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Abstract

Despite the absence of tympanicmiddle ears, snakes can hear. They are thought to pri-

marily detect substrate vibration via connections between the lower jaw and the inner

ear. We used the western rat snake (Pantherophis obsoletus) to determine how vibra-

tion is processed in the brain. We measured vibration-evoked potential recordings to

reveal sensitivity to low-frequency vibrations. We then used tract tracing combined

with immunohistochemistry and Nissl staining to describe the central projections of

the papillar branch of the VIIIth nerve. Applications of biotinylated dextran amine to

the basilar papilla (homologous to the organ of Corti of mammals) labeled bouton-like

terminals in two first-order cochlear nuclei, a rostrolateral nucleus angularis (NA) and

a caudomedial nucleus magnocellularis (NM). NA formed a distinct dorsal eminence,

consisted of heterogenous cell types, and was parvalbumin positive. NM was smaller

and poorly separated from the surrounding vestibular nuclei. NM was distinguished

by positive calbindin label and included fusiform and round cells. Thus, the atympa-

nate western rat snake shares similar first-order projections to tympanate reptiles.

Auditory pathways may be used for detecting vibration, not only in snakes but also

potentially in atympanate early tetrapods.
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1 INTRODUCTION

With over 4000 species in the suborder Serpentes, snakes are a diverse

group of reptiles that have invaded ecological niches ranging from

the oceans to tropical canopies (Uetz et al., 2023). Little is known

about their auditory systems, except that they lack tympana and are

instead thought to detect vibration through the lower jaw (Wever,

1978), which articulates with the quadrate coupled to the inner ear via

the stapes (Figure 1a). How snakes process this vibrational informa-

tion is poorly understood, motivating our study of the auditory nerve

projections to brain.
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Among sauropsids, auditory brainstem circuitry has been most

extensively studied in birds, and their organization is thought to be rep-

resentative of all groups in this clade (Carr et al., 2016; Conlee & Parks,

1986; Takahashi & Konishi, 1988a, 1988b; Walton et al., 2017). The

auditory branch of the VIIIth nerve terminates in two nuclei, a more

caudal nucleus magnocellularis (NM) and a rostral nucleus angularis

(NA). NM and NA serve as the first-order cochlear nuclei for ascend-

ing binaural andmonaural pathways to the inferior colliculus (Ashida &

Carr, 2011; Grothe et al., 2004).

Prior studies of the snake auditory systemhave shown that the audi-

tory portion of the VIIIth nerve targets dorsal nuclei in the rostral
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F IGURE 1 Overview of auditory structures
of the western rat snake. (a) Schematic line
drawing of the skull of the western rat snake
showing the relative position of the inner ear
(green). Rostral border of the otic capsule is
marked by the dashed line. Gray arrow points to
the basilar papilla located close to themedial
wall of themembranous labyrinth. L, lagena; O,
otic capsule; P, posterior semicircular canal; Q,
quadrate; S, saccule; St, stapes. Line drawing of
the rat snake skull was adapted fromAuen and
Langebartel (1977). (b)Medial view of the
posterior branch of the VIIIth nerve innervating
the basilar papilla (BP), lagenamacula (L), and
posterior crista (P). The nervous tissue was
stainedwith Sudan black B. The saccular macula
(S) is on the opposite side (lateral) and occluded
from view. Scale bar= 1mm. (c) Schematic line
drawing of the head of the western rat snake
and the relative position of the brain (pink). 8N,
cranial nerve VIII.

medulla, although interpretation and description of its first-order pro-

jections vary. Holmes (1902) described a single “small and ill-defined”

nucleus dorsalis. Weston (1936) described a single cochlear nucleus

homologous to NA, while ten Donkelaar and Nieuwenhuys (1979)

found only a “dorsal magnocellular nucleus.” Schwab (1979) confirmed

a single cochlear nucleus but noted that in Cylindrophis it could be

divided into anterior and posterior subnuclei. Molenaar (1976), while

examining Python reticulatus, identified a small rostral NA in addition

to a large caudal NM. Miller (1980) also differentiated NM and NA,

and further separatedNM into nucleusmagnocellularmedialis andNM

lateralis to align with the nuclear subdivisions of the caiman (Leake,

1974) but noted that in some speciesNAwas not “sharply demarcated”

and the two magnocellular nuclei may be merged. These results were

agreed upon by DeFina (1981) and Defina and Kennedy (1983).

There are several potential explanations for the inconsistencies in

the description of snake cochlear nuclei. First, most literature recog-

nized snake cochlear nuclei based on histological boundaries, which

may be confounded when nuclei lack differentiation, a phenomenon

sometimes observed in the octavolateralis system (McCormick, 1999).

Second, snakes in general have small basilar papillae (Miller, 1968,

1978; Wever, 1978). In vivo recordings show auditory sensitivities

below 1000 Hz, which is a restricted low-frequency bandwidth com-

pared with most other sauropsids (Christensen et al., 2012; Hartline,

1971; Wever, 1978), suggesting that snake cochlear nuclei may be

reduced and potentially difficult to find. Third, snakes lack a tympanum

andare thereforemost sensitive to substrate vibration (Hartline, 1971;

Hartline & Campbell, 1969;Wever, 1978). They detect high-amplitude

sound pressure via sound-induced head vibrations (Christensen et al.,

2012).

