus Note the greater tongue extension compared with th&t widulatus (C) Feeding sequence h sinaitus

after transection of the nerves innervating the M. mandibulohyoideus complex. There was a significant decrease in the mgxenum to
protrusion distance after denervation of the M. mandibulohyoideus but not the M. verticalis. Both treatments had apptbgiseatetyeffect
(reducing maximum tongue protrusion distance), so only the effect of one treatment is shown here.
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will be described together. However, chameleons shownouth using only the tongue or pinned with the tongue and
behavioral modifications associated with their uniquegrabbed using the jaws. The size of the prey relative to the size
morphology that require a separate description. of the animal determined whether the prey was pulled into the
When presented with a prey iter8, undulatusand P.  mouth using strictly the tongue or contacted with the tongue
sinaitusorient their head so that it faces the prey, then eitheand grabbed with the jaws; similar behaviors have been
move slowly forward and lunge towards the prey or lungebserved in other lizards (Schwenk and Throckmorton, 1989;
directly at the prey (Fig. 4A,B). Slow forward movement maySchwenk, 2000). Of the sequences analyzed, prey size varied
be terminated at any time, and the feeding attempt abortednly slightly, and the animals always moved the prey into the
However, if the lizard lunges, the animal rotates over thenouth using the tongue. Once the prey has been captured,
forelimbs and continues towards the prey. As it moves towardbe animal rotates back to the resting position and begins
the prey, the mouth opens slightly and the tongue movgwocessing it.
forward in the mouth. At the onset of the lunge, the tongue is Prey capture in chameleons shows some basic similarities to
protruded beyond the jaw margin, reaching maximum tonguthat of bothS. undulatusand P. sinaitus When the prey is
protrusion at approximately the time of prey contactsighted, the chameleon orients the head towards the prey and
Maximum gape usually occurred 25ms after prey contact adirects both eyes at the prey item (Fig. 5A). Protraction begins
the prey was pulled into the mouth. In all the feeding sequencesth the tongue moving forward out of the mouth on the
observed during this study, the prey was either pulled into thentoglossal process. As the tongue is protruded forward on the

-

-

Fig. 5. Normal and post-surgery feeding sequenc€hamaeleo jacksoniilhe prey is presented on the right using forceps. Selected frames of
each feeding sequence were chosen to represent equivalent points in the feeding sequence. Time (in milliseconds) is gpgeeT ingtit-

hand corner. Sequences A, B and C are for different individuals, but are representative sequences for each treatment. fé&diNgrma
sequence irC. jacksonii frame 1, onset of hyobranchial protraction; frame 2, near-maximum hyobranchial protraction; frame 3, onset of
tongue projection; frame 4, prey contact; frame 5, onset of retraction. (B) Feeding sequence after bilateral transectidh. of the
mandibulohyoideus. Note the position of the tongue at onset of tongue projection (frame 3) and the abrupt drop in tregecioguéftame

4). (C) Feeding sequence after bilateral transection of the M. accelerator muscle. The tongue does not project off ted prdogkss and

the dorsal tongue pad can be seen sliding ventrally in frames 3 and 4.
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entoglossal process, the M. accelerator contracts and create®uaalitatively, it is difficult to see changes in the feeding
centrally directed force on the entoglossal process. Thisehavior after denervation in bdsh undulatusindP. sinaitus
translates into elongation of the accelerator muscle anih C. jacksonij there are drastic differences in the ability to
eventual projection off the entoglossal process (Wainwrighprotract the hyobranchium and project the tongue after surgery.
and Bennett, 1992b). The onset of projection is accompanietb compare equivalent events, only successful feeding
by fast protraction of the hyobranchium, which may impartattempts were used for bo®. undulatusand P. sinaitus
substantial forward momentum to the tongue (Wainwright eHowever, chameleons could not capture prey at distances
al., 1991). The tongue then contacts the prey and moves it bagkeater than 80 mm after surgery, but would still attempt to do
to the mouth. The tongue of chameleons is able to impaso. Therefore, to compare equivalent projection efforts, we
significant force during tongue retraction. On severatompared normal prey-capture events with post-surgery
occasions, the cricket was torn in half as it was held in thmisses.
forceps. During normal feeding attempts, if the prey was Of the 14 kinematic variables measured during prey capture,
captured, it was always captured using the tongue. only head angle at prey contact was significantly different after
There are several notable changes that distinguish preyrgery inS. undulatugTable 2). At prey contact, the angle of
capture in chameleons. The first and most obvious is the abilithe head to the horizon decreased from 23.91 to 15.64°.
to project the tongue ballistically off the hyobranchium. TheAlthough not significantly different, the angle of the head at
tongue can be projected by 840 % of the upper jaw length, ithe onset of the lunge also decreased from 20.70 to 14.83°
contrast toS. undulatusand P. sinaitus which only protrude below the horizon. After denervation, these animals tended
the tongue by 30 and 35 % of the upper jaw length respectivelio lunge at the prey horizontally and ventroflex the
The tongue, riding on the entoglossal process of theraniovertrebral joint less. During prey capture, the tongue of
hyobranchium, is moved into position for projection byS. undulatusis protruded on average by 0.25cm. After
forward movement of the hyobranchium. In chameleons, thdenervation of the hyobranchium protractors, there is no
hyobranchium is highly protrusible, reaching approximatelychange in the distance to which the tongue is protruded
20 mm beyond the jaw margin. $ undulatugandP. sinaitus  (Table 2). Prey-capture success decreased from 84 to 76 %.
precise movements of the hyobranchium cannot be quantified The feeding kinematics dP. sinaitusalso changed very
using high-speed videography. However, cineradiography dittle in response to the treatment (Table 3). Only tongue
radio-opaque markers placed in the tongue and hyobranchiupnotrusion distance and head angle at prey contact differed
of Agama stelliorevealed only intraoral movements of the significantly before and after denervation. After denervation,
hyobranchium during prey capture (A. Herrel, personatongue protrusion distance decreased from 0.45 to 0.35cm
communication). (Fig. 4C). This is in contrast t8. undulatusin which tongue
protrusion distance remained unchanged. The shape of the
Effects of denervation of the M. mandibulohyoideus tongue also appears to Change: it seems to decrease in
The effects of bilaterally denervating the M. thickness. This is most visible within 10ms of prey capture.
mandibulohyoideus are variable among the three specieAlthough tongue reach decreases, there is no significant

