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ABSTRACT
We used tract tracing to reveal the connections of the

auditory brainstem in the Tokay gecko (Gekko gecko).

The auditory nerve has two divisions, a rostroventrally

directed projection of mid- to high best-frequency fibers

to the nucleus angularis (NA) and a more dorsal and

caudal projection of low to middle best-frequency fibers

that bifurcate to project to both the NA and the

nucleus magnocellularis (NM). The projection to NM

formed large somatic terminals and bouton terminals.

NM projected bilaterally to the second-order nucleus

laminaris (NL), such that the ipsilateral projection inner-

vated the dorsal NL neuropil, whereas the contralateral

projection crossed the midline and innervated the ven-

tral dendrites of NL neurons. Neurons in NL were gen-

erally bitufted, with dorsoventrally oriented dendrites.

NL projected to the contralateral torus semicircularis

and to the contralateral ventral superior olive (SOv). NA

projected to ipsilateral dorsal superior olive (SOd), sent

a major projection to the contralateral SOv, and pro-

jected to torus semicircularis. The SOd projected to the

contralateral SOv, which projected back to the ipsilat-

eral NM, NL, and NA. These results suggest homolo-

gous patterns of auditory connections in lizards and

archosaurs but also different processing of low- and

high-frequency information in the brainstem. J. Comp.

Neurol. 520:1784–1799, 2012.
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Tympanate ears evolved independently at least five

times in the ancestors of modern tetrapods, creating mul-

tiple parallel developments in processing of airborne

sound (Clack, 1997; Clack and Allin, 2004). A main fea-

ture of the tympanate ear of amphibians and reptilians

(lepidosaurs and archosaurs) is that their large, open

Eustachian tubes or interaural canals connect the two

middle ears, so that the inner surface of the tympanic

membrane is accessible to sound (Christensen-Dalsgaard

and Manley, 2005; Christensen-Dalsgaard, 2011). This

acoustical coupling can generate highly directional

responses at the tympanum (most pronounced in the liz-

ards; Christensen-Dalsgaard and Manley, 2005, 2008),

which raises the question of whether there are differen-

ces in the organization of the auditory circuits in species

with open Eustachian tubes and coupled, directional ears

and those with closed Eustachian tubes, such as

mammals.

Among the Reptilia, birds (archosaurs) are the most

intensively studied group, and their well-developed audi-

tory systems are models for studies of sound localization

and communication (for reviews see Carr, 1993; Burger

and Rubel, 2008; Grothe et al., 2010). In birds, the audi-

tory nerve enters the brain and divides in two, with the

ascending branch largely terminating in the nucleus angu-

laris (NA) and the descending branch in the nucleus mag-

nocellularis (NM). The nucleus magnocellularis projects

bilaterally to the nucleus laminaris (NL), which in turn

projects to the superior olive, to the lemniscal nuclei, and

to the central nucleus of the auditory midbrain. The NA

projects to the superior olive, to the lemniscal nuclei, and
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to the central nucleus of the auditory midbrain. The paral-

lel ascending projections of NA and NL may or may not

overlap with one another (Carr, 1992; Carr and Code,

2000). In mammals, the connections of the central audi-

tory system follow a similar ascending trajectory to lem-

niscal and midbrain nuclei (for reviews see Rouiller, 1997;

Cant and Benson, 2003; Grothe et al., 2005). Both avian

and mammalian ascending auditory pathways are charac-

terized 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 NL (birds)

and the olivary nuclei (mammals; for review see Cant and

Benson, 2003).

Lizards (lepidosaurs) differ from birds and mammals in

a number of ways. First, their inner ear has two tonotopi-

cally distinct populations of hair cells, one sensitive to

high frequencies (above 1.5 kHz), and one sensitive to

lower frequencies (below 1.5 kHz; Szpir et al., 1990; Man-

ley, 2000, 2002; Christensen-Dalsgaard et al., 2011). The

auditory nerve fibers that contact low-frequency hair cells

project to three of the four divisions of the first-order

nuclei, a medial and lateral NM and a lateral angularis,

whereas the auditory nerve fibers that innervate high-fre-

quency hair cells project only to the medial angularis

(Miller, 1985; Szpir et al., 1990). Second, only some

lizards have been reported to posses a distinct NL (ten

Donkelaar et al., 1987). Our recent results suggest that

these conflicting reports may result from variation in the

development of NM and NL, and that NL may be found in

all lizards (Yan et al., 2010). In geckos, NL is located

below NM and is characterized by a bitufted neuronal

architecture (ten Donkelaar et al., 1987; Yan et al.,

2010). It is also well defined in turtles (Miller and Kasa-

hara, 1979; Belekhova et al., 2008). The third major dif-

ference between archosaurs and other reptiles is that the

lizard and turtle superior olivary complex (SOC) includes

a dorsal superior olive (SOd) and an additional ventral

superior olive (SOv; Foster and Hall, 1978; ten Donkelaar,

1998; Belekhova et al., 2008; Yan et al., 2010).

The similarities among amniote auditory systems may

reflect their common ancestry, and the differences

among birds, mammals, and reptiles may reflect both in-

dependent phylogenetic development and behavioral

adaptations. One important factor may be the evolution

of complex vocal communication systems and a sophisti-

cated capability to discriminate frequency as well as

increased temporal resolution (Fuzessery, 1988; Ryan

et al., 1992; Köppl et al., 2000; Mello et al., 2004; Brittan-

Powell et al., 2010). Sound source localization is another

adaptation with specific biophysical and neuronal

network requirements (Grothe et al., 2005) and may be

different in reptiles with coupled ears. Our previous study

showed that the gecko auditory nerve fibers were sensi-

tive to both interaural time differences and interaural

level differences (Christensen-Dalsgaard et al., 2011). We

hypothesized that most neurons in the auditory pathway

would be directional, because the directionality is gener-

ated by the acoustically coupled eardrums. In this study,

we therefore investigated the organization of the auditory

brainstem in Gekko gecko, by combining physiological

recording and neural tract tracing, to focus on the projec-

tions of the auditory nerve, cochlear nuclei, and SOC. We

report that there are few differences between geckos and

birds in the organization of the auditory circuits, despite

the presence of coupled ears.

MATERIALS AND METHODS

Animal preparation
Adult Tokay geckos (Gekko gecko) of both sexes were

used in the present study. All animal care and anesthesia

followed the procedures approved by the University of

Maryland College Park Animal Care And Use Committee.

