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Abstract
Geckos use vocalizations for intraspecific communication, but little is known about the
organization of their central auditory system. We therefore used antibodies against the calcium-
binding proteins calretinin (CR), parvalbumin (PV), and calbindin-D28k (CB) to characterize the
gecko auditory system. We also examined expression of both glutamic acid decarboxlase (GAD)
and synaptic vesicle protein (SV2). Western blots showed that these antibodies are specific to
gecko brain. All three calcium-binding proteins were expressed in the auditory nerve, and CR
immunoreactivity labeled the first-order nuclei and delineated the terminal fields associated with
the ascending projections from the first-order auditory nuclei. PV expression characterized the
superior olivary nuclei, whereas GAD immunoreactivity characterized many neurons in the
nucleus of the lateral lemniscus and some neurons in the torus semicircularis. In the auditory
midbrain, the distribution of CR, PV, and CB characterized divisions within the central nucleus of
the torus semicircularis. All three calcium-binding proteins were expressed in nucleus medialis of
the thalamus. These expression patterns are similar to those described for other vertebrates.
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Over 30 years have passed since Foster and Hall (1978) reported that the ascending auditory
pathways of the iguana resemble both the mammalian and the avian auditory pathways,
from the level of the first-order neurons in the VIIIth nerve to the telencephalon. They
recognized a basic plan for the organization of the auditory system in terrestrial vertebrates
but also pointed out that the auditory capacities of the lizards were largely unknown. We
now know more about the peripheral (Manley, 1990; Wever, 1978) and central (for reviews
see Carr, 1992; Grothe et al., 2005; ten Donkelaar et al., 1987) auditory systems of lizards,
but still know little about central auditory processing. We have therefore used Gekko gecko
for further analysis of the lizard central auditory system.

Geckos are auditory specialists that use vocalizations for intraspecific communication
(Marcellini, 1977; Tang et al., 2001). Their ears differ from those of other reptiles such as
archosaurs and turtles. Lepidosaur ears are highly directional, with middle ears connected
through the mouth cavity (Christensen-Dalsgaard and Manley, 2008). This patent
connection enhances the directionality of the ear by allowing sound access to both sides of
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each tympanic membrane. The acoustically coupled ear creates directional responses from
the tympanum (Christensen-Dalsgaard and Manley, 2005, 2008). Additionally, lizards have
independently evolved micromechanical hair cell tuning, permitting emergence of sensitive
high-frequency hearing in a specialized region of the papilla (Manley, 2002). Thus lizard
auditory systems might reveal specializations for hearing high frequencies and sound
localization.

We have begun our analysis of lizard auditory systems by using immunohistochemical
techniques to delineate the auditory nuclei of Gekko gecko and to allow comparison with
auditory pathways in other Reptilia (birds) and mammals. In archosaurs, like birds and
crocodilians, the auditory nerve enters the brain and divides in two, with the ascending
branch terminating in the nucleus angularis and the descending branch in the nucleus
magnocellularis. The nucleus magnocellularis projects to the binaural nucleus laminaris,
which in turn projects to the superior olive, to the lemniscal nuclei, and to the central
nucleus of the auditory midbrain. The nucleus angularis projects to the superior olive, to the
lemniscal nuclei, and to the central nucleus of the auditory midbrain. The parallel ascending
projections of angularis and laminaris may or may not overlap with one another and
probably do overlap in the primitive condition (for reviews see Carr, 1992; Carr and Code,
2000). The connections of the central auditory system are well known in mammals and
follow a similar ascending trajectory (for reviews see Grothe et al., 2005; Rouiller, 1997).
Mammalian ascending auditory pathways are characterized by monaural projections from
the first-order nuclei to the superior olivary nuclei and the nuclei of the lateral lemniscus and
by binaural projections from the olivary nuclei (Cant and Benson, 2003). These pathways
converge in the auditory midbrain, or inferior colliculus.

In both birds and mammals, calcium-binding proteins have proved to be useful markers for
specific functional auditory pathways. They label neurons in the central auditory system of
mammals such as rat (Lohmann and Friauf, 1996; Pór et al., 2005), guinea pig (Caicedo et
al., 1996), and human (Bazwinsky et al., 2003); in birds such as chicken (Parks et al., 1997)
and barn owl (Kubke et al., 1999; Takahashi et al., 1987); and in lizards (Dávila et al.,
2000), turtles (Belekhova et al., 2004), and amphibians (Morona and González, 2009). We
therefore used antibodies against calretinin (CR), parvalbumin (PV), and calbindin-D28k
(CB), along with antibodies against glutamic acid decarboxylase (GAD) and synaptic
vesicle protein 2 (SV2), to describe the gecko ascending auditory pathways.

We also used antibodies against GAD to determine the distribution of GABAergic neurons
and terminals in the auditory nuclei. GAD antibodies had previously been used to study the
auditory system of barn owl and chick (Carr et al., 1989; Lachica et al., 1994; Müller, 1987;
von Bartheld et al., 1989). SV2 is a component of all vertebrate synaptic vesicles and is
therefore a useful marker of synapses (Bindra et al., 1993; Buckley and Kelly, 1985).
Differential expression of calcium-binding proteins characterizes the structures of the gecko
auditory system and reveals significant similarities to auditory structures in archosaurs,
turtles, mammals, and amphibians.

MATERIALS AND METHODS
This study was based on data from 28 adult Gekko gecko of both sexes. All animal care and
anesthesia procedures followed the procedures approved by the University of Maryland
College Park Animal Care And Use Committee. Geckos were anesthetized in a mixture of
isofluorane and room air in a small chamber, followed by i.p. injection of euthasol at a dose
of 7 mg/kg. Once the geckos were deeply anesthetized (no response to toe pinch, depressed
respiration), they were perfused transcardially with 0.9% saline, followed by 4%
paraformaldehyde in 0.1 M phosphate buffer for 1 hour. The brains were postfixed in the
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fixative overnight at 4°C and cryo-protected in 30% sucrose in 0.1 M phosphate buffer at
4°C. The brains were sectioned on a freezing microtome at 40 μm thickness, and all the
sections were collected in order in phosphate buffer. Most brains were cut in the coronal
plane, with three brains cut in the horizontal and two in the sagittal plane.