In this study, we used tract tracing, immunohistochemistry, and

Nissl staining to investigate the projections of the cochlear branch of

the VIIIth nerve in the western rat snake (Pantherophis obsoletus). We

hypothesized that there are dedicated auditory nuclei in the brain-

stem similar to that seen in other sauropsids and that inconsistencies

in the literature might reflect species-specific variation. The west-

ern rat snake was selected due to its wide availability, indications of

distinct cochlear nuclei (DeFina, 1981; Defina & Kennedy, 1983), mod-

erate hearing abilities (Wever, 1978), and well-described inner ear

(Miller & Beck, 1990). In addition, Wever’s (1978) methods of using

cochlearmicrophonics to assess hearing thresholds have received crit-

icism (Manley, 2017), so we re-evaluated auditory sensitivity of the

western rat snake using vibration-evoked potential recordings. We

found thewestern rat snakewasmost sensitive to low frequencies, sim-

ilar to other snakes. Further, we showed that the auditory nerve of the

western rat snake projects to two first-order cochlear nuclei, a small

caudomedial NM and a larger, distinct rostrolateral NA.

2 MATERIAL AND METHODS

A total of 37 western rat snakes (P. obsoletus; snout–vent length: 20–

140 cm) were obtained commercially for this study. Snakes were kept

in a 12:12-h light–dark cycle with 21–27◦C temperature range and

offered mice and water ad libitum. Anesthesia and animal handling

protocols were approved by the University of Maryland College Park

Animal Care and Use Committee.

2.1 Vibration-evoked potential recordings

Twelve snakes were used for vibration-evoked potential recordings.

Snakes were anesthetized with isoflurane (5%) until fully anesthetized

(determined by loss of muscle tone, lack of righting reflex, and lack

of reflex to tail pinch), and plane of anesthesia was maintained with

2% isoflurane for the duration of the experiment. Experiments were

performed in an anechoic chamber (21◦C). We used QuickABR, a cus-

tom software developed by Christian Brandt (University of Southern

Denmark, Odense, Denmark), to generate stimuli and record evoked
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HAN AND CARR 1263

F IGURE 2 Vibration-evoked potential recordings. (a) Recording setup for measuring evoked potentials. The snake’s headwas placed on the
green platform connected to amini shaker. Two recording electrodes were inserted on the snake’s head, one dorsal to the brainstem (blue) and one
dorsal to the VIIIth nerve (red). The reference electrode (green) was inserted into the neck of the snake. (b) Vibration-evoked potential waveforms
in response to click stimulations in the presence of a 100-Hzmasker. Responses tomasked (orange) and unmasked (blue) clicks were overlaid, and
threshold was determined visually as the lowest level where a clear discriminable difference could be seen from the twowaveforms (indicated by
the asterisk). Click stimulus is shown above evoked potential waveforms in black

potentials (Brandt et al., 2007). Vibrational stimuli were produced

with a mini-shaker (Type 4810; Brüel & Kjær, Nærum, Denmark) con-

nected to a custom-made platform and placed under the snake’s head

(Figure 2a; Christensen et al., 2012). The mini-shaker was calibrated

using a piezoelectric accelerometer (Type 4381; Brüel & Kjær, Nærum,

Denmark) connected to a conditioning amplifier (Type 1704; Brüel

& Kjær). The accelerometer itself was calibrated using a calibration

exciter (Type 4294; Brüel & Kjær) at 10ms−2, 159.15Hz.

Vibrational stimuli and experimental procedure for measuring

vibration-evoked potential recordings followed that of Capshaw et al.

(2020). In brief, we compared evoked potentials in response to a broad-

band click with or without a masking tone, and detection thresholds

were determined visually as the lowest level where the tone had

a masking effect (Figure 2b). Compared to using tone bursts, this

method avoids the “frequency splatter” of short low-frequency stim-

uli (Brandt et al., 2018). The click stimulus used consisted of one half

cycle of a 2000-Hz signal at an amplitude that elicited 90% of the

maximal neural response, and pure tone maskers ranged from 20 to

1000 Hz. Three electrodes were inserted subcutaneously, including

two measuring electrodes, one dorsal to the brainstem and one dor-

sal to the VIIIth cranial nerve, and one reference electrode placed

into the neck of the snake (Figure 2a). Evoked potentials were ampli-

fied with an RA4PAMedusa pre-amplifier (Tucker Davis Technologies,

Alachua, FL, USA) and recorded by an RM2 digital signal processor

(Tucker Davis Technologies, Alachua, FL, USA) with a sampling rate of

24.4 kHz. Evoked potentials were averaged over 800 repetitions, and

every second stimulus was phase inverted. Vibration thresholds were

plotted against frequency in MATLAB v2019b (Mathworks, Natick,

MA, USA).

2.2 Tract tracing

A total of 19 snakes were used for tract tracing. Following the anes-

thesia described above, the heart was exposed by ventrally opening

the body cavity, and the snakes were perfused transcardially with

oxygenated ice-cold Ringer’s solution (96.5 mM NaCl,

31.5 mM NaHCO3, 4 mM CaCl2, 2.6 mM KCl, 2 mM MgCl2, and

20 mM D-glucose, from Kohl et al. [2014]). After decapitation and

removal of the lower jaw, the dorsal skull was placed in a Sylgard-lined

dish containing ice-cold Ringer’s solution.