Geckos were preanesthetized in a mixture of isoflurane

and room air in a small chamber for about 10 minutes.

Afterward, a small plastic tube, connected to a vaporizer

and oxygen cylinder, was inserted loosely into the trachea

to maintain anesthesia. The isoflurane was vaporized and

mixed with oxygen at the vaporizer, with levels adjusted

to 3% during the operation to expose the brainstem, then

decreased to 0.5–1% during physiological recordings. Ani-

mals were allowed to recover from anesthesia and sur-

vived for 1–4 days before euthanasia. For perfusion, ani-

mals were anesthetized in a mixture of isoflurane and

room air in a small chamber, followed by i.m. injection of

euthasol at a dose of 7 mg/kg. When deeply anesthetized

(no response to toe pinch, depressed respiration), geckos

were perfused transcardially with 0.9% saline, followed by

4% paraformaldehyde in 0.1 M phosphate buffer (PB) for

1 hour.

As the first step, we made a brain atlas of auditory

nuclei in the brainstem and midbrain of geckos. After

postfixation in 4% paraformaldehyde and cryoprotection

in 30% sucrose, the brains were sectioned in the coronal

plane on a freezing microtome at 40 lm thickness, and

the sections were collected in order in PB. Sections were

mounted on gelatin-coated glass slides and air dried over-

night. Slides were then stained with cresyl violet and fast

blue and dehydrated through an ascending series of etha-

nols, cleared in xylenes, and coverslipped with Permount.

Physiological recording
Geckos were placed in a sound-attenuating chamber

for all measurements and maintained at about 25�C,

using a heating blanket with feedback control. Dorsal or

ventral surgical approaches were used to expose the

Auditory nerve, cochlear nuclei, and superior olive
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eighth nerve, brainstem, or midbrain. If necessary, small

paper probes were inserted between the brainstem and

the internal wall of skull, deflecting the medulla slightly

and exposing the proximal part of the right vestibular-

cochlear nerve (VIII), or between the midbrain and

cerebellum to expose the caudal part of the torus semicir-

cularis. After surgery, the head was held in a constant

position by gluing a stainless-steel head post to the pre-

frontal bone. Closed, custom-made sound systems were

placed at the entrance of both ear canals, containing

commercial miniature earphones and miniature micro-

phones (Knowles EM3068). After the sound systems

were sealed into the ear canal using Gold Velvet II ear

impression material, the sound systems were calibrated

individually from 100 Hz to 5 kHz with a step of 100 Hz.

Acoustic stimuli were digitally generated by custom-writ-

ten software driving a signal-processing system (Tucker

Davis Technology). Stimuli were generated separately for

the two ears by using a TDT AP2 signal processing board.

Both channels were then fed to the earphones via D/A

converters (TDT DD1), anti-aliasing filters (TDT FT6), and

attenuators (TDT PA4). Measures of best frequency were

derived by measuring changes in spike rate in response

to changing frequency (isolevel response curves). Stimuli

for measures of best frequency and average binaural

intensity (abi) were tone pips of 100 msec duration

(including 5 msec linear ramps), presented at a rate of

5/second. Stimulus levels were set between 20 and 80

dB SPL. Tungsten electrodes (20 MOhm; FHC Inc.) were

used for these recordings.

Tract tracing and rapid Golgi
When physiological recordings were complete, the

tungsten microelectrode was replaced by a tracer-filled

glass pipette, through which recordings of auditory

responses could be made prior to iontophoresis of neural

tract tracers. Three different tracers were used, neurobio-

tin (NB; Molecular Probes, Eugene, OR), cholera toxin

(CTX; List Biological Laboratories, Campbell, CA), and flu-

orescein isothiocyanate-conjugated dextran-amines

(FITC-DA; 3,000 MW; Molecular Probes). Tracers were

iontophoresed using alternating positive current of 1–2.5

lA for 10–20 minutes, i.e., 7 seconds on, 7 off. The crani-

otomy was sealed with a small gelfoam plug, followed by

tissue glue (Vetbond; 3M). Geckos recovered for 0.5–4

days in their home cages before they were euthanized

and perfused as described above. The brains were post-

fixed in the fixative overnight at 4�C and cryoprotected in

30% sucrose in 0.1 M PB at 4�C until they sank. The

brains were sectioned at 40 lm, usually in the coronal

plane.

For tract tracing with CTX, immunohistochemical pro-

cedures were used to visualize the labeled terminals and

fibers. Free-floating sections (40 lm) were preincubated

for 1 hour in a blocking solution consisting of 10% normal

goat serum and 0.3% Triton X-100 in 0.1 M PBS (pH 7.4).

Subsequently, sections were incubated with goat anticho-

leragenoid antibody (List Biological Laboratories), diluted

1:10,000 overnight at 4�C. After multiple washes in PBS,

sections were incubated for 1 hour in biotinylated sec-

ondary antiserum diluted 1:1,500. They were incubated

in avidin-biotin complex (ABC; Vector Laboratories, Bur-

lingame, CA) following PBS rinses and then stained with

SG chromogen (Vector Laboratories). Sections were

mounted on gelatin-coated glass slides and air dried over-

night. After being lightly counterstained with neutral red,

slides were dehydrated through an ascending series of

ethanols, cleared in xylenes, and coverslipped with Per-

mount. Similar steps were taken to visualize Neurobiotin.

Sections were cut at 40 lm, then washed in PBS and

incubated in the ABC (Vector Laboratories), followed by

the SG chromogen.

A modified Golgi-Cox technique was used on three

geckos (Ramón-Moliner, 1970; Glaser and Van der Loos,

1981). Animals were anesthetized with ketamine (20

mg/kg; Ketaject; Phoenix Pharmaceuticals, St. Joseph,

MO), followed by a lethal dose of pentobarbital (20 mg/

kg i.m.; Abbott Laboratories). Brains were removed and

placed in Golgi fixative containing potassium dichromate,

mercuric chloride, and potassium chromate (Rapid Golgi

Kit; FD NeuroTechnologies, Ellicott City, MD), then sec-

tioned in the transverse plane.

Data analysis
Injection site locations were determined by combining

observations on the spread of label, recording depth, and

physical location. The presence of densely labeled neu-

rons and neuropil was used to confirm the injection sites.

Fortunately, most auditory structures, except the SOd,

were located near either the dorsal or the ventral surface

of the brain, assisting in localization. Support for injection

sites being confined to a particular structure was that

both small and large injections yielded qualitatively simi-

lar anterograde and retrograde results.