Immunohistochemical procedures used the avidin-biotin-peroxidase complex (Vector
Laboratories) method in conjunction with horseradish peroxidase substrate reagent SG kits
(Vector Laboratories, Burlingame, CA). Free-floating sections were preincubated for 1 hour
in a blocking solution of 10% normal goat serum diluted in 0.1 M phosphate-buffered saline
(pH 7.4) containing 0.3% Triton X-100. Subsequently, sections were incubated with antisera
against 1) CR (7699/66; Swant, Belinzona, Switzerland) diluted in 1:5,000; 2) PV (PA-235;
Sigma, St. Louis, MO) diluted 1:2,000; 3) CB (300; Swant) diluted in 1:3,000; 4) GAD
(G5163; Sigma) diluted 1:1,000; 5) SV2 (Hybridoma Bank, University of Iowa) diluted in
1:1,000 for 2 days at 4°C (Table 1). After multiple washes, sections were incubated for 1
hour in biotinylated goat anti-rabbit (for GAD, CR) or goat anti-mouse (for PV, CB, SV2)
secondary antisera, diluted 1:500. Sections were incubated in ABC, followed by a
horseradish peroxidase reaction. Sections were then mounted, dried, dehydrated, and
coverslipped. Some sections were additionally counter-stained with neutral red.

Cerebellar tissue was used to optimize staining patterns. It was incubated in the presence or
absence of primary antibodies, and, in their absence, immunostaining of Purkinje cells and
granule cells was eliminated. By contrast, the Purkinje cells heavily expressed CB and PV
but not CR, whereas CR labeled stellate cells (Bastianelli, 2003). Serial dilution controls
were used to optimize the working concentration of each antibody. Four serial dilutions of
primary antibody ranged from 1:500 to 1:16,000, and sections were processed as described
above, shared common reaction baths, and were incubated simultaneously. We measured the
optical density of labeled neurons with respect to antibody dilution, and all antibody
concentrations used were in the linear stages of the optical density vs. concentration plot.
The dilution used for PV (1:2,000) was at the high end of the linear range because of light
staining for PV in gecko (Fig. 1). To double-label CR and PV or CB, sections were
incubated in two primary antisera simultaneously. After washing, sections were incubated in
a mixture of two secondary antibodies, Alexa 594 donkey anti-rabbit and Alexa 488 donkey
anti-mouse (Invitrogen, Carlsbad, CA) in the dark at a dilution of 1:500. The labeled
sections were coverslipped with an antifade kit (Invitrogen), and images were obtained with
a confocal microscope (Zeiss LSM 510). Digital images of selected sections were captured
either on the confocal microscope or with a digital camera (DVC, Austin, TX) mounted on
an Olympus BX-60 microscope. Image contrast adjustments and photomontages were
performed in Adobe Photoshop 11 (Adobe Systems, Mountain View, CA).

Antibody characterization
Western blots were used to examine antibody specificity (Fig. 1). A gecko brain was
removed after the animal had been deeply anesthetized as described above. Pre-chilled RIPA
buffer containing a protease inhibitor mixture was added at a volume of 5 ml/g tissue, and
the tissue was broken down by homogenizer and vortex for 60 seconds. The suspension was
stored on ice for 45 minutes, followed by centrifugation at 14,000g for 10 minutes at 4°C.
Cytosolic protein was collected from the supernatant, whose concentration was measured by
Bradford protein assay (Bio-Rad, Hercules CA). Ten micrograms protein and 5 μl standard
(161-0324; Bio-Rad) were loaded onto 12% SDS-PAGE gels. The protein was separated by
SDS-PAGE and transferred to a PVDF membrane. The membrane, blocked with TBST
containing 3% BSA for 1 hour at room temperature, was incubated in primary antisera
diluted to 1:2,000 in 1% BSA in TBST overnight at 4°C. Afterward, it was probed with
alkaline phosphataseconjugated goat anti-rabbit or goat anti-mouse (1:5,000; 31340 and
31320; Pierce, Rockford, IL) for 1 hour at room temperature. The blots were visualized by
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exposing the membrane to ECF substrate (Amersham Bioscience, Piscataway, NJ) in the
dark for 5–10 minutes and scanned on Storm (Molecular Dynamics, Sunnyvale, CA).

Blots with CR showed a major band at an estimated molecular weight of 29 kD, similar to
the measurement in chick (Hack et al., 2000). CB, PV, and GAD blots also yielded single
bands at estimated molecular weights of 28 kD (Ellis et al., 1991), 15 kD (Celio, 1990;
Lohmann and Friauf, 1996) and 65–67 kD (Sloviter and Nilaver, 1987), respectively (Fig.
1). Western blot analysis of the anti-SV2 antibody had previously been tested against zebra
finch brain tissue and produced a broad band over a range of protein sizes of 66–200 kD
(Nealen, 2005). This may be due to the difficulty in electrophoretically resolving
glycoproteins. Our Western blot of SV2 against gecko brain tissue showed multiple bands
around 200 kD, within the range of results for zebra finch (Fig. 1).

RESULTS
The auditory nerve in gecko projects to two first-order nuclei, the nucleus magnocellularis
(NM) and the nucleus angularis (NA; Figs. 2A, 3; Szpir et al., 1990). NM is divisible into
two subregions, a caudal and medial NMM and a lateral rostral NML located caudal to NA
(Figs. 2A, 3A,B; Szpir et al., 1990). We also recognize a nucleus laminaris (NL) ventral to
NM. NA is the largest hindbrain auditory nucleus and contains a more heterogeneous
grouping of cells than NM and NL. The superior olivary nuclei (SO) are located in the
ventral hindbrain and consist of two separate nuclei, the SO proper and a ventral SO. The
nuclei of the lateral lemniscus are made up of a dorsal nucleus with anterior and posterior
divisions (LLD; Fig. 2E,F). These auditory nuclei project to the midbrain torus
semicircularis (Foster and Hall, 1978).

Neurons in the auditory ganglion, first-order nuclei, and nucleus laminaris express
multiple calcium-binding proteins

The posterior root of the VIIIth nerve receives fibers from the macula of the sacculus, the
posterior ampullary crista, the macula neglecta, and the macula lagenae and papilla basilaris
of the cochlear duct (Barbas-Henry and Lohman, 1988). The auditory fibers occupy the most
dorsal position of the nerve root, which enters the brainstem slightly more caudally than the
vestibular division of the posterior root (Barbas-Henry and Lohman, 1988; Miller, 1975). In
the gecko, the auditory portion of the nerve contains two distinct bundles of fibers, one
dorsal and caudal to the other (Fig. 2C). The dorsal-caudal fiber bundle bifurcates upon
entering the brainstem. One branch runs caudally to the NMM and to the NML, whereas the
other branch terminates more rostrally in the lateral division of the nucleus angularis (NAL).
The second bundle is more ventral and rostral in the nerve and appears to project only to
medial NA (NAM; Fig. 2A,C). Szpir et al. (1995) describe the projection to NAM in the
alligator lizard as a sphere at the tip of the bundle of ascending, free-standing fibers; a
similar pattern is observed in the gecko, in which immunoreactive auditory nerve fibers
enter NA dorsally and branch to a semicircular array of NAM neurons. The auditory nerve
expresses multiple calcium-binding proteins; CR-immunoreactive (CR-ir) fibers project to
NM and NA via CR-ir auditory ganglion neurons. Comparisons of CR-ir and SV2-ir
material reveal CR-ir synaptic terminals in NM and NA, including those of the auditory
nerve (Figs. 2B–D, 3, 4). Similarly, PV- and CB-ir labeled most auditory nerve fibers (Fig.
4).