To locate the auditory endorgan, the basilar papilla, and its asso-

ciated nerve bundle in the inner ear labyrinth, we first stained

the inner ear with Sudan black B, modified from procedures of

Rasmussen (1961). Briefly, the whole head was immersion-fixed in

4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS)

overnight. Themembranous labyrinthof the inner earwas carefully dis-

sected out andwashed in distilled water to remove excess fixative. The

tissue was rinsed in 30%, 50%, and 70% ethanol for 5 min each, then

transferred to a saturated alcoholic solution of Sudan black B. After

staining for 10 min, the tissue was transferred to 70% ethanol for dif-

ferentiation under the dissection scope, then washed in 50% ethanol

and distilled water. Finally, the tissue was transferred to 90% glycerol

for clearing and storage.
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1264 HAN AND CARR

To label afferents from the basilar papilla, the otic capsule was

opened dorsally to expose themembranous labyrinth. After removal of

otoconia in the saccule, the saccular macula was moved aside, and the

cochlear duct opened with fine forceps to reveal the small bundle of

nerves supplying the basilar papilla. Excess fluids were removed, and

biotinylated dextran amine (BDA; Dextran, Biotin, 3000MW, Lysine

Fixable, Invitrogen, Carlsbad, CA, USA) crystals were applied to the

papillar nerve bundle with a tungsten electrode. The isolated headwas

placed in a humid chamber in an 8–10◦C refrigerator to allow tracer

uptake for 15min, and then rinsedmultiple timeswithRinger’s solution

to remove excess tracer.

After injection of tracer into the basilar papilla, the isolated head

was immersed in oxygenated Ringer’s solution in an 8–10◦C refrigera-

tor for 24–48 h to allow for tracer transport, with oxygenated Ringer’s

solution changed every 12–24 h. The brain was then immersion-fixed

in 4% paraformaldehyde in 0.01MPBS for 24 h, and subsequently cry-

oprotected in 30% sucrose in 0.01 M PBS for 24 h. Tissue was cut on

a freezing microtome in 50-μm coronal sections, rinsed in 0.01M PBS,

and then incubated in avidin biotin complex (ABC; Vector Laboratories,

Burlingame, CA, USA), in 0.2% Triton X in 0.01 M PBS solution for 12

h at room temperature. Afterward, sections were reacted using Vec-

tor SG/Peroxidase Substrate Kit (Vector Laboratories) for 5–10 min,

rinsed with buffer, and then mounted on gelatin-subbed slides. After

air-drying overnight, slides were counterstained with Neutral Red,

dehydrated, and cover slipped. In specimens used for basilar papillae

label, the membranous labyrinths were also dissected free, reacted,

and mounted to check for possible contamination of tracer in other

endorgans.

2.3 Immunohistochemistry

A total of three snakes were used for immunohistochemistry studies.

After fixing and cryoprotecting the brain as described above, the brains

were sectioned on a freezing microtome at 30-μm coronal sections.

Free-floating sections were incubated in a blocking solution of 4% nor-

mal goat serum in 0.01 M PBS with 0.4% Triton-X (TX) for 20 min.

Sections were subsequently incubated in antisera against (1) calbindin

(CB; Swant, Belinzona, Switzerland; Cat# CB38, RRID: AB_10000340)

and (2) parvalbumin (PV; Sigma–Aldrich, St. Louis, MO, USA; Cat#

ZRB1218, RRID: AB_2893272), both diluted at 1:1000 in 0.01 M PBS

and 0.02%TX, for 18 h at 4◦C (Yan et al., 2010). Afterwashing, sections

were incubated in biotinylated goat anti-rabbit secondary antisera

(Vector Laboratories; Cat# BA-1000, RRID: AB_2313606), diluted at

1:1000 in 0.01MPBS and 0.02% Triton-X, for 1 h. Following wash, sec-

tions were then incubated in ABC and reacted with the SG/peroxidase

kit and mounted on gelatin-subbed slides to air-dry overnight. Slides

were then counterstained with Neutral Red, dehydrated, and cover-

slipped. In a previous study using the same antibodies, western blots

were used to examine antibody specificity in the related Tokay gecko

(Yan et al, 2010). In the gecko, blots with CB and PV showed a major

band at an estimated molecular weight of 28 and 15 kDa, respectively,

similar to the measurement in other species (CB: Ellis et al., 1991; PV:

Celio, 1990; Lohmann & Friauf, 1996).

To optimize staining patterns, we incubated cerebellar tissue in

the presence or absence of primary antibodies. Purkinje cells were

immunoreactive to CB and PV primary antibodies, and were not

stained in their absence (Basianelli, 2003). Serial dilutions of primary

antibodies from 1:500 to 1:5000 were used to optimize the working

concentrationof eachantibody.Wemeasured theoptical density of the

labeled neurons in relation to antibody dilution and selected an anti-

body concentration of 1:1000 because it was in the linear stage of the

optical density versus concentration plot.