Labeled neurons, axons, and terminals and the con-

tours of each nuclear group were photographed and

drawn using computer software (Neurolucida; Micro-

brightfield, Colchester, VT) connected to a microscope

(Olympus BX60). Sections with fluorescent label were

photographed with a Zeiss 710 confocal microscope.

Labeled terminals were measured by manually selecting

and circling the targeted region in ImageJ (NIH open

source), which calculated their area. Stained axons were

partially reconstructed to identify tracts, and all labeled

neurons and terminals were counted manually using the

Neurolucida system (Table 1). Labeled terminals were

Tang et al.
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divided into five categories, e.g., 1–10 terminals per nu-

cleus represented with þ, 11–100 with þþ, 101–500

with þþþ, 501–2,000 with þþþþ, and more than

2,000 with þþþþþ, in Table 2. Microphotographs were

cropped, and their brightness and contrast were adjusted

in Adobe Photoshop.

RESULTS

General description of auditory nerve and
brainstem nuclei

Nissl staining (present study) and immunohistochemi-

cal labeling (Yan et al., 2010) were used to define the

auditory nuclei and to describe the neuronal types in

each nucleus. In Nissl-stained material, two nuclear com-

plexes were identified in the medulla, a first-order coch-

lear nucleus complex and a superior olivary complex. The

cochlear nucleus complex was located in the dorsal

medulla, at the level of the auditory nerve entry (Fig. 1A).

It contained three nuclei, the first-order NM (Fig. 1A,B)

and the NA (Fig. 1D), and a second-order NL (Fig. 1B)

beneath the anterior NM (Fig. 1A). Two superior olivary

nuclei were located ventral to NL; the SOd proper was

located midway between NL and the ventral surface of

the brainstem, whereas the SOv formed a rostrocaudally

directed cell column on the ventral surface of the brain-

stem (Fig. 1C).

Auditory nerve
The eighth nerve has anterior and posterior branches,

the anterior branch being largely vestibular and the poste-

rior branch largely auditory (Barbas-Henry and Lohman,

1988; Szpir et al., 1990; Yan et al., 2010). To identify the

central projections of the auditory nerve, small neurobio-

tin injections were made into physiologically identified

portions of the auditory nerve of 10 geckos. We also

made larger injections of cholera toxin and dextran into

TABLE 1.

Neurons Labeled After Tracer Injection to a Specific Auditory Nucleus1

Case No. Inject site cNM cNL iNA cNA iSOd cSOd iSOv cSOv

107 NM/NL 3 32 (7)
157 NM/NL 305 15 2 176 (104)
108 NA 2 89 (9)
149 NA 14 1 5
163 SOd 199 16 67 (43)
165 SOd 7
159 SOd
166 SOv 5
167 SOv 13 7
71 TS 2 14 1 6 31
78 TS 9 28 (7) 3 (1)
80 TS 12 12 57 422 (20) 133

137 TS 6 4 152
156 TS 23 1 4 41 4

1Numbers in parentheses indicate labeled neurons located between SO and SOv. Differences in the number of labeled neurons may reflect differen-

ces in the size of the injection site.

TABLE 2.

Terminals Labeled After Tracer Injection Into a Specific Auditory Nucleus1

Case No. Injection site iNL cNL iNA cNA iSOd iSOv cSOd cSOv

39 NM þ þþ
107 NM/NL þþ þþ þþ þ þ
157 NM/NL þþþ þþ þþþ
108 NA þ þ
149 NA þþ þ þ þ
163 SOd þþþ
165 SOd þþ þþ
159 SOd þþ þþ
71 TS þ
78 TS þþ þþ
80 TS þ þþþþ þþ þþ
137 TS
156 TS

1þ, 1–10; þþ, 11–100; þþþ, 101–500; þþþþ, 501–2,000; þþþþþ, >2,000. Differences in the number of labeled terminals may reflect differ-

ences in the size of the injection site. Terminals were manually counted in Neurolucida software.

Auditory nerve, cochlear nuclei, and superior olive
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the nerve in three geckos (see below). In the neurobiotin-

labeled material, the auditory portion of the posterior

branch entered the brainstem, after which point the nerve

root bifurcated into ascending and descending branches

that both traveled medially across the dorsal surface of

the brainstem. The ascending branch projected largely to

NA and the descending branch to NM (Fig. 2A; six cases

with best frequencies at the injection site of 300–600

Hz). A separate, more ventral portion of the auditory

nerve appeared not to bifurcate, but to project exclusively

to NA (Fig. 2A; three cases with best frequencies at the

injection site of 1,400, 1,500, and 2,500 Hz; two cases la-

beled only NA).

Tonotopic organization of auditory nerve fiber terminals

did not appear precise, although reconstructions of intra-

cellularly labeled fibers may be needed to resolve this

question. There was some tonotopy within NA, in which

injections into low best-frequency (300–500 Hz) regions

of the auditory nerve labeled caudodorsal regions,

whereas the large injection into the 2,500-Hz best-fre-

quency region of the nerve labeled both rostroventral and

all of the most rostral regions of NA. In NM, low best-fre-

quency injections (400, 500, 1,100 Hz) led to label

throughout NM but no label in rostral NA. There were

some indications of tonotopic organization in rostral

regions of NM, where the 400- and 500-Hz injections

labeled terminals in lateral NM and the 1,100-Hz label

was more medial.

We hypothesize that, as has been shown by intracellu-

lar labeling in the alligator lizard (Szpir et al., 1990), the

projection to the medial and rostral NA originates from

high best-frequency hair cells. This is supported by bi-

modal measures of auditory nerve fiber diameters labeled

with neurobiotin after small injections into high and low

best-frequency regions of the nerve. The average diame-

ter of fibers that projected to NM was 2.65 6 0.69 lm,

with a range of 1.8–4.7 lm (n ¼ 86, six geckos). In con-

trast, the average diameter of fibers that projected only

to NA was 1.32 6 0.42 lm, with a range of 0.7–2.1 lm
(based on 82 fibers from six lizards). These means are

statistically different (Student’s t-test; P < 0.0001). When

we combine all measurements of fiber diameter, how-

ever, our data have a unimodal distribution, like that

observed in Tokay gecko auditory nerve by Miller (1985).