Postsynaptic neurons in NM and NA are densely CR-ir (Figs. 3–5). NM contains large CR-ir
cell bodies termed ovoid neurons (Szpir et al., 1995). The caudal and medial NM (NMM)
contained larger ovoid cells (mean diameter 12.3 ± 1.47 μm, mean area 108.9 ± 24.9 μm2, n
= 78) and the more rostral and lateral NML contains smaller ovoid cells (mean diameter
11.1 ± 1.5 μm, mean area 86.2 ± 21.6 μm2, n = 78; two tailed t-test P = 6.01 × 10−8). The
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eponymously named ovoid cells have cell bodies with aspect ratios of 0.85 ± 0.1 for NMM
and 0.82 ± 0.1 for NML.

Below NM, ventrally located, bitufted CR-ir neurons form the second-order nucleus
laminaris (NL; Figs. 3G,H, 4B,E). These neurons are a bit larger (mean area 119.8 ± 24.6
μm2, n = 25) and more oval (mean aspect ratio = 0.73 ± 0.05, n = 25) than the overlying
NML neurons. The dorsal CR-ir dendrites of NL extend into the overlying NM, whereas
ventral dendrites extend below the cell body lamina. Laterally, NL merges with NML, with
no clear border between the cell groups. Auditory nerve axons and terminals in NA and NM
are also densely CB-ir and PV-ir (Figs. 3–5). Additionally, neurons in NM and NL
cytoplasm are lightly CB-ir (Figs. 3D, 4).

Double-label immunofluorescence was used to determine whether calcium-binding proteins
are localized within the same neurons. Most auditory nerve ganglion cell bodies, and their
terminals in NM and NA, are immunoreactive for CR, CB, and PV (white, Fig. 4A,C,D,F).
In double-labeled material, NM neurons and auditory nerve terminals are strongly CR-ir,
auditory nerve terminals are also CB-ir, and CB is expressed at lower levels in the
cytoplasm of NM neurons beneath the membrane (Figs. 3, 4). In double-labeled material,
NL neurons and neuropil are strongly CR-ir, lightly CB-ir, and not PV-ir (Fig. 4B,E). In NA,
the nerve terminals coexpress CR, PV, and CB, and a small population of NA neurons
coexpresses CR and CB (Figs. 4C,F, 5). NA neurons were similar in size to NM (mean
diameter 12.07 ± 1.92 μm, mean area 105.6 ± 33.2 μm2, n = 70). Many of the ascending
axons from the first-order nuclei are CR-ir (see Figs. 2, 6, 7, 9).

GAD-ir presynaptic terminals surrounded unlabeled somata in NM (Fig. 3F). GAD-ir
terminals differ from auditory nerve terminals in their distribution and small size and are
abundant in NM and NL and sparser in NA. There is a small population of GAD-ir neurons
in NA, NL, and NM. Somatic GAD-ir varies in intensity from light to medium, and GAD-ir
neurons are not otherwise distinguishable from unlabeled NM or NA neurons; NM GAD-ir
neurons have mean areas of 90.7 μm2 (±26.78, n = 19), and NA GAD-ir neurons have mean
areas of 91 μm2 (±26.8, n = 35; Fig. 5E).

Superior olivary nuclei receive CR-ir terminals
There are two superior olivary nuclei, one dorsal and one ventral (Figs. 2E, 6). Both form
rostrocaudally directed cell columns, with the ventral nucleus originating at just caudal to
the lemniscal nuclei and extending to the level of the first-order nuclei. The ventral olivary
nucleus (SOv) was named the nucleus of the trapezoid body by Foster and Hall (1978), but
we will refer to it as the ventral olivary nucleus in order not to imply homology with the
nuclei of the same name in mammals. The nucleus of the superior olive proper (SO) is a
round nucleus in the rostral pons, ventral to NL (Figs. 2F, 3, 6). Distinct calcium-binding
protein expression patterns delineate both the nucleus of the superior olive and the ventral
nucleus. Both contain dense CR-ir fibers with large boutons surrounding unlabeled neurons
(Fig. 6C,F). In both nuclei, bouton size is not normally distributed. Both large and very large
CR-ir boutons are distributed throughout the neuropil. In the superior olive, the large
boutons have areas of 4 μm2 (±1.2, n = 92), whereas about 24% of boutons are very large,
with areas larger than 7 μm2 (mean 11.1 ± 2.75 μm2,n = 19). The same pattern is found in
the ventral nucleus, with large bouton areas of 4.2 μm2 (±1.5, n = 22), whereas about 24% of
boutons are very large, with areas larger than 7 μm2 (mean 11 ± 3.1 μm2,n = 17). In the
ventral nucleus, many large boutons are perisomatic.

The CR-ir fibers in the olivary nuclei appear to originate from the first-order nuclei and/or
NL and project to both the ipsilateral and the contralateral olivary nuclei (arrows in Fig. 7B).
No postsynaptic elements in the olivary nuclei are CR-ir. The SO and Sov contain CB-ir cell
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bodies and terminals, with CB-ir cell bodies often concentrated in the dorsal portion of SO
(see Fig. 8B,C). Both cell bodies and neuropil in the SO and SOv are PV-ir (Fig. 6A), and
dense GAD-ir terminals are found in both olivary nuclei, both perisomatically and
distributed throughout the neuropil (Fig. 8D, SO). About one-third of the SO neurons are
GAD-ir. Fewer GAD-ir neurons are observed in SOv.

The nucleus of the lateral lemniscus is predominantly GABAergic
In the gecko, the lemniscal nuclei are located in the lateral and rostral hindbrain, rostral to
the ventral olivary nuclei (Foster and Hall, 1978). Labeled CR-ir axons ascend in the lateral
lemniscus and delineate the tract connecting the SO, SOv, and lemniscal nuclei. Along their
course, some of these fibers give off branches that terminate in the dorsal nucleus of the
lateral lemniscus (LLD; Fig. 7). There appears to be no ventral nucleus of the lateral
lemnsicus (see Discussion), and LLD is divided into anterior (LLDa) and posterior (LLDp)
divisions, consistent with the avian nomenclature of Wild et al. (2009) and Wild (1987).
LLDa and -p overlap throughout most of their extent, with the LLDp being both ventral and
caudal to LLDa (Fig. 7). LLDp is larger than LLDa and is characterized by a preponderance
of GAD-ir cell bodies and large, often perisomatic GAD-ir terminals. LLDa contains fewer
GAD-ir cell bodies and dense, fine GAD-ir terminals (Fig. 7C,F).