2.4 Histology

Two snakes were processed for Nissl staining. After fixation, cryopro-

tection, and sectioning the brain as described above, sections were

mounted on gelatin-subbed slides and air-dried overnight. Slides were

then stained with cresyl violet, dehydrated, and coverslipped. A third

snake was used for plastic embedding in order to visualize myeli-

nated auditory nerve fibers. After anesthesia, this snake was perfused

transcardially with 2% electron microscope (EM) grade paraformalde-

hyde and 2% EM-grade glutaraldehyde in 0.13 M phosphate buffer

(pH 7.4). Following 24 h postfix of the snake’s head, the brain was

removed and sectionedwith a vibratome at 100 μm. The basilar papilla

and its connecting nerve were also carefully removed. The tissue was

fixed in 1% osmium tetroxide, washed with 0.05 M maleate buffer

(pH 5.2), dehydrated, and embedded in Epon araldite 502 (Electron

Microscopy Sciences, Hatfield, PA, USA). The papillar nerve contain-

ing preganglionic fibers was sectioned orthogonal to the nerve root at

1 μm thickness, and the brain and postganglionic fibers were sectioned

in the transverse plane of the brain, oblique to the long axis of the

axons. Sectionsweremountedonglass slides and stainedwith toluidine

blue.

2.5 Anatomical analyses

Brainstem auditory nuclei were identified based on physical loca-

tion and projection pattern. Labeled neurons, terminals, and axons

were visualized, photographed, and traced with Neurolucida (MBF

Bioscience, Williston, VT, USA) in conjunction with a light micro-

scope (Olympus BX60). Nuclear volume and morphometrics of neu-

rons and terminals were quantified with Neurolucida Explorer (MBF

Bioscience). From BDA-labeled sections, random nonoverlapping loca-

tions were selected within the borders of the cochlear nuclei and the

area of every terminal in each region of interest was measured at

1000×.

The number of neurons was counted by first drawing a contour

around the cochlear nucleus and thenplacing amarker oneveryneuron

with a clear nucleolus within the nuclear boundaries, thereby count-

ing every neuron. We counted the total population of neurons instead
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HAN AND CARR 1265

of obtaining an estimate using stereological protocols because the vol-

umeofNMwas small. To evaluate the feasibility of using a stereological

estimate, we first calculated the average sampling fraction (asf) using

the equation asf = area of counting frame/area of sampling grid. In a

given section, the total area of NM often fits within the size of the

counting frame, and the area of the counting frame and the area of

the sampling grid are similar in size. Hence, in the case of counting

NM neurons, asf is approximately 1, requiring sampling of 100% of

each section. In other words, the total population of NM neurons must

be counted instead of estimated from stereology. To ensure the same

methods were used for counting NM and NA, we decided to count,

instead of estimate, the total population of NA neurons. We were

aware that errors arising from split nucleoli might cause overestima-

tion and should be corrected by an equation fromAbercrombie (1946):

Nreal = Ncounted × T/(T + h), where T is the thickness of the section and

h is the thickness of the nucleoli. However, since the section thickness

was 50 μm, which greatly exceeds the typical maximum dimension of

nucleoli, T/(T+ h) approaches 1.

Morphometrics of neurons were measured at the plane where a

clear nucleolus could be seen. The form factor of neurons was defined

as the area of the neuron profile divided by the area of a circle having

the same perimeter, calculated as (4π × area/perimeter2). As the con-

tour of the neuron approaches a perfect circle, the value approaches

1. The total number of auditory nerve fibers was counted by placing

a marker on every axon in a single cross section of the preganglionic

papillar nerve. The mean diameter of preganglionic fibers was quanti-

fied by measuring cross sections of every axon in MyelTracer (Kaiser

et al., 2021) as equivalent circle diameter (ECD), calculated from

2√(area/π). While the plane of section was orthogonal to the nerve

root, note that use of ECD may overestimate the axon diameter if the

plane of section deviates from a perfect cross section. Postganglionic

fiber diameterswere obtained from transverse sections that contained

obliquely cut fibers, and in these cases the largest minor axis of the

ellipse was measured in ImageJ (NIH). Measurements of the postgan-

glionic axon diameter were obtained from all visible axons in a single

1-μm semithin transverse brain section. The g-ratio was calculated as

the ratio between the inner axondiameter and theouter axondiameter

that includedmyelin.

3 RESULTS

3.1 Vibrogram

The vibration thresholds of western rat snakes followed a U-shaped

curve (n = 5 for 20 and 35 Hz stimuli, n = 12 for all other fre-

quencies tested; Figure 3), with best frequencies between 50 Hz

(−29.6 ± 2.4 dB re. ms−2) and 100 Hz (−29.2 ± 3.2 dB re. ms−2). The

latency of the evoked potential response from the click stimulus onset

was 4.6 ± 0.8 ms at 21◦C (n = 12; Figure 2b). Vibration sensitivity was

similar for 20 and 35 Hz, increased at 50 and 100 Hz, and declined

rapidly at frequencies above 100 Hz. All thresholds measured were at

least 20 dB above the total octave noise.

F IGURE 3 Vibrogram of the western rat snake. Detection
thresholds are plotted asmean± SEM. Individual thresholds, •; noise
floor,○. For 20 and 35Hz,N= 5. For all other frequencies tested,
N= 12.

3.2 Auditory nerve

The VIIIth nerve is divided into an anterior branch that receives input

from the anterior and lateral semicircular canals, saccule and utricle,

and a posterior branch that receives input from the posterior semicir-

cular canal, saccule, basilar papilla, and lagena (see Figure 1b,c; Baird,

1970; Wever, 1978). The basilar papilla is recognized as an auditory

endorgan in land vertebrates (Fritzsch et al., 2013;Walton et al., 2017).

BDA crystals placed in the small nerve roots supplying the basilar

papilla labeled cell bodies in the dorsal portion of the posterior ganglia.