In transverse sections, the auditory nerve extended

into NM, with its preterminal branches splayed out like

fingers on a hand, filling the dorsal neuropil (Fig. 2B). Af-

ter large CTX and FITC-dextran injections into the audi-

tory nerve, terminals in NA (Fig. 2C) were denser than

those in NM (Fig. 2D), whereas no labeling was observed

in NL (Fig. 2E). Not only did terminal density vary between

NM and NA but so did terminal morphology. As reported

by Szpir et al. (1990), the terminals of lizard cochlear

nerve fibers fell into two separate classes. Gecko auditory

nerve terminals formed one class of small, simple endings

and a second class of large, relatively complex endings.

Figure 1. Drawings (left) and photomicrographs (right) of a series

of transverse sections from caudal to rostral, stained with cresyl

violet and luxol fast blue. For all drawings and photomicrographs,

the left side shows medial, right side lateral, top dorsal, and bottom

ventral orientations. The photomicrographs in the right panel were

trimmed according to the frames in the left panel. The black out-

lines show auditory nuclei (solid in drawings and dashed in photo-

micrographs). A: Location of caudal nucleus magnocellularis (NM)

and auditory nerve. B: Location of rostral NM, nucleus laminaris

(NL), dorsal superior olive (SOd) and superior olive ventralis (SOv).

C: Location of nucleus angularis (NA). D: Matching photomicrograph

showing Nissl-stained neurons in NM, and the dorsolateral and ven-

tromedial neuropil stained by fast blue. The auditory nerve is seen

on the dorsal brainstem. E: NM and NL neurons, showing that

these nuclei adjoin laterally F: Cellular architecture of SOd and

SOv. G: Dorsomedial NA with two fast blue-labeled efferent fiber

bundles oriented ventrally. Scale bars ¼ 500 lm in A–C; 100 lm
in D,F,G; 50 lm in E. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Tang et al.
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The small endings were bouton-like, were often preceded

by a short string of en passant swellings having various

sizes and shapes (Fig. 2), and were found in both NA and

NM. The areas of these individual terminal swellings were

measured, and, in NA, auditory nerve terminals had a

mean area of 3.16 6 1.69 lm2 (n ¼ 71, four geckos;

Fig. 2G1–3). Large endings were found only in NM and

formed swellings characterized by lobules and filopodia.

Although these endings were large, they were not fenes-

trated (fenestrations characterize the endbulb terminals in

birds and mammals; for review see Ryugo and Parks,

2003). The large endings were distinct from the boutons

Figure 2. Schematic drawing and photomicrographs showing projections of the auditory nerve to NM and NA. A: Horizontal drawing of

the gecko brainstem with lower frequency fibers (black) that entered the brainstem and bifurcated to terminate in NM and NA, whereas

higher best-frequency fibers (red) projected to medial NA. The gray outline shows a more ventral section at the level of the nerve root,

and the black outline is at the level of the first-order nuclei. B: Confocal image stack of a transverse section showing fibers labeled by

FITC-DA injected into auditory nerve, which terminated in the dorsolateral NM neuropil. C: Terminals in NM labeled by injection of CTX to

the auditory nerve. D: Terminals in NA labeled by injection of CTX to the auditory nerve. E: Labeled auditory nerve fibers in NM but not

NL. F: Relatively large terminal endings in NM. G: Small bouton terminals in NA. Scale bars ¼ 200 lm in B; 50 lm in C–E; 10 lm in F,G.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Auditory nerve, cochlear nuclei, and superior olive
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and were tightly associated with NM cell bodies (Fig. 2F).

After Szpir et al. (1990), we refer to such endings as ‘‘end-

bulbs’’ because of their resemblance to the endbulbs of

Held in primary auditory fibers of birds and mammals. In

NM, the mean area of the terminals was 13.73 6 15.24

lm2 (n ¼ 37, three geckos; Fig. 2F1–3), including both

boutons and endbulbs. It should be noted that even simple

bouton terminals in NM were larger than boutons in NA

and were also often associated with cell bodies (NM termi-

nal area range 2.9–79 lm2 vs. NA range of 0.3–9.4 lm2).

Cochlear nucleus complex
Nucleus magnocellularis

NM neurons were large, with round or ellipsoid cell

bodies, and were characterized by ventrally directed axons,

rugose cell bodies, and short dendrites in both Golgi-stained

material and cells retrogradely labeled with NB (Fig. 3A,B;

see also Fig. 2F2). The large injections of CTX and FITC-DA

into the auditory nerve described above were compared

with the Nissl-stained material to delineate the first-order

nuclei. Dye injections into the auditory portions of the nerve

labeled terminals throughout the neuropil of NM (compare

Fig. 1B,E with Fig. 2B,C). Comparisons with Nissl-stained

material revealed that the region containing these terminals

overlapped with both the cell body region of NM and the

neuropil above the NM cell bodies (Fig. 1D; see also Fig.

2B,C). In cross-section, NM changed from a small area of

neuropil most caudally to a mediolaterally directed band of

neurons rostrally (Fig. 3A,C–E). NM neurons had an axon

that generally descended below NM before bifurcating into

ipsilateral and contralateral branches.

Figure 3. Organization and cellular architecture of NM, after injection of NB in the contralateral NL. A: Outline drawings of NM in trans-

verse sections at 100-lm intervals from caudal (left) to rostral. B: Drawing of labeled neurons with large, round, rugose cell bodies and

ventrally orientated NM axons. C: Profile of caudal NM with most neurons labeled at the dorsolateral region. D: Neurons in middle NM.

E: Neurons in rostral NM; note their altered dorsomedial-ventrolateral orientation. F: High-power photomicrograph showing labeled neurons

in NM with round or ellipsoid form. Scale bars ¼ 200 lm in A; 10 lm in B; 50 lm in C–E; 15 lm in F. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Tang et al.
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Nucleus laminaris
NL was located beneath rostral NM and spanned a rela-

tively short rostrocaudal range. NL neurons were bitufted

in form, with dorsoventrally directed dendrites and spindle-

shaped somata (Fig. 4D). Generally, NL neurons formed a

compact layer of cells, about one cell layer thick medially

and two cell layers laterally. Projections from the ipsilateral

NM crossed the dorsal midline and innervated the ventral

portion of the contralateral NL, shown by injections in NM

(Fig. 4A,D, injection site). The contralateral NM axons were

thick (mean 3.02 6 0.79 lm, n ¼ 16, two geckos) and

traversed the dorsal portion of the median longitudinal fas-

ciculus in a pathway that was at first intermixed with

ascending lemniscal axons from NL. The ipsilateral NM also

projected to the ipsilateral NL and formed a terminal field

in the dorsal NL. One small injection in NM yielded a few

terminals in ipsilateral NL (Fig. 4B). A large neurobiotin

injection into NM overlapped slightly with NL, producing a

small number of labeled neurons in medial NL. This injec-

tion also labeled neurons in the contralateral NM (Fig. 4E).