Both LLD subdivisions contain CR-ir fibers and terminals, assumed to originate from the
first-order nuclei, and no CR-ir somata. The CR-ir boutons are large (average diameter = 4.0
± 2.2 μm, n = 95) and are distributed throughout the neuropil of LLD (Fig. 7D). In addition
to the large CR-ir terminals, fine CB-ir, PV-ir, and GAD-ir terminals are distributed
throughout the nuclei of LLD. GAD-ir, CB-ir, and PV-ir somata and neuropil characterize
LLD (Fig. 7A–C). Although double-labeling experiments with these antibodies were not
performed, GAD-ir neurons (mean 63.9 ± 24.7 μm2,n = 13) are similar in area to PV-ir
neurons (mean 63.7 ± 14.7 μm2,n = 14; Fig. 7A,C).

The two LLD divisions differ in their proportion of GAD-ir neurons. LLDa contains evenly
distributed GAD-ir terminals and few GAD-ir cell bodies; LLDp has many GAD-ir somata
and larger GAD-ir terminals (Fig. 7C). The GAD-ir terminals encircle the LLDp cells and
are also distributed throughout the neuropil. The GABAergic neurons of LLD are round
(form factor mean = 0.91) and not otherwise cytologically distinct from the other cells in the
nucleus. In GAD-ir material, LLDp contains both intensely immunoreactive and lightly
immunoreactive cells. Insofar as all cells receive intensely immunoreactive perisomatic
terminals, these differences in immunoreactivity did not appear to be due to insufficient
penetration of the antibody. Varicose fibers and dendrites of these neurons form a network
of GAD-ir elements in the nucleus. A third group of unstained cells receives perisomatic
GAD-ir terminals.

Auditory midbrain and thalamus
The torus semicircularis is the homolog of the inferior colliculus in birds and mammals and
is located caudal to and beneath the optic tectum. In lizards, the torus is divided into an
auditory central nucleus, surrounded by intercollicular and preisthmic superficial areas
(Browner and Rubinson, 1977; Díaz et al., 2000; Kennedy and Browner, 1981; Puelles et al.,
1995; Smeets et al., 2006; ten Donkelaar et al., 1987). In this study, we will focus only on
the central nucleus (TSc). The TSc is largest caudomedially, where it replaces the tectum at
the dorsal midline. The caudal portion bulges outward, behind the caudal pole of the tectum,
and is fused at the midline (Fig. 8; Kennedy and Browner, 1981). The TSc then extends
lateroventrally under the tectum, where it is divided into left and right by the medial portions
of the tectum and commissure of optic tectum.
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The central nucleus is differentiated from the surrounding periventricular regions by distinct
patterns of calcium-binding protein immunoreactivity. Within the central nucleus, several
divisions have emerged. The entire central nucleus is marked by CB-ir cells and neuropil
(Figs. 8–10). For the central nucleus, we define three subdivisions. The first is a lateral
subdivision with large CR-ir fibers and terminals (average diameter = 4.5 ± 3.4 μm, n = 78),
assumed to originate from the first-order nuclei (Figs. 9A,D, 10A). The second central
nucleus subdivision is delineated by intensely immunoreactive PV-ir neuropil in the ventral
portion of the central nucleus (Figs. 8A, 10B, cf. Belekhova et al., 2004). The CR-ir and PV-
ir subdivisions of the central nucleus overlap to a small degree (Fig. 10). In the caudal TSc,
PV and CR are colocalized in some terminals. The third dorsomedial subdivision is
characterized by CB-ir cells and neuropil and sparse CR-ir cell bodies with long CR-ir
bipolar dendrites (Figs. 9C, 10).

Nucleus medialis is the auditory target in dorsal thalamus and is adjacent to the third
ventricle. In both gecko (this study) and the lacertid lizard P. algirus, the nucleus medialis
has a strongly CB-ir neuropil, with CB-ir neurons and fibers (Dávila et al., 2000). CB-ir
neurons and fibers are both observed in the nucleus medialis (Fig. 11C). Some neurons in
nucleus medialis are also PV-ir (Fig. 11D). The DVR, the target of nucleus medialis and the
auditory region of the forebrain, was not evaluated in this study (Bruce and Butler, 1984).

DISCUSSION
Differential expression of calcium-binding proteins characterizes the structures of the gecko
auditory system and reveals significant similarities to auditory structures in other
vertebrates. The auditory nerve expresses high levels of these proteins, as do the neurons of
the first-order nuclei, with distinct CR-positive terminal fields delineating their projection to
olivary, lemniscal, and midbrain targets. The lemniscal nuclei are notable for the expression
of markers for GABAergic neurotransmission, whereas examination of the midbrain torus
revealed three distinct subdivisions in the central nucleus, a lateral first-order recipient zone
marked by CR-positive terminals, a ventral core delineated by PV-positive neurons and
terminals, and a large dorsomedial area. This study and the work of Robles-Moreno (1995)
provide the first demonstrations of subdivisions within the central nucleus of the torus in a
lizard.

Calcium-binding proteins in the auditory system
Calcium-binding proteins have proved to be useful markers in the gecko auditory system
(Table 2). They are highly conserved and are abundant in the central auditory system (Celio
and Heizmann, 1981). Calcium-binding proteins and cytochrome oxidase delineate the
auditory system of terrestrial terrapins (Testudo horsfieldi) and pond tortoises (Emys
orbicularis) in a pattern very similar to that observed in the gecko (Belekhova et al., 2004,
2008). Calcium-binding protein expression has also been described for auditory thalamic
centers in the diencephalon of a lacertid lizard, Psammodromus algirus (Dávila et al., 2000).

Although the functional roles of calcium-binding proteins are unknown, CR is particularly
abundant in auditory neurons with precisely timed discharges (Rogers, 1987;
Schneggenburger and Neher, 2005). Both gecko and turtle auditory nerve and terminals
express all three calcium-binding proteins (this study; Belekhova et al., 2008). Both turtle
and gecko NM and NA neurons express both CR and CB, although the two are differently
distributed within the cell body in gecko. Similarly, both avian NM (Hack et al., 2000) and
mammalian globular bushy cells are characterized by high levels of CR, whereas globular
bushy cells express CR and PV in their cytoplasm, and octopus cells express CR and CB
(Bazwinsky et al., 2008; Pór et al., 2005). These abundant and often complementary
calcium-binding protein distributions suggest a requirement for calcium regulation in these
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auditory brainstem neurons, all of which are characterized by high rates of activity, phase-
locked responses to auditory stimuli and calcium-permeable AMPA receptors (Christensen-
Dalsgaard et al., 2007; Eatock et al., 1981; Otis et al., 1995; Raman and Trussell, 1995;
Trussell, 1999, 2008). Colocalization of calcium-binding proteins and Ca-permeable
glutamate receptors also characterizes other sensory systems, including the goldfish vagal
lobe (Huesa et al., 2008; Ikenaga et al., 2006).