Table 2.Mean values of selected kinematic variables for normal feeding sequences and after bilateral M. mandibulohyoideus
denervation irSceloporus undulatus

After
M. mandibulohyoideus

Variable Normal denervation F value
Duration (ms)
Mouth opening 194.00+£31.20 190.00£15.51 0.02
Tongue protrusion 81.45+12.09 89.78+9.19 1.29
Tongue retraction 16.66+1.39 24.06+3.24 1.49
Mouth closing 21.28+2.02 29.62+4.19 0.87
Feeding sequence 243.00£27.59 229.00+£16.26 0.53
Gape angle (degrees) 60.01+2.45 52.33+1.27 5.41
Head angle at onset of lunge (degrees) 20.70+0.97 14.83+£1.99 7.67
Head angle at prey contact (degrees) 23.91+0.97 15.64+2.14 52.69*
Gape distance (cm) 0.78+0.02 0.69+0.02 3.00
Tongue protrusion distance (cm) 0.25+0.01 0.24+0.01 0.70

Values are meansst.M., N=9 for each treatment (three trials from three individuals).
F values are the results of a two-way ANOVA.

*Indicates a significant difference Rt0.05.
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Table 3.Mean values of selected kinematic variables for normal feeding sequences and after bilateral M. mandibulohyoideus
denervation irPseudotrapelus sinaitus

After
M. mandibulohyoideus

Variable Normal denervation F value
Duration (ms)

Mouth opening 196.00+20.32 316.00+57.23 1.98

Tongue protrusion 94.41+41.02 110.00+26.73 0.15

Tongue retraction 18.51+1.22 21.29+2.82 0.43

Mouth closing 22.31+£1.96 23.13+2.31 0.08

Feeding sequence 224.91+20.12 342.00+57.99 1.88
Gape angle (degrees) 46.61+0.71 46.90+0.99 0.19
Head angle at onset of lunge (degrees) 9.42+1.55 4.83+1.46 15.37
Head angle at prey contact (degrees) 12.14+1.16 7.01+1.14 23.08*
Gape distance (cm) 1.01+£0.02 0.99+0.02 2.00
Tongue protrusion distance (cm) 0.45+0.02 0.35+0.01 20.50*

Values are meansst.m., N=9 for each treatment (represents three trials from three individuals).
F values are the results of a two-way ANOVA.
*Indicates a significant difference Bt0.05.

difference in the lizards’ ability to capture prey. Average preyprocess is no longer protruded out of the mouth. Before nerve
capture success decreased from 81 to 61 % after the treatmeransection, the average protrusion distance of the entoglossal
but was highly variable among the individuals. During preyprocess was 20.8 mm beyond the tip of the mandible. After
capture, bothS. undulatusand P. sinaituscapture the prey transection, the entoglossal process does not move forward
using only the tongue. Neither species had any difficultiesut of the mouth, and the tongue is projected off the
capturing, transporting or processing prey after nerventoglossal process while it is still in the mouth (Table 4). At
transection. the onset of mouth opening, the tongue can be seen moving
The effect of bilateral denervation of the M. forward in the mouth and is protruded beyond the mandible
mandibulohyoideus was most pronounceddn jacksonii by only 5mm (Fig. 5B). Since the M. mandibulohyoideus no
(Table 4). The most apparent effect is that the entoglossidnger protracts the entoglossal process, activation of the

Table 4 Mean values of selected kinematic variables for normal feeding sequences and after bilateral M. mandibulohyoideus
denervation incChamaeleo jacksonii

After
M. mandibulohyoideus

Variable Normal denervation F value
Duration (ms)

Mouth opening 1468.00+151.28 1683.00+£124.39 0.43

Tongue protrusion 805.23+£84.04 0+0 47.67*

Tongue projection 25.97+3.24 31.47+3.04 0.63

Tongue retraction 487.77+120.90 263.78+14.43 4.27

Mouth closing 104.59+8.11 116.62+11.53 42.07*

Feeding sequence 1636.00+149.19 1889.00+114.71 0.78
Gape angle (degrees) 58.04+1.81 56.80+1.98 0.12
Head angle (degrees) 45.52+5.00 47.69+5.85 0.08
Gape distance (cm) 1.59+0.08 1.57+0.06 0.08
Tongue projection distance (cm) 9.50+0.34 2.90+0.22 160.25*
Entoglossal process protrusion (cm) 2.08+0.06 00 574.27*

Values are meansst.m., N=9 for each treatment (represents three trials from three individuals).