All neurobiotin injections in NM led to labeled terminals in

the ventral neuropil of the contralateral NL (Table 2, Fig. 4E,

Figure 4. Connections and cellular architecture of NL labeled by injection of NB to NM/NL. A: Drawing to show an injection site in NM

(gray box) and NM axons that terminated in contralateral ventral NL. An enlarged view of the rectangular frame surrounding the contralat-

eral NL shows a single well-labeled axon, which formed terminal boutons on the ventral dendrites of NL neurons. B: Terminals in NL were

labeled with a small injection of NB in the ipsilateral NM. C: Bitufted neurons labeled after a small injection of NB into the fiber tract

entering the torus semicircularis. D: NB injection site in NM and NL revealed round cell bodies in NM and bitufted cells in NL. E: The con-

tralateral side of the same case as in D, showing retrogradely labeled neurons in NM and fibers in ventral NL. Scale bars ¼ 50 lm in

A,B,E; 20 lm in C,D. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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outlined with dots). NL projected to the contralateral torus

semicircularis (unpublished data). A midbrain injection in

the fiber bundle leading to the NL recipient region of the

torus semicircularis (TS) labeled only bitufted neurons in NL

(Fig. 4C). Other small injections of neurobiotin into the NL

recipient zone of the torus showed that the NL projection is

largely contralateral (Table 1, unpublished data).

Nucleus angularis
NA was larger than NM and was located rostral to NM. In

transverse sections, NA had an elliptical profile (Fig. 1C,G)

with neuronal cell bodies forming a shell like a glomerulus,

surrounding neuropil composed at least in part of NA den-

drites and auditory nerve axons and terminals. The open

portion of the glomerulus faces laterally, toward the entry

of the auditory nerve (Fig. 5A–F). A dense auditory nerve

terminal field, following a large injection of CTX into the au-

ditory nerve, labeled fibers that traveled dorsally in the

brainstem, immediately below the fourth ventricle, and

then descended to fill the NA neuropil (Fig. 5A).

NA projected to the torus semicircularis and exten-

sively to the ipsilateral SOd and also sent a major projec-

tion to the contralateral SOv. These projections were

delineated by injections into NA, SOd, SOv, and the torus

Figure 5. Neuronal architecture in NA following injections to different sites, all transverse sections. A: Labeled auditory nerve terminals

reveal the glomerular organization of NA, after injection of CTX into auditory nerve. B: Retrogradely labeled NA neurons after injection of

FITC-DA into contralateral torus semicircularis. C: Retrogradely labeled NA neurons after NB injection into the ipsilateral SOd. Inset: NA

neurons. D: Retrogradely labeled NA neurons after NB injection into contralateral SOd. Inset shows NA neurons. E: Retrogradely labeled

NA neurons after injection of NB into the contralateral SOv. F: Schematic drawing to show labeled neuronal distribution: neurons projec-

ting to TS marked by circles, neurons projecting to SOd marked with asterisks, and neurons projecting to contralateral SOv with triangles.

Scale bars ¼ 200 lm in A,B; 50 lm in C–E; 500 lm in F; 20 lm in inset C; 10 lm in inset D. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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semicircularis (Table 1). Neurons in NA were labeled retro-

gradely after injection of both FITC-DA and NB into the

contralateral torus semicircularis (Fig. 5B, and unpublished

data). Injections of NB into the SOd resulted in predomi-

nantly ipsilateral labeling of NA (Fig. 5C) and a few neurons

in contralateral NA (Fig. 5D, Table 1), whereas tracer

injected into SOv labeled exclusively neurons in contralat-

eral NA (Fig. 5E, Table 1). The projection from NA to SOv

was characterized by thick axons (mean 3.05 6 1.01 lm,
n ¼ 14) that crossed the midline diagonally and ventral to

the MLF. Axons stained by luxol fast blue (Fig. 1G) and NB

tracer (Fig. 5C) projected downward through two separate

paths that were divided by a bundle of anterior-posterior

fibers. Axons that originated from the dorsal part of NA ran

down medially (Fig. 1G), whereas those from ventral part

ran laterally (Figs. 1G, 5C). Consistently, neurons in these

two regions of NA were preferentially labeled after injec-

tions of either FTTC or NB into the torus semicircularis

(n ¼ three geckos, cases 71, 80, 156) or the SOC (n ¼ 3,

cases 163, 166, 167; Fig. 5F).

Superior olivary complex
The superior olivary nuclei were located in the ventral

hindbrain and consisted of two dorsoventrally separated

nuclei, a dorsal principal SOd and a ventral SOv (Fig. 1C).

Both form rostrocaudally directed cell columns (Yan

et al., 2010).

Dorsal superior olive
The dorsal superior olive is a cytoarchitectonically dis-

tinct region at the level of the cochlear nucleus, present-

ing a round profile in transverse sections. It contained a

heterogenous population of cells (Fig. 1B,F) and was

located in the ventral brainstem, below the vestibular

nuclei, and above the SOv. Injections of NB into NM/NL

revealed fibers that passed through the medial part of the

ipsilateral SOd and projected to SOv, in addition to retro-

gradely labeling a few neurons in the ipsilateral SOd (Fig.

6A). Small NB injections in NA labeled fibers and neurons

in the ipsilateral SOd (Fig. 6B,C, Table 1). Finally, the ipsi-

lateral SOd projected to the SOv, because a small NB

injection into the ipsilateral SOv labeled a few neurons in

SOd (Fig. 6D). Note that the SOv injections were made

with a ventral surgical approach, to avoid passing

through SOd.

Ventral superior olive
The SOv, containing a heterogeneous neuronal popula-

tion, was located at the bottom of the brainstem

(Fig. 1B,F) and was longer than the SOd in the anterior-

Figure 6. Organization of SOd and SOv. A: Injection of NB into contralateral NM/NL revealed retrogradely labeled neurons, fibers, and

terminals in the ipsilateral SOd and SOv. B: Fibers labeled after an injection into ipsilateral NA. C: Neurons labeled in SOd after an injec-

tion in ipsilateral NA. D: SOd neurons labeled after an NB injection into ipsilateral SOv. Scale bars ¼ 100 lm in A; 50 lm in B–D. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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posterior direction. Caudally, the SOv anastomosed with

SOd, and rostrally it terminated at the caudal origin of the

nuclei of the lateral lemniscus. NB injections into SOd

produced labeled neurons and fibers in SOv (Fig. 7A).