The ascending auditory projections from gecko first-order nuclei are characterized by high
levels of CR-ir in their terminal fields in the olivary and lemniscal nuclei and in the torus,
and our preliminary data suggest that CR-ir delineates these projections (Tang,
unpublished). In birds, similar high levels of CR-ir characterize the ascending projection
from the nucleus laminaris to the olivary nuclei, the anterior part of the dorsal nucleus of the
lateral lemniscus, and the projection to the central nucleus of the inferior colliculus in the
barn owl (Kubke and Carr, 2006; Kubke et al., 1999; Takahashi et al., 1987). In the gecko, it
appears that most, if not all, ascending axons from the first-order nuclei and NL express CR,
whereas, in the barn owl and chicken, the ascending NL axons are CR-ir, and those from NA
are not (Takahashi et al., 1987).

Organization of the first-order nuclei
Lizard ears are highly directional, with middle ears connected through the mouth cavity
(Christensen-Dalsgaard and Manley, 2005, 2008). The inner ears are also highly specialized,
with sensitive high-frequency hearing in a specialized region of the papilla (Manley, 2002).
Geckos have additional specializations of their auditory periphery; unlike other amniotes
studied so far, the frequency map of the papilla is reversed, with the low frequencies at the
base and the high frequencies at the apex (Manley et al., 1999). The high-frequency region
of the papilla is split into two parallel hair cell areas, only one of which is innervated
(Chiappe et al., 2007; Köppl and Authier, 1995).

These lepidosaur and geckkonid adaptations exert a noticeable effect on the first-order
auditory nuclei. The high-frequency region of the papilla appears to have a separate
projection to the brain, specifically to a large medial NA, as shown in the alligator lizard
(Szpir et al., 1990). The reversed tonotopic gradient in the ear may or may not lead to a
reversed tonotopic gradient in brain; this awaits a study to trace the projections of the
auditory fibers into the first-order nuclei. Our data suggest that tonotopy may be reversed in
NM, insofar as caudal NMM neurons are larger than NML neurons in geckos but not in
alligator lizards (Szpir et al., 1990). Otherwise, we hypothesize that geckos have patterns of
auditory nerve fiber projections similar to the pattern of alligator lizards, in which the
auditory nerve fibers that contact low-frequency hair cells project to three of the four
divisions of the first-order nuclei, NMM, NML, and NAL, whereas the auditory nerve fibers
that innervate high-frequency hair cells project only to the NAM (Szpir et al., 1990). This
hypothesis is supported by observations from our immunohistochemical material, in which a
dorsal-caudal bundle of auditory nerve fibers enters the brain and bifurcates to project
caudally to the NM and rostrally to lateral NA in geckos (see Fig. 2). A second more ventral
and rostral fiber bundle forms a single branch that projects rostrally to medial NA. These
findings are consistent with results from the alligator lizard (Szpir et al., 1990) and confirm
Spzir et al.'s finding that two populations of auditory nerve fibers project to nonoverlapping
first-order targets. Note that direct electrophysiological and anatomical evidence for the
separation of the two nerve populations is presently lacking in gecko.

The first-order nuclei of the lizard have been described as showing a great deal of
interspecific variation (for reviews see Carr and Code, 2000; Manley, 1981). In many
lizards, four nuclear populations that receive primary auditory inputs have been recognized:
a medial and lateral nucleus magnocellularis and a medial and lateral angularis (Miller,
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1975). Alligator lizards have a distinct NMM, NML, NAM, and NAL (Szpir et al., 1995).
Their NMM consists of a homogeneous population of neurons called lesser ovoid cells,
whereas NML consists of “greater ovoid” and “small” cells. We observed similar large oval
neurons in gecko NM but, unlike Szpir et al. (1995), found that the neurons of caudal NM
(NMM) are larger than the neurons of the NML (see above). The alligator lizard NAL
consists of smaller “spindle” cells, and NAM contains a population of large neurons called
duck-head and multipolar cells and a population of smaller neurons called bulb and
agranular cells (Szpir et al., 1995). We have not classified the NA neurons in gecko, but
their size range is similar, although they are smaller.

In geckos, the ovoid cells in NMM are surrounded by perisomatic auditory nerve endings
labeled with CR, PV, and SV2. Inasmuch as these terminals are perisomatic, they resemble
the endbulb synapses in the avian NM and the mammalian AVCN, and the similarities
suggest that they represent a homologous population corresponding to the NM of birds and
turtles (Belekhova et al., 2008; Carr and Code, 2000; Grothe et al., 2005). Szpir et al. (1990)
labeled individual axons and noted larger axosomatic terminals in NMM than in the other
first-order nuclei.

Only some lizards have been reported to posses a distinct NL (ten Donkelaar et al., 1987).
The conflicting reports in the literature may emerge from variation in the development of
NM and NL. We recognize NMM, NML, NAM, NAL, and NL in Gekko gecko, although an
NL was not previously observed in this species (Miller, 1975). NL is recognized on the basis
of location below NM, bitufted neuronal architecture, chemical neuroanatomy, and
similarity to NL in Varanus exanthematicus (Barbas-Henry and Lohman, 1988; ten
Donkelaar et al., 1987) and Iguana iguana (Foster and Hall, 1978). In geckos, NL is a
curved structure below NM, composed of two strands of CR-ir bipolar or spindle-shaped
neurons with dorsoventrally directed dendrites, and merging laterally into NM. Gecko NL
receives a projection from the contralateral acoustic tubercle (Tang et al., unpublished
observations). Future tract tracing studies are needed to determine the projection cells of the
acoustic tubercle; projection neurons that receive input from the contralateral NM may
reasonably be identified as belonging to NL even if not cytologically distinct from the
overlying NM. Alternatively, both NM and NL may provide ascending projections to the
torus, and the separation in which only NL projects to the torus may be an archosaur
adaptation.