Note that, after denervation, the hyobranchium is not protruded and the tongue was projected from within the mouth.
F values are the results of a two-way ANOVA.

*Indicates a significant difference Rt0.05.
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accelerator muscle is probably responsible for the forwardnimals still attempted to capture prey at the pre-surgery
movement of the tongue. The time to the onset of tongudistances, we were able to compare equivalent projection
projection was not significantly different post-transection ancfforts.
occurred approximately 1200 ms after mouth opening. At the In S. undulatusthe duration and timing events during prey
onset of tongue projection, the tongue is only slightlycapture generally increased after transection of the M.
protruded beyond the mandible, and the trajectory lookserticalis. However, only maximum gape angle was
normal as the tongue projects out of the mouth. Once thagnificantly different (Table 5). After transection, the gape
tongue has been projected approximately 25 mm out of thengle increased on average by 4° for all three individuals.
mouth, horizontal movement stops abruptly, and the tongu@ape distance also increased after nerve transection, but the
falls ventrally (Fig. 5B, occurring between frames 3 and 4)difference was not significant. Head angle at prey contact did
A notable difference between the two treatments is that, inot decrease as it did when the M. mandibulohyoideus was
normal feeding sequences, the coils of the M. hyoglossus caransected, and lizards were equally successful at capturing
be seen within the first 10 ms after projection. However, afteprey whether lunging horizontally or from an erect position.
transection, the M. hyoglossus is not coiled and appears tautMaximum tongue protrusion distance $1 undulatusvas
during the same time period (Fig. 5B, frame 4). variable, ranging from 2.6 to 3.3mm in normally feeding

After nerve transection, chameleons cannot capture pregnimals. After transection, the average tongue protrusion
items at distances greater than 30 mm, and prey capture succdissance decreased in all three individuals but, out of several
decreased from 68% to zero. However, if the prey item ieeding attempts, most individuals were able reach pre-surgery
presented within 30 mm, the lizards are more successful distances at least once. Post-surgery animals were still able to
capturing prey, and the success rate returns to near nornagdprehend the prey and pull it into the mouth using only the
levels (63%). Prey capture at distances less than 30 mm tsngue. Although not significantly different, there was a
qualitatively similar to that of normally feeding animals at thegeneral decrease in prey-capture success for all three
same distance. At this distance, the tongue is usually not fulipdividuals, from 84 % pre-surgery to 73 % post-surgery. The
projected off the entoglossal process and the M. hyoglossusdsiration of prey transport and processing did not differ
not visible at maximum protrusion. between the treatments.

As with S. undulatusduration and timing events generally

Effects of denervation of the M. verticalis or M. accelerator increased after nerve transectiorPinsinaitus Gape distance

Treatment effects differed among the three speciesyas the only variable that was significantly different after
however, there were no kinematic variables for which théilaterally transecting the accelerator muscle (Table 6). The
treatment effect was significant for all three species. A§ain gape distance increased on average by 2mm in all three
undulatusandP. sinaituswere both able to capture prey items animals. Although not significant, gape angle also increased
after nerve transection, b@. jacksoniicould not. For this after surgery in two of the three individuals. These results are
reason, normal prey-capture events were compared with miss@milar to those found irs. undulatusin which gape angle
after nerve transection in the latter species. Because tlcreases after bilateral m. verticalis denervation. In both

Table 5.Mean values of selected kinematic variables for normal feeding sequences and after bilateral M. verticalis denervation
in Sceloporus undulatus

After
M. mandibulohyoideus

Variable Normal denervation F value
Duration (ms)

Mouth opening 214.00+43.95 377.00+78.93 10.20

Tongue protrusion 87.00£22.69 147.00+£66.55 3.42

Tongue retraction 20.36+1.46 26.84+2.31 3.77

Mouth closing 26.84+4.11 32.39+2.93 4.00

Feeding sequence 251.00+43.98 417.00+78.91 10.93
Gape angle (degrees) 44.58+2.11 48.73+1.71 18.97*
Head angle at onset of lunge (degrees) 17.92+2.47 11.30+2.47 0.96
Head angle at prey contact (degrees) 16.86+2.71 13.11+1.88 0.60
Gape distance (cm) 0.67+0.03 0.74+0.02 9.00
Tongue protrusion distance (cm) 0.29+0.02 0.26+0.02 11.61

Values are meansst.M., N=9 for each treatment (represents three trials from three individuals).
F values are the results of a two-way ANOVA.
*Indicates a significant difference Rt0.05.
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Table 6.Mean values of selected kinematic variables for normal feeding sequences and after bilateral M. verticalis
denervation irPseudotrapelus sinaitus

After
M. mandibulohyoideus

Variable Normal denervation F value
Duration (ms)