Some neurons located above the caudal SOv were also

stained and were considered to be either part of the most

caudal SOv or a bridge between SOd and SOv (Fig. 7A).

The SOv received primarily contralateral inputs from NL,

NA, and SOd (Table 2), and appeared to project back to

all ipsilateral auditory brainstem structures (Table 1). The

projection from NA to SOv was characterized by the thick

axons described above, which projected to the contralat-

eral SOv (Fig. 7D, Table 1), whereas terminal labeling was

observed in SOv following tracer injections into NL and

SOd (Table 2). Many retrogradely labeled neurons were

observed in the ipsilateral SOv after NB injections into

NM (Fig. 7B), NL (Fig. 7C), and NA (Table 1).

Summary of interconnections
Our description of the connections of the auditory

nerve, cochlear nuclei, and SOC is based on the results of

tract tracing experiments. NA received input from the

ascending branch of the auditory nerve and innervated

mainly the ipsilateral SOd, the contralateral SOv, and the

contralateral torus semicircularis (Fig. 8A, and unpub-

lished data). NM received inputs from the caudal, de-

scending branch of the auditory nerve and projected to

the dorsal neuropil of the ipsilateral NL and across the

midline to the ventral neuropil of the contralateral NL.

Lemniscal axons from NA and NL projected contralater-

ally to the SOd, SOv, and auditory midbrain though a fiber

bundle ventral to contralateral SOv (Fig. 8B). The SOv pro-

jected back to the ipsilateral first-order nuclei and NL.

DISCUSSION

Lizard ears are highly directional, with the middle ears

connected through the mouth cavity (Christensen-Dals-

gaard and Manley, 2005, 2008). The consequence of this

coupling is that auditory nerve responses are sensitive to

both interaural time and interaural level differences

(Christensen-Dalsgaard et al., 2011). Thus all neurons in

the central auditory system should show directional

responses, with the possible exception of very low best-

frequency (below 300 Hz) responses. We have examined

the physiological and anatomical consequences of this

directional system in the gecko.

Our tract-tracing studies reveal parallel low and high

best-frequency channels in the central auditory system.

These channels are created by the differential projections

of the unique high best-frequency region of lepidosaur

Figure 7. Profile and structures of SOv and its relationship to SOd. A: Injection of NB in SOd labeled neurons in the ipsilateral SOv and

neurons in the region between SOd and SOv. B: Neurons labeled in SOv after an injection of NB into the contralateral NM. C: Neurons la-

beled after NB injection into contralateral NL. D: Thick axons labeled after an NB injection in NA projected to the contralateral SOv. Scale

bars ¼ 100 lm in A,D; 50 lm in B,C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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basilar papilla (Manley, 2002), which terminates in the

high best-frequency region of medial NA. Despite the

emergence of these parallel channels, there are other-

wise few differences between geckos and birds in the or-

ganization of the auditory brainstem circuits, suggesting

homology of the brainstem nuclei.

Projections of the auditory nerve
Lizard inner ears are highly specialized, with sensitive

high-frequency hearing originating from a specialized region

of the papilla (Manley, 2002). Szpir et al. (1990) used intra-

cellular labeling of auditory nerve fibers in the alligator liz-

ard to show that the high-frequency region of the papilla

has a unique central projection to the medial part of NA.

Our data, and those of Barbas-Henry and Lohman (1988),

support this finding; geckos and monitor lizards have pat-

terns of auditory nerve fiber projections similar to those of

alligator lizards, with distinct projections of low and high

best-frequency fibers to NM and NA. Furthermore, in moni-

tor lizards, physiological studies have shown a high-fre-

quency bias in NA (Manley, 1976). Although a unique high

best-frequency pathway characterizes lepidosaurs, there is

evidence that the highest frequencies may also only project

to NA in birds (Konishi, 1970; Köppl, 2001).

Gecko auditory nerve fibers, labeled after small dye

injections into low to middle best-frequency regions of

the nerve, projected to NM and to caudal and lateral

regions of NA, whereas the auditory nerve fibers that in-

nervate high-frequency hair cells appear to project only

to medial and rostral NA. Our current data are also con-

sistent with the results of our immunohistochemical

study, which revealed that a ventral-rostral bundle of au-

ditory nerve fibers entered the brain and projected to

medial NA, whereas the rest of the auditory nerve bifur-

cated to project caudally to the NM and rostrally to more

lateral regions of NA in geckos (Yan et al., 2010).

The projections to medial NA were marked by smaller di-

ameter auditory nerve axons, consistent with the differen-

ces between Szpir et al.’s ‘‘tectorial and nontectorial

fibers,’’ here termed ‘‘low- and high-frequency fibers,’’

respectively. In the alligator lizard, fiber diameters aver-

aged 4.4 lm for low-frequency and 2.7 lm for high-

frequency fibers (Szpir et al., 1990). Nevertheless, our

measures of auditory nerve fiber diameters revealed a nor-

mal distribution, as had previously been shown for a num-

ber of lizards, including Gecko gecko (Miller, 1985). Thus,

although nerve distributions were unimodal, our ability to

differentiate between two populations revealed a consist-

ent difference in diameter between inputs to NM and NA.

Auditory nerve terminals in NM are larger than those in

NA, as is also the case in the alligator lizard, in which the

fibers terminating in medial NM can form large, axoso-

matic endings, which resemble mammalian and avian

endbulbs of Held (Ramon y Cajal, 1908; Parks and Rubel,

1978; Szpir et al., 1990, 1995; Carr and Boudreau,

1991). Szpir et al. (1990) used the presence of large axo-

somatic terminals in NM to support the hypothesis that

the division into a small bouton terminal pathway for

encoding loudness and a larger terminal pathway for

encoding temporal information predates the sauropsid

synapsid split and that these projections are therefore

homologous in mammals and Reptilia (for review see

Ryugo and Parks, 2003). Given the differences in the or-

ganization of the first-order nuclei in these groups, how-

ever, it is also possible that the dichotomy could result

from selection for temporal precision in both groups,

because large somatic terminals characterize temporal

coding pathways in other systems, such as the electro-

sensory system (Carr and Friedman, 1999).