Prior controversy over the presence or absence of NL may hinge on correct identification of
NL rather than on a true absence or loss (Miller, 1975). For example, iguanas, like geckos,
were also reported not to possess an NL, although Foster and Hall (1978) observed that
NML did not appear to receive primary VIIIth nerve afferents and gave rise to projections to
the midbrain. Similarly, NL is evident in geckos, consisting of a distinct population of
bitufted CR-ir neurons below NM. Thus, although Miller (1975) writes that “I have never
been able to define an unequivocal NL in lizards,” the advent of modern tract tracing and
immunohistochemical techniques may serve to unmask NL. In line with the hypothesis that
NL characterizes all reptiles, snakes possess both cochlear nuclei and a nucleus laminaris
(Miller, 1980). Their nucleus angularis is small, whereas nucleus magnocellularis has both
medial and lateral divisions. The nucleus laminaris is well developed, and Miller states that
the nucleus laminaris in a boid snake was better developed than that in any lizard examined
(Erulkar, 1974; Miller, 1980). These findings are consistent with the new position of snakes,
now nested with the anguimorph and iguanid lizards to form the Toxicofera (Vidal and
Hedges, 2009). Finally, NL is well defined in turtles (Belekhova et al., 2008; Miller and
Kasahara, 1979). Although more physiological and developmental data are needed (Grothe
et al., 2005), the expression of CR, the bitufted neurons, the projection from the contralateral
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acoustic tubercle, and the efferent projections to the torus are consistent with the hypothesis
that lepidosaur and archosaur NL are homologous.

There are more GABAergic cells and terminals in the first-order nuclei than have been
observed in birds (Carr et al., 1989; Lachica et al., 1994; Müller, 1987; von Bartheld et al.,
1989). The GABAergic neurons and terminals in NA, NM, and NL are of unknown origin
and function, but their presence may indicate an increased role of inhibition in shaping
responses in an acoustically coupled ear (Christensen-Dalsgaard and Carr, 2008).
Additionally, these GABAergic inputs may play a part in the transformation or sharpening
of auditory nerve responses, as has been suggested for the avian first-order nuclei and the
mammalian cochlear nuclei (Burger and Rubel, 2007; Caspary et al., 1979; Pollak et al.,
2002). Without a suitable marker for glycine in gecko, we are unable to determine whether a
glycinergic component is also present.

Organization of olivary and lemniscal nuclei
Identification of the superior olivary nuclei in reptiles has been complex (Belekhova et al.,
2008). Unlike the case for birds, two olivary nuclei have been described for geckos and
other reptiles. These are the dorsal superior olive and a smaller ventral superior olive
(Ariens-Kappers et al., 1936; Foster and Hall, 1978; ten Donkelaar, 1998; ten Donkelaar et
al., 1987). Belekhova has termed these nuclei the supraolivary complex. The ventral
superior olive had previously been called the nucleus of the trapezoid body in iguana
because it occupied a position similar to that of the trapezoid body of mammals (Foster and
Hall, 1978). We will not use this terminology here, in order not to support or reject
homology with mammals and to conform to Belekhova's terminology. Both superior olive
and ventral superior olive appear to receive projections from the first-order nuclei and
project to the torus in those lizards examined (Ariens-Kappers et al., 1936; Foster and Hall,
1978; ten Donkelaar, 1998; ten Donkelaar et al., 1987). A similar organization has been
found in the terrapin Testudo horsfieldi and the tortoise Emys orbicularis. In these turtles,
both olivary nuclei appear to receive input from the first-order nuclei, and the superior olive
is connected by a clear fiber tract to the ventral superior olive, similar to that shown in our
Figure 7B (Belekhova et al., 1985, 2008; Kunzle, 1986; Miller, 1980; ten Donkelaar, 1998).
Patterns of calcium-binding protein expression in gecko olivary nuclei are similar to those
observed in turtles, in which antibodies against PV and CB labeled both superior olive and
ventral superior olive and in which both olivary nuclei are connected with a dense,
intensively CR-ir bundle (Belekhova et al., 2008). These expression patterns are also similar
to those observed in Xenopus, in which a densely labeled CB-ir bundle projected to the CR-
ir superior olivary nuclei (Morona and González, 2009), and to those in mammals, in which
CR-ir labels the fibers extending into the superior olivary complex and the nuclei of the
lateral lemniscus (Lohmann and Friauf, 1996).

We have described a single lemniscal nucleus in gecko, consistent with results from Iguana
iguana (Foster and Hall, 1978) and the pond turtle (Belekhova et al., 1985, 2008). Three
nuclei are recognized in birds, dorsal, intermediate, and ventral (Arends and Zeigler, 1986;
Wild et al., 2001, 2009). In birds, the ventral nucleus projects back to the first-order nuclei
(Wild et al., 2009), the intermediate nucleus projects to thalamus (Wild et al., 2008; Wild,
1987), and the dorsal nucleus is largely GABAergic (Carr et al., 1989) and projects to the
inferior colliculus (Fujita and Konishi, 1991). In birds, the dorsal nucleus is also reciprocally
connected with its contralateral homologue via the commissure of Probst (Takahashi et al.,
1995; Takahashi and Keller, 1992). For gecko, we identify a dorsal nucleus, also
predominantly GABAergic, although tract-tracing studies are required to determine whether
it projects to the torus and to its contralateral homologue. We are unable to determine
whether an intermediate nucleus is present and hypothesize that the avian ventral nucleus of
the lateral lemniscus is homologous to the ventral nucleus of the superior olive in lizards and
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turtles. Embryological and tract tracing studies could be used to test this hypothesis.
Currently, the most compelling reasons to homologize the avian ventral nucleus of the
lateral lemniscus and lizard SOv are their immunohisto-chemical profile and topological
position. In geckos, the dorsal nucleus of the lateral lemniscus occupies a similar location
rostral to, and almost continuous with, the ventral superior olive (Belekhova et al., 2008;
Takahashi and Konishi, 1988a). Developmental analyses of the hindbrain nuclei in chicken
and quail embryos show that the avian superior olive is derived from rhombomeres 4 and 5,
whereas the dorsal and ventral nuclei of the lateral lemniscus originate from rhombomeres
1–3 (Marin and Puelles, 1995). Embryological studies of the rhombomeric origins of
individual auditory nuclei in lacertids and turtles may help to determine whether the avian
ventral nucleus of the lateral lemniscus is more appropriately grouped with the olivary
complex.

Organization of auditory midbrain
The torus semicircularis is the homolog of the inferior colliculus in birds and mammals and
is located caudal to and beneath the optic tectum. In lizards, the torus was previously divided
into a central nucleus, surrounded by laminar and superficial nuclei (Browner and Rubinson,
1977; Díaz et al., 2000; Kennedy and Browner, 1981; Smeets et al., 2006; ten Donkelaar et
al., 1987). Only portions of the laminar nucleus correspond to the avian intercollicular
nucleus, however, and Diaz et al. (2000) have proposed that use of this term be
discontinued, because the area incorporates cytoarchitectonically distinct regions. In this
study, we follow the subdivisions and some of the nomenclature introduced by Puelles et al.
(1994) and Robles-Moreno (1995). We focus only on the auditory central nucleus of the
torus or toral nucleus, separate from the surrounding areas, which are sometimes referred to
as the shell (Zeng et al., 2007; Browner and Baruch, 1984; Browner and Rubinson, 1977).
The central nucleus is the recipient of the lateral lemniscal fibers (Foster and Hall, 1978) and
projects to the auditory nucleus of the thalamus (Foster and Hall, 1978; Kennedy and
Browner, 1981; Pritz, 1974; ten Donkelaar et al., 1987). The reported auditory responses in
previous studies were probably recorded in the TSc in Gekko gecko (Kennedy, 1974;
Kennedy and Browner, 1981; Manley, 1981).