Mouth opening 148.00+16.73 169.00+16.95 2.14

Tongue protrusion 80.52+£10.30 63.86x14.16 2.77

Tongue retraction 19.44+1.39 23.14+2.70 1.00

Mouth closing 23.14+8.10 28.69+10.30 4.00

Feeding sequence 180.00+15.65 211.00£15.71 3.18
Gape angle (degrees) 47.06+1.81 52.14+1.51 3.08
Head angle at onset of lunge (degrees) 3.12+4.59 17.49+3.01 2.23
Head angle at prey contact (degrees) 5.88+6.06 25.68+4.26 3.15
Gape distance (cm) 1.05+£0.07 1.21+0.07 128.00*
Tongue protrusion distance (cm) 0.48+0.02 0.21+0.05 5.67

Values are meansst.m., N=9 for each treatment (represents three trials from three individuals).
F values are the results of a two-way ANOVA.
*Indicates a significant difference Bt0.05.

species, the mouth opens wider as the tongue moves the piaglividuals from 88 to 70%, but the decrease was most
into the mouth. pronounced in the individual that could not protrude its tongue.
Tongue protrusion distance decreased in all thre@he duration of prey transport and processing did not change
individuals although this was not significant. In two after surgery and resembled those in normal feeding sequences.
individuals of P. sinaitus tongue protrusion distance was Again, the effect of nerve transection was most obvious in
reduced by 1.5mm. In the third individual, there was no tongu€. jacksonii After bilateral denervation of the accelerator
protrusion after this treatment. The two animals that could stilnuscle,C. jacksoniiwas no longer able to project the tongue
protrude the tongue were still able to capture the prey usingff the entoglossal process (Fig. 5C; Table 7). Normal tongue
only the tongue, while the others could capture prey only usingrojection distances were as much as twice snout-vent length,
the jaws. Prey-capture success decreased in all thréet after transection there was no tongue projection (Table 7).

Table 7.Mean values of selected kinematic variables for normal feeding sequences and after bilateral M. accelerator
denervation incChamaeleo jacksonii

After
M. mandibulohyoideus

Variable Normal denervation F value
Duration (ms)

Mouth opening 1524.39+211.81 1709.00+£219.97 3.98

Tongue protrusion 715.45+63.87 1103.26+146.48 46.73*

Tongue projection 27.76+£1.96 00 300.00*

Tongue retraction 226.76+£14.68 00 759.81*

Mouth closing 117.55+24.06 144.39+29.12 3.40

Feeding sequence 1744.00+217.49 1857.00+243.97 3.92
Gape angle (degrees) 53.25+1.39 51.97+2.47 0.22
Head angle (degrees) 75.40+£36.71 36.03+2.51 1.12
Gape distance (cm) 1.33+0.04 1.42+0.06 3.25
Tongue projection distance (cm) 9.74+0.17 00 3218.84*
Entoglossal process protrusion (cm) 2.20+0.09 2.33+0.07 3.50

Values are meansst.m., N=9 for each treatment (represents three trials from three individuals).

Note that the tongue is protruded out of the mouth on the hyobranchium but not projected off the entoglossal process.
F values are the results of a two-way ANOVA.

*Indicates a significant difference Rt0.05.
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The early stages of the feeding sequence resemble a normdiards tended to lunge horizontally. It seemed at first that this
feeding animal. The tongue moves forwards out of the mouttiifference might be attributable to the distance at which the
on the entoglossal process, but this is due solely tprey was presented. Normally feeding animals positioned near
hyobranchial protraction. As the tongue moves out of th@ prey item tend to stand up on the forelimbs and lunge
mouth, there are obvious differences in gross tongudownwards, but if the prey is presented farther away, the
morphology. The tongue tip is pointed instead of roundedanimals run towards the prey and lunge horizontally. However,
which is probably because the entoglossal process is pushipgey distance did not vary between treatments, and the reason
into the tip of the tongue (Fig. 5C). The tongue pouch, whiclior the change in behavior remains unclear.

is normally everted during tongue protrusion, is not everted, In S. undulatusthere was no reduction in tongue protrusion
and the characteristic shape of the tongue changes (comparféer inactivation of the mandibulohyoideus complex. In
Fig. 5B,C). As the accelerator muscle moves out of the mouthormally feeding animals, the tongue was always protruded out
on the entoglossal process, the tongue pad rolls ventrally, anéithe mouth during prey capture. During the lunge, the tongue
at maximum protraction the tongue pad lies ventrally on theeaches maximum protrusion at prey contact, tongue retraction
entoglossal process. Once hyobranchial retraction begins, thegins shortly after this, and the tongue moves the prey into
tongue pad moves back to the original dorsal position. the mouth.

After transection of the accelerator musdele,jacksoniiis The effect of denervation of the M. mandibulohyoideus on
never able to capture prey using the tongue. During each neangue protrusion distance . sinaituswas very different
feeding bout, the animals attempted to project the tongue &bm that inS. undulatusThe overall feeding movements did
prey items presented at 70mm or more, but with eachot change, but the tongue was not protruded as far and it did
unsuccessful attempt they moved forward towards the prayot look as thick and fleshy. After denervation, there was a
item. If the prey was placed close enough for the animal teignificant difference in tongue protrusion distance, which
contact it with the tongue tip, it was still unable to grasp it. Thelecreased from 0.45 to 0.35 cm@dnjacksonij the entoglossal
tongue hit the prey and pushed it away without it sticking tgrocess was normally protruded approximately 2cm beyond
the tongue. If the prey was placed close enough, the lizardlse mandible. However, after nerve transection, the entoglossal
eventually grabbed the prey using the jaws. This is in contraprocess was no longer protracted. The M. accelerator can be
to animals in which the M. mandibulohyoideus was transectedeen moving the tongue forwards during slow opening of the
These animals grabbed the prey using the tongue even wherjaitvs. Projection occurs while the tongue is still in the mouth,
was presented at close range. Even if the lizards were ableliat the tongue is stopped short of its destination by the M.
capture the prey using the jaws, they had great difficultyyoglossus.
processing the prey item. The duration of prey processing The results of M. mandibulohyoideus denervationSin
increased from an average of 30s to more than 10 min in som@dulatus are surprising considering the anatomical
cases. arrangement and the hypothesized function of these muscles.