In the brain, the labeled axons in the posterior nerve root bifurcated

to form a lateral ascending branch projecting to NA and a more medial

descending branch projecting toNM,withNAextendingmore rostrally

and NM extending more caudally (Figure 5a,b). Cochlear nerve fibers

projecting toNMmainly traveled ventral toNA. Fibers from the basilar

papilla did not project to other hindbrain targets.

We counted 838 fibers from the cross section of the auditory nerve

(Figure 4a). Table 1 summarizes the measurements of axon diame-

ters leaving the basilar papilla (Figure 4a; preganglionic), leaving the

cochlear ganglia before bifurcation (Figure 4b; postganglionic, prebi-

furcation) and after bifurcation to innervate the NA (Figure 4c) and

NM (Figure 4d), as well as their respective g-ratios. The sites of bifur-

cation were not visible in the semithin sections. We also could not

accurately identify the boundaries of NM. Thus, identification of the

postbifurcation fibers was an approximation based on their location

in the transverse brain sections. Note that postganglionic fibers were

measured fromtransverse sectionsof thebrain and typically havemore

variable diameters.

After labeling of the basilar papillawithBDA, bouton terminalswere

found tobedistributed throughoutNAandNM.Most bouton terminals

were located in the neuropil, with a smaller number of large periso-

matic bouton terminals. The mean area of bouton terminals in NA was
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1266 HAN AND CARR

F IGURE 4 Auditory nerve axons. (a) Low-magnification cross sections of the preganglionic papillar nerve. For all photomicrographs, the left
side showsmedial, right side lateral, top dorsal, and bottom ventral orientation. Scale bar= 50 μm. Inset: Grayscale higher magnification view
shows that most fibers aremyelinated. Scale bar= 5 μm. (b) Transverse brain sections showing the postganglionic papillar nerve in the dorsal part
of the posterior branch of the VIIIth nerve (area in dashed lines). Scale bar= 10 μm. (c) Transverse brain sections showing the papillar nerve
collaterals in nucleus angularis (NA). Arrow indicates an NA neuron. Scale bar= 10 μm. (d) Transverse brain sections showing the possible papillar
nerve collaterals around nucleus magnocellularis (NM). Scale bar= 10 μm.

2.3 ± 1.3 μm2 (n = 234, from three snakes) and the mean area of bou-

ton terminals inNMwas 1.4±1.0 μm2 (n=287, from three snakes). No

large lobulated terminals (endbulbs) were observed in the western rat

snake NA or NM.

3.3 Nucleus angularis

NA formed a distinguishable eminence on the dorsal surface of the

medulla adjacent to the VIIIth nerve root (Nissl; Figure 6a). Caudally

NA extended as a thin layer that impinged upon the ventrally located

nucleus vestibularis ovalis and expanded rostrally to end near the

cerebellomedullary junction. NA axons, terminals, and neurons were

strongly PV positive, and the PV-positive area overlapped with label

from papillar nerve projections (Figure 6b). In cresyl violet–stained

sections, NA contained large round cells (Figure 6c), small round cells

(Figure 6d), and fusiform cells (Figure 6e). Measurements of cell mor-

phometrics are compiled inTable2. The cell areasof the large roundcell

type inNAhad a large standard deviation, suggesting that this category

may be heterogeneous. We did not quantify the respective percent-

ages of each neuron type, but observed that round cells were relatively

abundant, whereas fusiform cells were relatively scarce. We counted

580.3± 54.3 neurons in NA (average from three animals).

NA was identified by inputs from the basilar papillar nerve branch,

its rostral position in the neuraxis, and by projections to the superior

olivary nucleus and torus semicircularis. The details of the projections

of NAwill be described in a later study.

3.4 Nucleus magnocellularis

NM was located close to the dorsal surface of the brain, above the

medial vestibular nucleus. In transverse sections, NM occupied a

smaller area thanNA and, in contrast to NA, did not form a distinguish-

able eminence. CB immunohistochemistry allowed for identification

of NM, and serial sections of the CB-ir (CB-immunoreactive) mate-

rial yielded approximately 40 CB-ir neurons in the location of NM

(Figure 7b). Since we were unable to identify nucleoli unambiguously

in the immunohistochemical material, the NM cell counts are given as

an approximation. NMneurons were also lightly positive for PV.

Because of its small size and low cell count, NM was difficult to

detect in the Nissl material (Figure 7a). We were, however, able to use

papillar nerveprojections to identify the rostral borderofNMasmedial

and caudal to NA. The boundaries between the two nuclei were clearly

demarcated (Figure 5 a). The caudal border of NM extended slightly

caudal to the VIIIth nerve root. Themajority of cells in NMwere round,
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HAN AND CARR 1267

F IGURE 5 Projections of the papillar branch of the VIIIth nerve. (a) Brainstem projections of the auditory branch of the VIIIth nerve. Arrows
denoting two terminal fields in nucleus magnocellularis (NM) (left) and nucleus angularis (NA) (right). A small portion of the dorsal brainstem
overlaps the cerebellum (CB). Inset: Lateral view showing plane of section. Scale bar= 100 μm. (b) Schematic line drawing of cochlear nuclei based
on projections in panel (a). Axons were labeled in gray to show their projection to the cochlear nuclei. 8N, cranial nerve VIII. Scale bar= 100 μm. (c)
Terminal field in NA. Scale bar= 10 μm. (d) Terminal field in NM. Compared to the terminal field in NA, most of the bouton terminals were small in
NM. Scale bar= 10 μm.

