trance of the subject and ensured its correct observing position as well as its response after tone
presentation. A standard 12 V halogen lamp illuminated the chamber. Closed-circuit video ob-
servation via an IR-sensitive webcam (ISlim 321R, Genius, Langenfeld, Germany) equipped with
IR-light emitting diodes (LED) mounted above the speaker allowed visual control during the test
sessions. An array of blue flashing LEDs mounted on top of the speaker indicated an ongoing tri-
al to the animal (Figure 1.2-1).

For each session I transferred the animals into a wooden start box from which they had access
to the observing platform. For one animal, the female, I placed the whole system in front of the
home cage, which then served as the start box, so that the fox was free to enter and start trials

voluntarily during the session times.

Figure 1.2-1 Setup used to establish the red fox behavioural audiogram. A transportable semi-anechoic chamber
was either connected to a wooden start box or placed in front of the cage of the animals. The foxes were trained to
wait in the observing position for the presentation of a pure tone upon which they should leave the observing posi-
tion to obtain a food reward from an automatic pellet dispenser. False alarms were punished with time-outs. Stimu-
lus presentation, subject control through infrared-photobeams, and reward/punishment allocation were fully com-
puterized.



STIMULUS CONTROL

I used a multi-1/O processor unit (RZ6, Tucker-Davis Technologies (TDT), Alachua, FL, USA)
with a maximal sampling rate of 200 kHz to generate, amplify and attenuate pure tones of
500 ms duration. A software-controlled cosine gate (RPvdsEx V. 74, TDT) created rise and fall
times of 25 ms and 50 ms for frequencies above 63 Hz and up to 63 Hz, respectively. Stimuli
with frequencies higher than 63 Hz were transmitted through a dual concentric loudspeaker
(Arena Satellite, Tannoy, UK; 80 Hz-54 kHz frequency response), for the frequencies 50 Hz and
63 Hz I used a 12” (30 cm) subwoofer (Punch HE, Rockford Fosgate, Tempe, AZ, USA; 28-200
Hz frequency response). The dual concentric loudspeaker was mounted at 0° elevation and at a
distance of 60 cm in front of the animal while the subwoofer was placed on the foam-covered
floor of the chamber with the speaker membrane facing away from the animal.

I calibrated the sound intensity at the head position for each frequency at 80 dB sound pres-
sure level (SPL, re 20 pPa) with a Precision Sound Level Meter (2231, Briiel & Kjer (B&K),
Naerum, Denmark) equipped with a 1/4” free field microphone (4939, B&K, 4 Hz-100 kHz;
corrected for free field response with protection grid on). The sound level meter was calibrated
before each measurement with a sound level calibrator (4230, B&K; 94 dB re 20 pPa at 1 kHz)
equipped with a 1/4” adaptor (DP-0775, B&K). A flexible extension rod (UA-0196, B&K) min-
imized the risk of measuring reflections from the 2231 case. I used an 1/3-octave filterset (1625,
B&K) to measure sound pressure levels between 50 Hz and 20 kHz, for higher frequencies I
measured with the high pass (>12.5 kHz) filter of an infra- and ultrasound filter set (1627,
B&K). For all sound measurements I used linear frequency weighting. Because the head of the
animal was not fixed within the sound field I controlled the presented sound intensities as fol-
lows. At each frequency I assessed three SPL values within the observing cage: SPL at the observ-
ing position (dBob), maximum SPL (dBumw) and minimum SPL (dBui). I then took care to meet
the following two criteria during calibration. First, the maximal value at any point within the ob-
serving cage was not higher than + 2 dB SPL above the desired intensity (dSPL). Second, the dif-
ference between dSPL and the mean (dBumin, dBuma) was smaller than 6 dB. This procedure resulted
in homogeneity of the presented sound field of + 3 dB. Eventually, since most deviations oc-
curred in the corners of the observing cage which were rarely visited by the animal, the actual
sound field experienced by the animal was even more homogenous. To control the sound stimuli

for harmonics and distortion I connected the output of the sound level meter to a digital USB



oscilloscope (PicoScope 4224, Pico Technology, Cambridgeshire, UK) and employed the fre-
quency analyzing FFT-function of the corresponding software (PicoScope 6, Pico Technology).

I determined the ambient noise levels with the same devices that were used to calibrate the
stimulus intensity. To assess the attenuation properties of the semi-anechoic chamber I recorded
the noise intensities alternately on the inside and outside of the chamber shortly before or after a
test session over a period of 10 days. I did not perform these measurements during the experi-
mental procedure since noise created by movement of the experimental animals would have dis-
torted the measurements which were intended to reflect the background noise during the periods
of silent listening. For measurements inside of the chamber I inserted the microphone into the
chamber through the cable passage at the back (confer Figure 1.2-1). For outside measurements I
alternately placed the microphone either on the left or right side of the chamber. I took a single
SPL reading in each of 31 1/3-octave bandwidth windows with centre frequencies between 20 Hz
and 20 kHz. In addition, I measured ambient noise SPL in the low- (< 20 Hz) and high frequen-
cy (> 12.5 kHz-100 kHz) range using the respective filter settings (B&K 1627). It took about 15
min per session to accomplish all ambient noise measurements. Due to the low levels of the am-
bient noise which were at the lower end of the sensitivity range of the sound level meter, I later
corrected the measurements for the internal noise level of the microphone amplifier combination
according to the specifications of Briiel & Kjer to avoid overestimations of the noise (personal

communication with Ralf Klaerner, B&K).