Action of these muscles has long been thought to contribute to
protraction of the hyobranchium and tongue (Gnanamuthu,
Discussion 1937; Smith, 1984; Schwenk and Throckmorton, 1989). Only

There have been numerous studies describing the kinematiwgo studies have looked at the function of these muscles in
of head and tongue movements during feeding in iguanigjuanids. Smith (1984) compared activation patterns of various
(Delheusy and Bels, 1992; Schwenk and Throckmorton, 198%ngue and hyolingual muscles@tenosaura similisThe M.
Smith, 1984), agamid (Herrel et al., 1995, 1996, 1997geniohyoideus (M. mandibulohyoideus) was active during
Kraklau, 1991; Schwenk and Throckmorton, 1989; Smithboth tongue protrusion and prey processing. Simultaneous
1988) and chameleonid (Bell, 1990; Wainwright et al., 1991displacements of radio-opague markers revealed antero-dorsal
So et al.,, 1992) lizards. Because these published accoumtsvement of the hyobranchium. Electrical stimulation of the
describe the feeding of iguanids, agamids and chameleonidsjobranchial protractors caused forward movement of the
the kinematic variables discussed here are limited to those thexttire hyobranchial apparatus in the igua@iplurus cuvieri
are important to an understanding the effects of the denervati¢belheusy et al., 1994). Both these studies support the
experiments. For a more detailed description of feedingforementioned hypothesis about the function of these

movements, refer to the aforementioned studies. muscles, but do not show the extent to which these muscles are
_ _ _ involved in protruding the tongue out of the mouth. The results
Denervation of the M. mandibulohyoideus of the present study suggest that the M. mandibulohyoideus is

The effect of denervation of the M. mandibulohyoideus wasot necessary for normal tongue protrusiosirundulatus
different in each species. In general, the duration events tended~unctional studies on the hyolingual system in agamids also
to increase and the linear and angular measurements decreasegport the role of the M. mandibulohyoideus in tongue
The only significant difference f@&. undulatusvas a decrease protrusion. M. mandibulohyoideus slip | is active during both
in the head angle at prey contact. Before surgery, these animédsigue protrusion (Herrel et al., 1995) and prey processing in
stood high on their forelimbs and lunged downwards towarddgama stellio(Herrel et al., 1997). In the agamid lizard
the prey; after surgery, the forelimbs were depressed and tRegona barbata Throckmorton et al. (1985) found that