F IGURE 6 Nucleus angularis in the western rat snake. (a) Location and boundaries (dashed line) of nucleus angularis (NA) in the acoustic
tubercle, stained with cresyl violet. Inset: Lateral view showing plane of section. Scale bar= 100 μm. (b) Parvalbumin-immunoreactive NA neurons
and neuropil (arrow), counterstained with neutral red. Scale bar= 100 μm. (c–e) High-magnification images of Nissl-stained large round (c), small
round (d), and fusiform (e) cells in NA. Scale bar= 10 μm.
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TABLE 2 Morphometrics of different neuron types.

Cell type Sample size Mean area± SD Form factor± SD

Nucleus angularis

Large round 32 142.1± 71.2 0.82± 0.07

Small round 30 39.8± 10.6 0.85± 0.04

Fusiform 9 79.1± 34.7 0.52± 0.06

Nucleus

magnocellularis

Round 51 64.7± 22.4 0.81± 0.07

Fusiform 15 76.4± 26.3 0.54± 0.08

Note: Measurements of NA neurons were obtained from Nissl-stained sec-

tions from a single animal. Measurements of NM neurons were obtained

fromCB-ir sections from two animals. Mean areas in μm2
± SD.

with a smaller population of similarly sized fusiform cells. Measure-

ments of cellmorphometrics are compiled in Table 2.NMneuronswere

measured at maximum diameter in each 50-μm section since nucleoli

were difficult to identify in immunostainedmaterial.

NMwas identified by several features: its caudal position in the neu-

raxis, the receipt of primary afferent input from the basilar papilla, and

lack of projections to the superior olivary nucleus and the torus semi-

circularis. The details of the projections of NM will be described in a

later study.

4 DISCUSSION

Since the studies of Miller (1980) and Defina (1981), both of whom

used anterograde axonal degeneration of the VIIIth nerve, there

have been no further attempts to examine the auditory brainstem

neuroanatomy in snakes. In the current study, we determined the

boundaries, size, and potential connections of the first-order cochlear

nuclei of the western rat snake (P. obsoletus), using a combination of

Nissl staining, tract tracing, and immunohistochemistry. We have also

measured the hearing sensitivity of this species.

Despite the absence of tympanic ears, snakes can hear. Vibration-

evoked potential recordings demonstrate that the western rat snake

has peak sensitivity in the low-frequency range (50–100 Hz), simi-

lar to that of other snakes (Christensen et al., 2012; Hartline, 1971).

However, the vibration threshold for the western rat snake was about

25 dB higher at the low frequencies, and about 10 dB higher at higher

frequencies, than the ball python and rattlesnake (Christensen et al.,

2012; Hartline, 1971). This discrepancy may result from differences in

methodology. We used isoflurane as the anesthetic agent, while Chris-

tensen et al. (2012) andHarline (1971) used ketamine and sodium pen-

tobarbital, respectively. Compared to injection anesthetics, isoflurane

has been reported to increase auditory evoked response thresholds

in barn owls and rodents (Cederholm et al., 2012; Ruebhausen et al.,

2012; Stronks et al., 2010; Thiele & Köppl, 2018). The sensitivity to

aerial sound of western rat snakes assessed using cochlearmicrophon-

ics reported best frequencies around 400 Hz (Wever, 1978), higher
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HAN AND CARR 1269

F IGURE 7 Nucleusmagnocellularis in the western rat snake. (a) Location of nucleus magnocellularis (NM) (dashed line) corresponding to the
area defined in the calbindin-immunoreactive (CB-ir) material and nerve tracing results, stainedwith cresyl violet. Note the lack of distinct nuclear
boundaries in this area. Inset: Lateral view showing plane of section. Scale bar= 100 μm. (b) CB-ir NMneurons (arrows). Scale bar= 100 μm. Inset
top right: Magnified view of NMneurons. Note the presence of both round and fusiform cells. Scale bar= 20 μm.

than that in our findings. This discrepancy may be attributed to their

low sample size (n= 2).

4.1 The auditory nerve projections are similar to
low-frequency fibers in other reptiles

The number of papillar nerve fibers counted in our study (838) was

consistent with Miller and Beck (1990), who counted 824 fibers in the

same species. Western rat snake auditory nerve fibers were similar

in size to other reptiles. For example, the mean diameter of tectorial

and free-standing fibers (likely excluding myelin, preganglionic) was

2.81 and 1.97 μm, respectively, in the alligator lizard (Mulroy & Oblak,

1985), comparable to 2.2 μm of the western rat snake. A large-scale

survey of auditory nerve fibers (including myelin, preganglionic) in 37

lizards reported that the majority of axon diameters fell in the 2–4 μm
range (Miller, 1985), which also overlaps that of the western rat snake

(3.3 μm). Similar measurements of preganglionic fibers were found in

birds (Köppl, 1997; Köppl et al., 2000). The g-ratio of axons were also

comparable to that of birds (Köppl, 1997; Köppl et al., 2000).

Projections from the western rat snake basilar papilla entered the

medulla where they bifurcate and terminate in two nonoverlapping

nuclei, NA and NM, following the diapsid pattern (Carr, 2020; Wal-

ton et al., 2017). These auditory nerve projections were similar to

those of lizards, although studies that measured postganglionic nerve

fiber diameters from tract tracing material reported larger diameters

in alligator lizards and geckos (Szpir et al., 1990; Tang et al., 2012).