Immunoreactivity for CR, PV, and CB display distinct distribution patterns in the TSc.
These distribution patterns suggest the presence of subdivisions within the central nucleus
and different recipient zones for first-order, olivary, and lemniscal input. The existence of
toral subdivisions confirms the hodological and immunohistochemical observations of
Robles-Moreno (1995). Tract tracing combined with electrophysiological experiments are
needed to determine whether the gecko TSc, like the torus and inferior colliculus in other
vertebrates, has divisions based on different afferent inputs (for reviews see Covey and Carr,
2005; Schreiner and Winer, 2005). The restricted lateral distribution of CR-ir
immunoreactive terminals in the TSc suggests that this is the recipient zone for input from
NA and NL. We hypothesize that these CR-ir terminals originate from the CR-ir first-order
nuclei and NL, because a CR-ir immunoreactive tract originates from NA and NL (Figs. 2,
7) and because the terminals in TSc are similar in size and shape those in SO and LLD. A
second, ventral TSc division is PV-ir and may be the recipient zone for inputs from the LLD
and the olivary nuclei, insofar as these nuclei contain many PV-ir neurons. These ideas must
be tested by both physiological and tract tracing studies.

Turtles and anuran amphibians also display distinct distribution patterns in the torus, with a
mostly complementary pattern of CR and CB in Xenopus (Morona and González, 2009) and
a mostly complementary pattern of CR and PV in turtles (Belekhova et al., 2004). PV-ir
predominates in a restricted core region of the central nucleus, with CR and CB-ir in the
surrounding peripheral areas of the central nucleus. These complementary patterns of
expression in amphibians and reptiles are similar to the patterns of CR and
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acetylcholinesterase expression observed in the core and shell regions of the central nucleus
of the barn owl inferior colliculus (Adolphs, 1993; Takahashi et al., 1987).