Tongue protrusion in iguanian lizard2845

stimulation of the M. ceratomandibularis internus (M.transection, we provide alternative hypotheses on how the
mandibulohyoideus slip 1) protracts the entire hyobranchiunsystem might work.
and of the ceratomandibularis externus (M.  When the tongue is projected after M. mandibulohyoideus
mandibulohyoideus slip 1) abducts the ceratobranchial, causirdgnervation, it appears that the M. hyoglossus actively restricts
the distal ends to swing anteriorly and laterally.Plogona forward movement. One possible explanation is that
barbatg these muscles function in frill erection as well astransection of the rami of the hypoglossal nerves that innervate
hyobranchial protraction and tongue protrusion. Both studiethe M. mandibulohyoideus may have disrupted the sensory
suggest that the M. mandibulohyoideus is involved innput that is important in timing the activation of the M.
protrusion the hyobranchium. InP. sinaitus, M. hyoglossus. Fast hyobranchial protraction and tongue
mandibulohyoideus denervation caused a 23% decrease projection occur almost simultaneously during normal
tongue protrusion distance. Unlike undulatusthese muscles projection, and coordination of these movements may require
are necessary for normal tongue protrusionPinsinaitus  sensory information from the hyobranchium protractors. If this
Interestingly, most kinematic variables describing the feedingypothesis is correct, then the M. hyoglosus may become
movements changed very littlen sinaituseven though there active earlier in the feeding cycle in denervated animals than
was a definite reduction in the ability to protrude the tongue.n intact animals. Simultaneous electromyography and nerve
The arrangement of hyobranchial musculature intransection may help elucidate this mechanism. A similar
chameleons differs from that of other lizards in that both slipiypoglossal feedback mechanism is found in the fig®
| and Il of the M. mandibulohyoideus originate near themarinus (Nishikawa and Gans, 1992) aridana pipiens
mandibular symphysis and run posteriorly to insert ventrallfAnderson and Nishikawa, 1993). In these animals,
on the basibranchial. I'5. undulatusand P. sinaitus M.  hypoglossal nerve transection prevents mouth opening, and
mandibulohyoideus slip | originates medially on the mandiblesensory feedback is necessary to coordinate the simultaneous
and pulls the ceratobranchials anteriorly and laterallyC.In jaw and tongue movements.
jacksonii these muscles only provide anterior movement, Another possible explanation is that passive properties of the
allowing the entoglossal process to be protracted further out bfyobranchial system restrict unraveling of the M. hyoglossus
the mouth. Several studies have looked at the role of thesiring projection. The coiled hyoglossus muscle originates on
muscles during feeding. Electromyographic recording€.in ceratobranchial Il, running ventrally and then anteriorly to
jacksonii showed that they are active from the onset ofnsert on the M. accelerator. After denervation of the M.
hyobranchial protraction until tongue projection (Wainwrightmandibulohyoideus, the hyobranchium is unable to move to
and Bennett, 1992a). Zoond (1933) performed an extensive gbe protracted state (Fig. 6B). It is possible that this orientation
of experiments on the mechanism of tongue projection idoes not allow the M. hyoglossus to unravel during projection
chameleons. In one experiment, the geniohyoideus muscéad may prevent normal tongue projection.
slips (M. mandibulohyoideus complex) were cut, preventing
hyobranchial protraction. Tongue projection still occurred, but ~ Denervation of the M. verticalis or M. accelerator
never to the same extent as in an intact animal. The results ofStudies of the intrinsic tongue musculature have not fully
transecting the nerves innervating the mandibulohyoideusxplained its function in iguanid or agamid lizards. Smith
muscles irC. jacksoniiagree with the results of Zoond (1933). (1984) put forth several hypotheses about how the intrinsic and
Both studies show that this muscle is responsible foextrinsic tongue musculature could be involved in tongue
hyobranchial protraction and is necessary for normal tonguerotrusion. For intrinsic muscles, she suggested that
projection. contraction of the M. verticalis might be involved in sliding
An important effect of denervating the hyobranchialthe tongue forward on the entoglossal process. This mechanism
protractors was that the tongue was not projected more thaelies on two factors: (i) the development of muscle fibers that
3cm. The entoglossal process was not protracted out of tlierm a ring around the entoglossal process, so that contraction
mouth, and tongue projection occurred while the tongue wasould exert a normal force onto the entoglossal process; and
still in the mouth. As the tongue was projected, it followed gii) an entoglossal process that is sufficiently tapered to
straight trajectory towards the prey. However, as the tongue tiacilitate forward movement on the entoglossal process (Smith,
reached 3 cm beyond the mandible, the tongue stopped movit§88). The intrinsic musculature of iguanian lizards is variable,
forward and fell ventrally (Fig. 5B). Zoond (1933) observedbut there are three general morphologies represented by
similar results when he cut the hyobranchial protractors aniguanids, agamids and chamaeleonids.
suggested that, since the hyobranchial protractors were noln iguanid lizards, the muscle bordering the entoglossal
longer active, action of the hyobranchial retractor (M.process isthe M. verticalis. The fibers of this muscle run dorso-
sternohyoideus) began to pull the hyobranchium back duringentrally on either side of the entoglossal process but never
tongue projection. However, Wainwright and Bennett (1992ajorm a complete ring around the process (Fig. 3A). Schwenk
showed that activation of the M. sternohyoideus does not stgt1986) looked at the outgroup to lizar&ghenodon punctatus
until the tongue is almost completely retracted onto thend found that the fibers of the M. verticalis are arranged
hyobranchium. Although our data cannot fully explain thevertically in the foretongue and surround the entoglossal
differences in tongue protraction after M. mandibulohyoideugrocess in the hindtongue. Smith (1988) suggested that the
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A CBII punctatuslt is unclear whether the arrangement of this muscle
in iguanids represents the retention of the primitive

MHL morphology, similar to that iSphenodon punctat¢Schwenk,
ST 1986), or is a derived condition for iguanids (Smith, 1988).
CBI The effect of denervating the M. verticalis and M.
accelerator was as different as the arrangement of the

EP musculature. Unfortunately, there are no experimental data
SH P documenting the function of this muscle in iguanid lizards.
MHM In the iguanid lizard studied her®, undulatusthe tongue is
normally protruded approximately 3mm beyond the
B mandible. After denervation, there was no difference in the
CBI| MHL distance the tongue was protruded and the ability to capture
‘S} CBI — prey decreased only slightly. Generally, the kinematic
EP variables tended to increase, yet only gape angle was
significantly different. Denervation i8. undulatusas little
SH MHM effect on tongue protrusion or prey capture, suggesting that
the M. verticalis is not necessary to protrude the tongue.
These findings do not support the hypothesis of Smith (1984)
that the M. verticalis is used to protract the tongue in iguanid
lizards.