These differencesmay arise frommethodological variation, since Szpir

et al. (1990) measured horseradish peroxidase-labeled fibers in 50-

μm thick sections. Tang et al. (2012) found that fibers projecting to

NMwere thicker than those projecting to NA in the gecko, whereas in

the western rat snake, NM collaterals were thinner than NA collater-

als. Moreover, in birds, relatively thicker myelination was observed in

smaller axons (Köppl et al., 2000); in contrast, the thin NM collaterals

of the western rat snake had myelination comparable with the larger

diameter NA collaterals.

The terminals of thewestern rat snake auditory nerve formed round

boutons in NM and NA. We found no evidence of the large axoso-

matic terminals resembling endbulbs of Held that can be found in

lizards, birds, alligators, and mammals (Carr & Boudreau, 1991; Carr &

Soares, 2002; Szpir et al., 1990; Tang et al., 2012). Endbulb synapses are

hypothesized to facilitate phase-locking at high frequencies (Carr et al.,

2001; Carr & Soares, 2002; Hong & Sanchez, 2018). Their absence

was unsurprising, since the low best frequency region of the barn owl

NM (<1 kHz) and the chicken NM (<500 Hz), which overlaps with the

vibration detection range of western rat snakes, also receives bouton

terminals instead of endbulbs (Fukui & Ohmori, 2004; Köppl, 1994;

Wang et al., 2017). Turtles share similar best frequencies with the

western rat snake (Christensen-Dalsgaard et al., 2012; Crawford &

Fettiplace, 1980), and also do not have large terminals in NM (Willis,

2014), contrary to a prior report (Browner &Marbey, 1988).

4.2 The location of NA in the western rat snake
differs from that of lizards

NA forms a dorsal eminence in the acoustic tubercle adjacent to the

VIIIth nerve root in the western rat snake. This corroborates the find-

ing of Weston (1936) in the garter snake (Thamnophis), where NA was

identified as the only cochlear nucleus. In other studies, it is unclear

whether the single auditory nucleus recognized by Holmes (1902),

Schwab (1979) and ten Donkelaar and Nieuwenhuys (1979) was NA. It

is possible that a dorsal eminence consisting of only NA does not trans-

late toother snake species (seediscussionbelowonNM).Nevertheless,

NA iswell-developed in thewestern rat snake, andhas a similar number

of cells to the alligator lizard NA, with 618 neurons (Szpir et al., 1995)

versus 580 in the western rat snake NA.

The western rat snake NA is located more laterally than NA in

lizards. In lizards, NA is separated into medial and lateral divisions,

with medial NA located close to the medial surface of the acoustic

tubercle (Barbas-Henry & Lohman, 1988; Foster & Hall, 1978; Miller,

1975; Szpir et al., 1990; Tang et al., 2012). The medial division of NA

is the only region of the first-order nuclei to receive inputs from the

specialized high-frequency areas of the basilar papilla with bidirection-

ally oriented hair cells (Köppl & Manley, 1992; Manley, 2002; Miller,

1992; Szpir et al., 1990, 1995). The snake basilar papilla, however, does

not have specialized high-frequency areas and only houses unidirec-

tional hair cells (Manley, 2002;Miller, 1978, 1980;Miller&Beck, 1990).
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1270 HAN AND CARR

Its projections toNA terminate laterally. Themost parsimonious expla-

nation for the difference in NA’s location is that ancestral snakes

secondarily lost the medial high-frequency regions in the squamate

basilar papilla, likely related to the loss of their tympanic middle

ear (Manley, 2017). NA is also located laterally in archosaurs includ-

ing birds and crocodilians (Köppl, 2001; Leake, 1974; Soares & Carr,

2001). Considering the early divergence of lepidosaurs and archosaurs

(Ezcurra et al., 2014), similarities between the location of the western

rat snake NA and the avian NA may reflect the ancestral pattern, and

the medial division of NA in lizards is most likely a derived condition

related to the specialized high-frequency region of their basilar papilla.

NA contains heterogenous cell types; large cells and small round

cells were abundant and fusiform cells rare. Similar heterogenous dis-

tributions of cell types characterize the NA divisions in the alligator

lizard (Szpir et al., 1995) and the avian NA (Bloom et al., 2014; Häusler

et al., 1999; Soares & Carr, 2001).

4.3 NM is small in the western rat snake

NM in the western rat snake is located medially in the acoustic tuber-

cle and caudal to NA, and its location is consistent with observations

fromprevious literature on snakes, and similar to other reptiles (Carr &

Boudreau, 1991; Foster & Hall, 1978; Leake, 1974; Miller, 1975, 1980;

Molenaar, 1976; Szpir et al., 1990; Willis & Carr, 2017). While Miller

(1980) describedNMas consisting of anNMmedialis andNM lateralis,

he alsonoted that inPituophis cateniferandNerodia sipedon the twodivi-

sionswere “not clearly separable,” and thatNM forms “a cap-like shield

over theunderlyingvestibular nuclei.” In the closely relatedwestern rat

snake, we were also unable to differentiate NM into medial and lateral

divisions.

The western rat snake NM is remarkably small, occupying a smaller

area than NA in transverse sections, and it does not form a notable

dorsal cap. These findings conflict with earlier quantifications of NM

and NA in P. obsoletus (formerly Elaphe obsoleta; DeFina, 1981; Defina

& Kennedy, 1983), where NM nuclear volume (0.084 mm3) exceeded

NA volume (0.022 mm3) in adult animals (average length = 93.1 cm).