Organization of the first-order nuclei
In many lizards, four nuclear populations receive pri-

mary auditory inputs: a medial and lateral nucleus

Figure 8. Summary of the connections of the cochlear nuclei

and superior olive complex. A: NA innervated mainly the ipsilat-

eral lateral portion of SOd, the contralateral SOv, and the contra-

lateral torus semicircularis. SOd and SOv both projected back to

the ipsilateral first-order nuclei. B: NM projected to the dorsal

neuropil of the ipsilateral NL and across the midline to the ventral

neuropil of the contralateral NL, whereas NL projected to the ipsi-

lateral SOd and to the auditory midbrain, through a fiber bundle

that descended to run ventral to the contralateral SOv (gray line).

SOv projected back to the ipsilateral NM and NL (dashed line).

Auditory nerve, cochlear nuclei, and superior olive
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magnocellularis and a medial and lateral angularis (Miller,

1975). Alligator lizards have a distinct medial NM, lateral

NM, medial NA and lateral NA, with medial NM containing

a homogeneous population of neurons called ‘‘lesser

ovoid cells,’’ whereas the lateral NM contained greater

ovoid and small cells (Szpir et al., 1995). We observed

similar large, oval neurons in gecko NM, but could not dif-

ferentiate between medial and lateral divisions. In

geckos, the ovoid cells in NM receive perisomatic audi-

tory nerve endings, some of which resemble the end-bulb

synapses in the avian NM and the mammalian AVCN.

Although these terminals are not as large and well devel-

oped as those observed in birds, they were complex in

form, large, and associated with cell bodies (Jhaveri and

Morest, 1982; Carr and Boudreau, 1991; Yan et al., 2010;

O’Neil et al., 2011). Furthermore, both Golgi and retro-

grade labeling of NM ovoid neurons revealed large neu-

rons with rugose cell bodies and short dendrites, much

like NM neurons in birds (Jhaveri and Morest, 1982; Carr

and Boudreau, 1993). These similarities suggest the lizard

NM is homologous to the NM of birds, crocodilians, and

turtles (Szpir et al., 1990; Carr and Code, 2000; Grothe

et al., 2005; Belekhova et al., 2008; Carr et al., 2009).

Immunohistochemical techiques revealed a clear NL in

Gekko gecko, although it had not been previously

observed in this species (Miller, 1975; Yan et al., 2010).

NL was identified on the basis of its location below NM,

bitufted neuronal architecture, pattern of connections

with NM, and similarity to NL in Varanus exanthematicus

(Glatt, 1975a,b; ten Donkelaar et al., 1987; Barbas-Henry

and Lohman, 1988). In geckos, NL is a curved structure

below NM, composed of a compact layer of bitufted or

spindle-shaped neurons with dorsoventrally directed den-

drites and merging laterally into NM (Yan et al., 2010).

Gecko NL received projections from both ipsilateral and

contralateral NM, revealing a connection pattern similar

to that found in birds, in which NL forms a circuit for com-

puting interaural time difference (Young and Rubel, 1983;

Carr and Konishi, 1990; Krützfeldt et al., 2010a; see dis-

cussion below).

There were some differences between the avian and

the gecko patterns. In a case with an injection of NB in

NM that overlapped slightly with NL, fibers from the con-

tralateral NM passed through the contralateral NL on

their way to the ipsilateral NL, unlike the avian pattern, in

which NM projected to the contralateral NL in a distinct

fiber bundle on the medial edge of ipsilateral NL (Young

and Rubel, 1983; Carr and Konishi, 1990; Cramer et al.,

2004; Krützfeldt et al., 2010a). In the gecko, NM and NL

axons appeared to be intermixed, until the NL axons

descended ventrally toward SOd and the torus semicircu-

laris, whereas NM axons traveled above and around the

medial longitudinal fasciculus, suggesting a closer con-

nection between NM and NL. These data are consistent

with the hypothesis that NM and NL derived from the

same primordium and separated in later evolutionary

events (Glatt, 1975a,b; Cramer et al., 2000; Kubke et al.,

2002; Yan et al., 2010).

Organization of the olivary nuclei
Unlike the case in birds, two olivary nuclei have been

described for lizards and turtles, a principal or dorsal nu-

cleus of the superior olive and a smaller, ventral superior

olive (Ariens-Kappers et al., 1936; Foster and Hall, 1978;

ten Donkelaar et al., 1987; ten Donkelaar, 1998; Bele-

khova et al., 2008; Yan et al., 2010). Both the SOd and

the SOv 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 et al., 1987; ten Donkelaar, 1998). A similar

organization exists in the tortoise Testudo horsfieldi and

the turtle Emys orbicularis (Miller, 1980; Belekhova et al.,

1985; Kunzle, 1986; ten Donkelaar, 1998; Belekhova

et al., 2008).

We have described a single lemniscal nucleus in the

gecko, consistent with results from Iguana iguana and the

pond turtle (Foster and Hall, 1978, Belekhova et al.,

1985, 2008; Yan et al., 2010). By comparison, three

nuclei are recognized in birds, dorsal, intermediate, and

ventral (Arends and Zeigler, 1986; Wild et al., 2001,

2009), of which the ventral nucleus projects back to the

first-order nuclei (Wild et al., 2009). We hypothesized that

the avian ventral nucleus of the lateral lemniscus is ho-

mologous to the SOv of lizards and turtles, because, in

geckos, the nucleus of the lateral lemniscus occupies a

similar location rostral to, and almost continuous with,

the SOv (Takahashi and Konishi, 1988a; Belekhova et al.,

2008; Yan et al., 2010). Here we show that the SOv proj-

ects back to all ipsilateral first-order nuclei, in a pattern

similar to the projection of ventral nucleus of the lateral

lemniscus in the zebra finch (Wild et al., 2010).