Several studies have addressed the role of the M. verticalis
in agamid lizards. Observations of tongue protrusion during
prey capture in the agami€hrynocephalus helioscopus
revealed an unusual degree of tongue protrusibility. These
animals can protract the tongue by more than 50% of the
mandible length, and the form of the tongue during protraction
looks very similar to that of chameleons during the protrusion
phase. Tongue protrusion distance and overall similarities in
tongue morphology during protrusion led Schwenk and Bell
(1988) to propose that an evolutionary precursor to the
chameleon tongue may be found in agamids. Smith (1988)
showed that most agamids have a well-developed ring muscle
and a sufficiently tapered hyobranchium to allow tongue
protraction by contraction of the M. verticalis.
Electromyographical recordings of this muscle in an agamid
Fig. 6. (A) Position of the hyoid at rest in the mouth. Arrowsshowed that the M. verticalis is indeed active during tongue
approximate muscle placement and likely directions of action for th@rotrusion (Herrel et al., 1995). When the M. verticalis is
hyobranchial protractor and retractor muscles. (B) Direction ofdenervated ifP. sinaitus there is a definite reduction in tongue
action of the lateral and medial S|ipS of the M. mandibU'OhindeUi)rotrusion_ In intact anima|5, the tongue can often be protruded

(MHL and MHM) during protraction and for the M. sternothyroideus 4 g mm beyond the mandible. After transection, the mean
(ST) and M. sternohyoideus (SH) during retraction. Action of the S)—L

A
\/

ongue protrusion distance is 2.1mm, a 43% decrease in
should pull the ceratobranchials down during hyobranchia 9 b °

. ) rotrusibility. Unlike S. undulatus the M. verticalis inP.
protraction. (C) The tongue of chameleons is supported by the. itus | f |t trusi Thi
entoglossal process (EP) of the hyobranchium. The hyobranchium naitus Is necessary for norma ongug protrusion. IS
connected to the mandible by the hyobranchial protractors [MFPUPPOItS the hypotheses put forth by Smith (1984, 1988) and

lateralis (MHL) and MH medialis (MHM)] and to the sternum by the Schwenk and Bell (1988).
hyobranchium retractor muscles (ST and SH). The tongue pad, riding The function of the accelerator muscle in chameleons has
on the M. accelerator (ACC) covers the anterior three-quarters of tHegeen the subject of numerous studies. Zoond (1933) found that
entoglossal process and is connected to the hyobranchium by the Btimulation of the hypoglossal nerve innervating the M.
hyoglossus. CBI, ceratobranchial I; CBII, ceratobranchial 1. accelerator caused the tongue to be projected off the
entoglossal process. From the results of nerve transection and
arrangement of the muscle fibers in the hindtongues.of from watching feeding behavior, he came to the conclusion
punctatuds far more similar to that in agamids than to that inthat the accelerator muscle is responsible for tongue projection.
iguanids because it possesses posterior fibers that surround Boond (1933) suggested that the M. hyoglossus restrains the
entoglossal process. In the igua@iglurus cuvierj Delheusy  contracting accelerator muscle until sufficient force is built up
et al. (1994) found that the fiber arrangement of the Mto project the tongue. However, phasic activity in the M.
verticalis was similar to that in agamids aSgphenodon hyoglossus does not start until after tongue projection
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(Wainwright and Bennett, 1992a). It is thought that elongatiopulls the ceratobranchials postero-ventrally. Thus, rapid
of the accelerator muscle during contraction moves the musdhgobranchial protraction is probably due to the morphology
over the tapered region of the entoglossal process, eventuatlf the hyobranchium, specifically the joint between
causing projection (Wainwright and Bennett, 1992b). In thizeratobranchial Il and the entoglossal process, as well as the
study, we denervated the accelerator muscle and found that tieangement and action of the M. mandibulohyoideus slips and
tongue was no longer projected. Hyobranchial protractiopossibly the M. sternothyroideus.
occurs normally but at maximum hyobranchium protrusion,
and the tongue appears flaccid and often rolls ventrally on the Evolution of a projectile tongue
entoglossal process. These findings support the hypothesis ofOn the basis of the morphological characters of the tongue,
Zoond (1933) that the accelerator muscle is necessary 8mith (1988) suggested that the tongues of iguanids and
project the tongue off the entoglossal process. agamids have evolved in parallel, with the tongue morphology
Because all forward movement of the tongue after thie®f agamids more closely resemblir@phenodon puntatus
treatment was due to hyobranchial protraction, the rapithuanids, then, do not necessarily represent an evolutionary
hyobranchial protraction occurring at the onset of tongustep in the development of the chameleon tongue, but instead
projection was more visible than during normal feedingmay represent an alternative solution that is functionally
Wainwright et al. (1991) calculated the velocity of thesimilar to the first step of the three-part transformation series
hyobranchium during rapid hyobranchial protraction andoroposed by Schwenk and Bell (1988). The three-part
provided a conservative estimate of hyobranchium protractiottansformation series consists of: (i) tongue protrusion
velocity of approximately 0.75m% This represents produced mainly by the M. genioglossus, (ii) additional
approximately 15 % of the tongue’s maximum velocity. Theyprotrusion accomplished by sliding of the M. verticalis on the
suggested that movement of the hyobranchium might impaentoglossal process, and (iii) projection of the tongue off the
substantial inertial force to the tongue during projectionentoglossal process due to force exerted by the M. accelerator.
However, after denervation of the accelerator muscle, rapid Our findings inS undulatuscorrespond nicely to the first
hyobranchium protraction never resulted in the tongue movingtep in the transformation series. 3n undulatusneither the
forward on the entoglossal process. This suggests that passMe mandibulohyoideus complex nor the M. verticalis is
properties of the tongue may hold it on the hyobranchium. necessary for normal tongue protraction. The only other
The mechanism of rapid hyobranchium protraction remainsmuscle that could protract the tongue is the M. genioglossus,
unclear. Wainwright and Bennett (1992a) found thatwhich is probably primarily responsible for tongue protrusion
electromyographic recordings of the M. mandibulohyoideusn S. undulatus In agamids, the development of the M.
did not show differences in either intensity or frequency at theerticalis (step ii) into a ring-shaped muscle has allowed the
onset of rapid hyobranchial protraction. This implies that théongue to be protracted further out of the moutte.Isinaitus
muscles are not solely responsible for the change ithe combined effort of the M. mandibulohyoideus and the M.
hyobranchium velocity. During our dissection of the tongueverticalis provides approximately 50% of the lingual
and hyobranchium, we discovered some interesting propertiggotrusion. The other 50 % may be attributed to the activity of
of the hyobranchium that might help to explain its rapidthe M. genioglossus, but this has yet to be tested. In contrast
protraction. The presence of a joint between ceratobranchial b S. undulatusthe mandibulohyoideus musclesRofsinaitus
and the entoglossal process was first described by Gnanamutime also involved in protruding the tongue beyond the
(1937). However, it was unclear how this might aid in tonguenandibles. Greater protraction of the hyobranchium allows the
projection. We noticed that the joint between ceratobranchiantoglossal process to clear the jaw margin, which facilitates
Il and the entoglossal process allows the hyobranchium to snafiding of the ring muscle on the process and results in greater
rapidly between two configurations. At rest, ceratobranchial llingual protrusion. IrC. jacksonij this mechanism is taken to
sits perpendicular to the entoglossal process (Fig. 6Athe extreme, and the M. accelerator is used for ballistic tongue
However, as the hyobranchium reaches an elongated projection (step iii). However, this is associated with other
protracted state, the ceratobranchials roll through the joimhorphological changes that are necessary to project the tongue.
more easily, allowing the hyobranchium to be protruded fastetn chameleons, the M. genioglossus is reduced (Bell, 1989) and
There appears to be a ‘catch’ that resists rotation until theyo longer functions in tongue protraction, so hyobranchial
reach a certain configuration. At full protrusion, theprotrusion is due solely to the M. mandibulohyoideus.
ceratobranchials lie parallel to the entoglossal procesReduction of the M. genioglossus frees the tongue from the
(Fig. 6B). This mechanism would be emphasized by the actioftoor of the mouth and allows the M. mandibulohyoideus to
of the M. mandibulohyoideus slips. The lateral slip of the Mprotrude the entoglossal process beyond the mandibles.
mandibulohyoideus pulls the ceratobranchials forward, The results of these experiments support the transformation
whereas the medial slip moves the basihyoid forwarderies put forward by Schwenk and Bell (1988). Although
(Fig. 6C). Action of the lateral slip would store energy at theguanids may not represent the primitive morphology, they
joint until the hyobranchium was pulled past the catch pointnay be viewed as functionally analagous. An agamid precursor
at which time the hyobranchium rapidly unfolds. Energyto the chameleon mechanism is also supported. Although the
storage is probably aided by the M. sternothyroideus, whickelationships within the Agamidae are unclear (whether
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chameleons are more closely allied with the Leiolepidinae or tongue in Chamaeleon carcaratugMerrem). Proc. Zool. Soc