Separate, nonoverlapping projections from first-order, olivary, and lemniscal nuclei are
somewhat incompatible with the tonotopy observed in the central nucleus of the auditory
midbrain of mammals, archosaurs, and amphibians. In these vertebrates, the inferior
colliculus is characterized by first-order projections throughout the central nucleus and by a
dorsoventral low- to high-frequency tonotopy, although the pattern and frequency range
differ (for reviews see Covey and Carr, 2005; Grothe et al., 2005). For the lizards, Browner
and Rubinson (1977) reported that Tupinambis nigropunctatus exhibited tonotopic
organization of the central nucleus of the auditory midbrain. Hartline and Campbell (1969)
were able to record auditory responses in the midbrain of snakes, although the precise
location of their recordings is not clear. If the gecko TSc is subdivided on the basis of
afferent inputs, with projections from the first-order nuclei and NL being lateral and olivary
and lemniscal projections ventral, then it is possible that separate tonotopically organized
regions will be observed in the ventrolateral segment of the TSc or that tonotopic laminae
abut, much as is the case in the barn owl inferior colliculus, in which input from NL to the
central nucleus core abuts input of a similar best frequency from the lemniscal nuclei and the
nucleus angularis into the central nucleus shell (Takahashi and Konishi, 1988a,b; Wagner et
al., 2002).
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Figure 1.
Western blots for CBPs, GAD, and SV2 in gecko brain. All blots except that for SV2 yield a
single band at estimated molecular weights of 29 kD, 28 kD, 65–67 kD, 15 kD, and about
200 kD for CR, CB, GAD, PV, and SV2 respectively.
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Figure 2.
Calcium-binding protein and SV2 immunoreactivity in horizontal sections. A: NM, NML,
and NA are CR-ir and innervated by CR-ir auditory nerve fibers. B,C: SV2
immunoreactivity is absent in the auditory nerve and thus reveals the unlabeled dorsal-
caudal fiber bundle (B) bifurcating to the dorsal NMM, lateral NML, and lateral NA. The
ventral-rostral fiber bundle (C) projects to medial NA. D: SV2 immunoreactivity in NMM
reveals SV2-ir perisomatic terminals. E: CR immunoreactivity in LLD and SO. F: In a more
ventral section, CR-ir terminals in lemniscal nuclei and SOv. CR-ir fibers connect the
olivary and lemniscal nuclei. Scale bar = 400 μm B (applies to A,B); 400 μm C; 100 μm in
D; 600 μm in E,F.
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Figure 3.
Calcium-binding protein and GAD immunoreactivity in nucleus magnocellularis and
nucleus laminaris. A,C: CR heavily labeled both cell bodies and axonal arbors of NM
neurons in transverse sections. B: Sagittal section reveals CR-ir neurons and fibers in NM,
NA, and NL; dashed lines indicate the plane of section for A,G. D: PV-ir auditory nerve
terminals surround NM neurons. E: CB-ir labels auditory nerve fibers and terminals and also
lightly labels NM neurons. F: GAD-ir terminals surround unlabeled somata in NM. G: More
rostral section shows NM, NL, and the SO and SOv. H: Enlarged region showing two
strands of CR-ir NL bipolar cells ventral to NM; arrows point to dorsal dendrites, cell body,
and ventral dendrites. I: GAD-ir terminals surround unlabeled somata in NL. Scale bars =
200 μm in A; 100 μm in B; 20 μm in C–E; 10 μm in F,I; 500 μm in G; 50 μm in H.
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Figure 4.
Fluorescence double labeling of calcium-binding proteins in NM, NL, and NA. The top row
shows CR (cyan) and PV (green) immunoreactivity, while the bottom row shows CR and
CB (green), all in transverse sections, with medial to the right. A,D: NM. A: CR- and PV-ir
labels many axons and terminals around CR-ir NM neurons. Note double labeled (white)
auditory nerve terminals. D: CB and CR are co-localized in the auditory nerve terminals and
in NM cytoplasm, with CB found in a ring under the cell membrane. B,E: NL. B: PV was
absent from NL, although double labeled PV and CR labeled the auditory nerve fibers above
NL in NM. CR-ir in NL shows a similar staining pattern as in the HRP
immunohistochemistry (Figure 3H). E: CB-ir was present at low levels in NM cytoplasm,
but not detected in NL. CR-ir fibers descended to eventually coalesce into the lemniscus,
below SO. C,F: NA. C: NA cell bodies are CR-ir, while PV is only localized to terminals
around neurons. F: CR heavily labeled many cell bodies in the medial area of NA. Some
more lateral neurons expressed both CR and CB, and some neurons express either CR or
GB. Note CR-ir fibers descended to join lemniscal fibers. Scale bars = 100 μm.
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Figure 5.
Calcium-binding protein immunoreactivity in nucleus angularis. A: Transverse hemisection
at the level of NA paired with a line drawing. B–E: Neurons in medial NA are intensely CR-
ir, although few neurons are CB- or PV-ir; CB and PV only labeled presumed auditory nerve
terminals in NA. Some neurons are GAD-ir, and GAD-ir terminals are distributed
throughout the neuropil. Scale bars = 500 μm in A; 100 μm in B–E; 10 μm in inset.
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Figure 6.
Calretinin terminals in the superior olivary nuclei. A: Transverse section through the
medulla at the level of NM and SO, paired with a drawing to show the CR-ir tract
connecting the first-order nuclei with the SO and SOv (black lines). CR-ir fibers delineate
the projection to the ipsilateral SO and SOv, and to the contralateral SOv. B: Higher
magnification view of CR-ir in SO and SOv. Arrows show the CR-ir fiber tracts to SO,
between SO and SOv, and the midline decussation between first-order nuclei and
contralateral SOv. C: Large CR-ir terminals in the SO. D: More rostral transverse section
through the medulla at the level of NA and SOv shows CR-ir fibers that decussate and
connect first-order nuclei and SOv (arrow). E: Enlarged view of the decussating CR-ir tract
(arrows). F: Large CR-ir terminals in both the SO and the SOv; note large perisomatic
boutons in SOv. G: Neurons in both SO and SOv are PV-ir, SO shown in horizontal section.
H,I: CB-ir labeled neurons in SO. J: GAD-ir terminals in SO, both perisomatic and
distributed through the neuropil. Scale bars = 500 at μm in A,B,D,E; 50 μm in C,F; 100 μm
in G,H; 20 μm inl; 10 μm in J. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 7.
Calcium-binding protein and GAD immunoreactivity in LLD. A,B: Horizontal sections
through LLDp, with lateral to the right, rostral to the top. A: PV-ir neurons and neuropil in
LLD. B: CB-ir neurons. C,D: Tranverse sections through LLD, with lateral right. C: GAD-ir
cells and terminals in LLDp and LLDa. D: CR-ir terminals surround unlabeled cell bodies in
both LLDa and LLDp. E: Schematic transverse section at the level of the lemniscal nuclei,
with stippling indicating CR-ir terminals. F: Schematic cross-section through lemniscal
nuclei showing the distribution of GAD-ir cells and terminals. Scale bars = 100 μm.
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Figure 8.
Calbindin and parvalbumin immunoreactivity in TSc. A: PV-ir cell bodies and neuropil
predominate in the ventral TSc (asterisk). B: CB-ir delineates the TSc. Note the decreased
CB-ir expression in the lateral region of TSc that receives CR-ir terminals (asterisk). cgt,
Commissure of griseum tectale; OT, optic tectum; Sc, preisthmic superficial area. Scale bars
= 500 μm.
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Figure 9.
Calretinin-ir neurons and terminals in the torus semicircularis. A: Transverse section
through the caudal torus. CR-ir neurons are abundant in the caudomedial shell nucleus
(CM), formerly called the laminar nucleus (B) and marked the boundary of central nucleus
of the torus (TSc; also termed toral nucleus or To by Puelles et al., 1994). B: CR-ir in CM.
C: CR-ir neurons with long dendrites at medial-dorsal border between CM and TSc. D: CR-
ir terminals in the lateral TSc. E: Schematic cross-sections. Scale bars = 200 μm in A; = 50
μm in B–D.
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Figure 10.
Fluorescence double labeling of calcium-binding proteins in the torus semicircularis.
Transverse sections through caudal (A,C), middle (B), and rostral (D) levels of TSc. Medial
is to the right for both B and D. A,B: CR (cyan) and PV: A: In caudal torus, CR labeled
terminals in the lateral portion of TSc (compare with CR-ir terminals in Figure 10D). At this
very caudal level, most PV-ir neurons overlapped with the CR-ir terminals (asterisk).
Arrows mark the pial surface. B: In TSc (left), the ventral PV-ir neuron region extends
laterally from the CR-ir terminal recipient region (asterisk) to the ventromedial Tsc
(compare with the PV-ir label here and in Fig. 11). Some CR-ir terminals surrounded PV-ir
neurons. C: CR and CB in caudal torus (outlined by dots). CR-ir terminals (asterisk) were
confined to lateral TSc, whereas CB-ir defined the entire TSc. D: CR and CB in rostral
torus. There are few CR-ir terminals in the TSc, but CB-ir defines the extent of TSc. Scale
bars = 100 μm in A,C; 200 μm in B,D.
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Figure 11.
Calcium-binding proteins in the nucleus medialis of the thalamus. A,B: CR-ir. C: CB-ir. D:
PV-ir. Many cell bodies in nucleus medialis (Med) are CR-ir and CB-ir, and some are PV-ir.
CR-ir fibers project laterally (arrow). Scale bars = 500 μm in A; 50 μm in B–D. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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TABLE 1

Antibody Characterization

Antibody Immunogen Manufacturer and type

Calretinin Recombinant human calretinin Swant 7699/66, rabbit polyclonal

Parvalbumin parvalbumin from carp muscle Swant PA-235, mouse monoclonal

Calbindin Chicken gut calbindin D28k Swant 300, mouse monoclonal

Glutamic acid
decarboxylase 65/67

C-terminal region of human GAD67 (amino acids 579–
594). Sigma G5163, rabbit polyclonal

Synaptic vesicle protein 2 Synaptic vesicles from Ommata electric organ SV2, Hybridoma Bank, University of lowa, mouse
monoclonal

J Comp Neurol. Author manuscript; available in PMC 2011 September 11.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Yan et al. Page 29

TABLE 2

Distribution of Calcium-Binding Protein- and Glutamic Acid Decarboxylase-lmmunoreactive Cells in Gekko
gecko

Antibody Calretinin Parvalbumin Calbindin Glutamic acid decarboxylase

Vlllth nerve +++ +++ +++

Nucleus magnocellularis +++ +

Nucleus angularis +++ + + +

Nucleus laminaris +++

Superior olive +++ +++ +

Ventral superior olive +++ ++ +

Dorsal nucleus of lateral lemniscus ++ ++ +++

Torus semicircularis, central nucleus ++ ++ +++ ++

Nucleus medialis of the thalamus ++ + ++
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