Processing directional information in the
first-order nuclei

In birds and alligators, binaural auditory brainstem cir-

cuits compute the interaural time and level difference

cues used in sound localization (for reviews, see Konishi

2003; Grothe et al., 2005; Burger and Rubel, 2008). We

have shown here that the circuits used for computing

interaural time differences in birds and alligators are ana-

tomically similar to those of geckos, although the func-

tional role of the gecko circuit is unknown, because

there are two major peripheral differences between lepi-

dosaurs and archosaurs. First, lizard ears are highly direc-

tional (Christensen-Dalsgaard and Manley, 2005, 2008,

Tang et al.
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Christensen-Dalsgaard et al., 2011), and, second, most

lizard inner ears are highly specialized, with sensitive

high-frequency hearing in a specialized region of the pa-

pilla and with distinct projections into a unique and well-

developed region of NA (Szpir et al., 1990; Manley,

2002). These lepidosaur adaptations should exert a no-

ticeable effect on the first-order auditory nuclei. Specifi-

cally, there should be no requirement for computing inter-

aural time and level differences and no separation of time

and intensity cues, because the gecko nerve responses

reflect the interaction of ipsi- and contralateral inputs on

the motion of the eardrum and therefore simultaneously

encode the interaural time difference (ITD) and the inter-

aural level difference (ILD) by changes in firing rate (Chris-

tensen-Dalsgaard and Manley, 2005; Christensen-Dals-

gaard et al., 2011). This raises the questions of what the

function of the NM-NL circuit could be in lepidosaurs and

what the ancestral condition could have been.

Although we do not yet know how the NM-NL circuit

functions in geckos, NM and NL were similarly organized

in birds, crocodilians, and geckos. The gecko NM was

somewhat smaller and less well developed than in birds,

and NM’s target, NL, was also smaller, but both gecko

and avian NL had bitufted neurons with segregated ipsi-

and contralateral inputs from NM (Young and Rubel,

1986; MacLeod et al., 2006; for reviews see Grothe et al.,

2005; Carr et al., 2009). Nevertheless, the directional na-

ture of the auditory nerve responses raises the question

of whether the lizard circuits work in the same way as

their avian counterparts, with excitatory inputs from both

ears synapsing upon coincidence detectors (Christensen-

Dalsgaard et al., 2011; for reviews see Schnupp and Carr,

2009; MacLeod and Carr, 2011), or whether the contra-

lateral inputs would be inhibitory.

Given these similarities, it is likely that NL appeared in

the shared ancestor of the archosaurs and lepidosaurs.

Christensen-Dalsgaard and Carr (2008) have argued that

these ancestors might also have had pressure gradient

receiver ears (i.e., a tympanum open to the buccal cavity),

and thus the NL function in lizards may be closer to the

ancestral condition. What was NL’s function in ancestral

reptiles? Even if these ancestors had coupled ears, binau-

ral comparisons would still have been necessary, because

any monaural directional response is ambiguous with

respect to level and location, and it is possible that these

comparisons take place in NL.

High and low best-frequency pathways
It is likely that the lepidosaur and archosaur ancestors,

before developing a tympanum, were able to hear air-

borne sounds by mechanisms similar to bone conduction

in humans. Sound would vibrate the skull, and the vibra-

tions would stimulate the sensory cells in the inner ear.

This pathway would be characterized by relatively low

overall sensitivity, mostly to frequencies below 400–500

Hz. The emergence of a tympanum, in addition to making

the ear more sensitive, would have extended its fre-

quency range to higher frequencies. The existence of a

low (ancestral)- and a high-frequency (novel) pathway in

the lizards may reflect this evolutionary history. The low-

frequency pathway would, from the earliest tetrapod

ancestor, have been characterized by phase locking,

lending itself to processing of time parameters. In con-

trast, the novel high-frequency pathway, analyzing the

tympanic input, would require processing of ILD, because

phase locking at the frequencies at which the eardrum is

most directional is almost nonexistent (Christensen-Dals-

gaard and Carr, 2008).

Because gecko ears are directional, neurons in the

first-order nuclei should show directional responses, with

the possible exception of very low frequencies (Vossen

et al., 2010). How these directional responses are proc-

essed at higher levels remains unknown. Binaural com-

parisons are still necessary, however, because any mon-

aural directional response is ambiguous with respect to

level and location, and it is possible that these take place

in NL for the low frequencies and in NA and SOv for the

high frequencies. Binaural comparisons could be by EI

(ipsilateral excitatory and contralateral inhibitory) neu-

rons, as hypothesized by Christensen-Dalsgaard and

Manley (2005); such neurons would sharpen the direc-

tional response, and we have preliminary physiological

evidence for contralateral inhibition. However, further

neurophysiological studies are necessary to explore the

functions of NL, to determine, for instance, whether inter-

aural phase difference sensitivity is improved over that

present in the nerve and whether interaural phase differ-

ence sensitivity can still be created when internal com-

munication between two ears is reduced by inserting a

mold in the mouth (Christensen-Dalsgaard et al., 2011).

NA is very large in geckos, reflecting an increased role

for high-frequency sound in lepidosaurs. Although less

attention has been paid to NA in birds compared with NM

and NL, NA’s connections with the superior olive, the

nuclei of the lateral lemniscus, and the inferior colliculus

(homologue of torus semicircularis) are well established

and resemble those found in the gecko (Takahashi and

Konishi, 1988b; Krützfeldt et al., 2010b). In lizards, NA

contains variably sized darkly staining cells (Miller, 1975;

Szpir et al., 1995), consistent with our immunohistochem-

ical results showing that NA contains a more heterogene-

ous grouping of cells than NM and NL (Yan et al., 2010)

and Szpir et al.’s (1995) findings of duckhead, multipolar,

bulb, and agranular cells in alligator lizard NA. These find-

ings are also consistent with observations in birds, in

which NA is also heterogeneous (Soares and Carr, 2001).

Auditory nerve, cochlear nuclei, and superior olive
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The gecko NA is connected with the contralateral SOv

through a well-developed projection across the midline.

Insofar as the SOv projects back to the first-order nuclei,

it might provide an inhibitory projection to create EI

responses like those proposed by Christensen-Dalsgaard

and Manley (2005). The projections of gecko NA are very

similar to those observed both in birds and in Iguana

iguana (Foster and Hall, 1978; Conlee and Parks, 1986;

Takahashi and Konishi, 1988a; Wang and Karten, 2010).

In both gecko and iguana, NA projected to the ipsilateral

SOd, the contralateral SOv, the NLL, and the torus semi-

circularis. The similarity of organization in the auditory

brainstem of lizards and birds suggests the existence of

similar structures in their common ancestor. Clack

(2003) suggested, based on fossil evidence, that this

common ancestor was atympanate. In that case, the

structures would have evolved for the analysis of low-fre-

quency sounds, received via some kind of bone conduc-

tion. The evidence for an independent evolution of the

tympanum in archosaurs and lepidosaurs is relatively

weak, however, and may have to be reinterpreted in light

of our findings.
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