the Agaminae), leiolepidines do not possess a M. verticalis butLond 31, 467-486. _ _

agamines do (Smith, 1988), providing some support fofshanamuthu, C. P.(1937). Comparative study of the hyoid and

agamine—chameleon affinities. tongue of some typical genera of Indian reptiR®c. Zool. Soc
There are several important findings of this study. First, as Lonld B 1g|7' 1-62. q % i th

the M. verticalis develops into a ring-like structure, it become&!e€l: A, Cleuren, J. and De Vree, F(1995). Prey capture in the

. . - . . lizard Agama stellioJ. Morph. 224, 313—-329.

increasingly important in moving the tongue out of the mouthH el, A., Cleuren, J. and De Vree, F.(1996). Kinematics of

The M. 'mandlbulohyOIdeus has also become Sp,ec'fa“ZEd’ ancieeding in the lizardhgama stellioJ. Exp. Biol. 199, 1727-1742.

its function may have co-evolved with the M. verticalis and M.grre|, A, Cleuren, J. and De Vree, F(1997). Quantitative analysis

accelerator. Second, a change in the form and function of oneof jaw and hyolingual muscle activity during feeding in the lizard

component of a system is likely to result in a corresponding Agama stellioJ. Exp Biol. 200, 101-115.

change in associated parts. h siniatus the anatomical Herrel, A., Timmermans, J. and De Vree, F.(1998). Tongue

arrangement of the mandibulohyoideus muscles did not imply flicking in agamid lizards: morphology, kinematics and muscle

any significant differences in function compared wsh activity patternsAnat Rec 252 102-116.

undulatus However, denervation experiments revealedHouston, J.(1828). On the structure and mechanism of the tongue of

how mandibulohyoideus function has changed in these (e chameleanTrans R. Irish Acad 15, 177-201. .
morphologically similar groups Humason, G. L.(1972).Animal Tissue TechniqueSan Francisco:

W. H. Freeman & Co.

. . Kier, W. M. and Smith, K. K. (1985). Tongue, tentacles and trunks:
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