To compare, in our measurement of an adult animal (case 124, CB-ir,

length = 120 cm), the volume of NM was about an order of magni-

tude smaller than that of NA (NM = 0.004 mm3, NA = 0.041 mm3).

Moreover, Defina and Kennedy’s (1983) average count of 146.2 neu-

rons in NM exceeded our estimate by 3-fold. These discrepancies may

arise from the resolution of their methodology; quantitative data by

DeFina (1981) and Defina and Kennedy (1983) were largely obtained

fromNissl-stainedmaterial andVIIIth nerve axonal degeneration. Dur-

ing our study, we found that nuclear boundaries of the western rat

snake NM were difficult to delineate solely based on Nissl material

(Figure 7a). The method of VIIIth nerve degeneration could also lead

to unspecific labeling of adjacent vestibular nuclei. While it is possible

that therewasheterogenous expressionofCB inNM,whichwould lead

to our underestimation of the number of cells in NM, both the neuron

number and nuclear volume of NM from our study greatly exceeded

that of NA in DeFina (1981) and Defina and Kennedy (1983), which

suggests that they, andpossiblyMiller (1980)whoused the samemeth-

ods, may have overestimated the area of NM in some snake species,

including the western rat snake.

The small size of the western rat snake NMwas supported not only

by visual comparisons but also by cell counts. The alligator lizard NM

has 245neurons (Szpir et al., 1995), and the avianNMtypically exceeds

2000 neurons (Winter, 1963; Winter & Schwartzkopff, 1961), both of

which are greater than the approximately 40 neurons found in the

western rat snake. Auditory specialists have a higher number of cells

in the cochlear nuclei compared to nonspecialists (Kubke et al., 2004),

and the small number of cells in the western rat snake NM suggests

that the western rat snake is not an auditory specialist. Furthermore,

the presence of a large NA and a small NM suggests that ascending

monaural pathways aremore prominent than binaural pathways in this

snake. We cautiously avoid generalizing the small size of NM to all

snake species, since there is evidence for better developedNM in other

snakes (personal observations; Miller, 1980;Molenaar, 1976).

4.4 Snakes have a central auditory system for
processing vibration despite loss of the tympanic
middle ear

Although earlier authors have proposed that snakes diverged prior to

the appearance of the tympanic middle ear in the lepidosaur lineage,

and that the atympanic middle ear in snakes is ancestral (Miller, 1968;

Tumarkin, 1955), more recent paleontological evidence, including that

from many crown-group lepidosaur fossils, reveals an expanded lat-

eral quadrate concavity (conch) that preceded thedivergenceof snakes

(Evans, 2016; Ford et al., 2021; Simões et al., 2018). These findings

support the alternative hypothesis that snakes secondarily lost their

tympanic middle ear. Our results suggest that first-order cochlear

nuclei remained present despite the loss of an impedance-matching

middle ear and tympanum to improve the detection of airborne

sound.

Sensitivity of snakes to airborne sound can be explained by sound-

induced head vibrations alone (Christensen et al., 2012), which sug-

gests that sound pressure and substrate vibration are both presented

to snakes as vibrational stimuli. Therefore, it is reasonable to con-

clude that snakes, at least to some extent, detect vibrations using

the auditory endorgan, the basilar papilla, and centrally process vibra-

tional stimuli in the ascending auditory pathways. While seismic or

aquatic vibration are primarily detected by otolithic endorgans such

as the saccule in fish and amphibians (Christensen-Dalsgaard & Buhl

Jørgensen, 1988; Christensen-Dalsgaard & Carr, 2008; Popper & Fay,

1999), nonotolithic endorgans such as the organ of Corti in mam-

mals and the amphibian papilla in amphibians also facilitate vibration

sensing (Capshaw et al., 2022; Christensen-Dalsgaard & Narins, 1993;

Stenfelt, 2013; Yu et al., 1991). In snakes, it has been hypothesized

that vibrational stimuli impinging on the lower jaw or quadrate may

cause movement of the stapes relative to the oval window, causing

fluid displacement in the inner ear and stimulation of the basilar papilla

(Friedel et al., 2008; Wever, 1978). Currently, parsimony supports
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HAN AND CARR 1271

the contribution of auditory pathways to vibration detection; in vivo

recordings from the papillar branch of the VIIIth nerve or cochlear

nuclei would provide direct evidence. Additionally, we do not rule out

thepossibility that the saccule, or other otolithic endorgans in the inner

ear, may also contribute to the snake’s sensitivity to vibration.

Given that the basilar papilla may have evolved only once (for

review, see Fritzsch et al., 2013), its appearance would have preceded

the evolution of the tympanic middle ear, and there likely existed a

period in evolutionary history where tetrapods were atympanic but

had basilar papillae. Many early tetrapods, such as Captorhinus, pos-

sessed stapes coupled to the quadrate bone (and indirectly the lower

jaw) similar to the condition in snakes (Clack, 1997; Clack & Ander-

son, 2016; Sobral et al., 2016). While the ability of a snake-like middle

ear for detecting airborne sound was likely poor (Christensen et al.,

2012; Hartline, 1971; Hartline & Campbell, 1969), our study suggests

that it could potentially stimulate papillar pathways tomediate hearing

vibrations in early land vertebrates.
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