PSYCHOPHYSICAL PROCEDURE

I employed a simple go/no-go procedure. I trained the foxes to enter the chamber through a win-
dow which automatically started a trial and required the animals to wait in a observing position
until a tone was presented. Upon tone perception the foxes should leave the observing position to
indicate the detection of the stimulus. Correct responses were automatically rewarded with dry
dog kibbles delivered directly into the starting box (or home cage for the female) by an electronic
pellet dispenser (ENV-203-190 mg, Med associates Inc, St Albans, VT, USA) which was custom-
ized to accommodate ordinary dry dog kibbles (Adult Mini, Interquell Happy Dog, Grof3ait-
ingen, Germany). Punishment was given in form of time-outs during which the foxes had to wait

before a new trial could be initiated which were indicated by switched-off chamber lighting.



Presentation of stimuli, subject control, reward delivery and data storage were automatically
controlled via a laptop connected to the RZ6 Multi-I/O processor unit and running custom soft-
ware written in Visual Basic 2010 (Microsoft Corporation). Details on the software and its gene-
sis can be found in Lettmann (2013). The graphical user interface of the software, the hardware
configuration as well as a flowchart giving an overview of the psychoacoustic procedure are shown

in Figure 1.2-2.
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Figure 1.2-2 The psychoacoustic setup. (a) Graphical user interface of the custom-built software used to con-
trol the psychoacoustic experiments. (b) Flow chart of a single trial of the psychoacoustic procedure. (c) Diagram
of the hardware configuration ((c) after Lettmann 2013)

I used the method of constant stimuli to determine the absolute hearing thresholds (Niemiec and
Moody, 1995). In each session, single 500 ms pure tones of one of six intensities that were brack-
eting the assumed threshold at each frequency were repeatedly presented in random order. I used
10 dB-steps. Before I chose the test intensities, | estimated a rough threshold at each frequency by
presenting stimuli decreasing in 10 dB-steps starting from 80 dB until the fox failed to respond
(staircase procedure). Then I adjusted the test intensities in such a way that only a single one was
lower than the previously estimated threshold of the animal. After the fox entered the chamber, it
was detected by the IR-light which automatically started a trial. Every trial began with a variable
trial interval lasting 500-1700 ms after which the tone was presented. A 500 ms decision period
followed the tone presentation, allowing the fox to leave the box as an indication of sound per-

ception (hit) so as to obtain the food reward. No response during tone presentation or the deci-



sion phase (miss) resulted in a short switch-off of the chamber lighting to indicate the fox to leave
the chamber before a new trial could be initiated. Responses during the trial interval or during
catch trials where no tone was presented were denoted as false alarms (FA) and followed by a
punishment interval of 4-15 s depending on the mood and character of the fox.

I tested the foxes in two to four daily sessions with each session consisting of roughly 100 trials
+ 25 catch trials. A total of 15 different frequencies from 50 Hz to 54 kHz was tested (50 Hz, 63
Hz, 125 Hz, 250 Hz, 500 Hz, 1 kHz, 2 kHz, 4 kHz, 6.3 kHz, 8 kHz, 16 kHz, 32 kHz, 40 kHz,
46 kHz, 54 kHz). To determine the threshold at each frequency, I first calculated the hit rate at
each tested intensity for each session and converted it into a performance measure which I then
corrected for false alarms (Heffner & Heffner, 1988b, 1995). I chose the performance measure:
performance = hit rate — (hit rate x FA rate), resulting in values between 0 and 1 (with 1 meaning
100% hit rate and no FA; Heffner & Heffner, 1988b). Plotting the performance in each session
against the intensity yielded a psychometric function where I calculated the threshold at the test-
ed frequency through interpolation of the intensity where the performance reached a level of 0.5.
The final threshold of each animal and frequency was then the mean of the first three sessions
that satisfied the following stability criterion: each of the three thresholds lay within + 5 dB of

their respective mean. I discarded test sessions with FA rates higher than 25 %.

1.2.2 Morphometric analysis of the outer and middle ear

The aim of the morphological description of the red fox ear was to reveal correlations between
morphometric parameters and properties of the behavioural audiogram, which would ultimately
allow for a precise estimation of auditory sensitivity on the basis of morphological data alone.
Therefore, the analysis was restricted to the parts of the ear involved in auditory function. I used
fresh tissue that was obtained by hunters in the Czech Republic which were instructed and super-
vised by Dr. Ing. Vlastimil Hart and Prof. Dr. Ing. Jaroslav Cerveny, Department of Game Man-
agement and Wildlife Biology, Faculty of Forestry and Wood Sciences, Czech University of Life
Sciences, Prague, Czech Republic. Additionally, I used skulls belonging to my private collection
and to the collection of the Senckenberg Museum of Natural History Gérlitz (generously provid-
ed by Prof. Dr. Hermann Ansorge). All foxes were killed by licensed hunters based on regular

shooting schedules; no fox was killed or harmed specifically for this study.



To preserve fresh tissue, the heads of freshly shot red foxes (Vulpes vulpes) were immersion
fixed by the hunters in the field in either 10 % formalin solution in water or 4 % paraformalde-
hyde (PFA)-solution in 0.1 M phosphate buffer (PB). To promote tissue penetration, the fixative
was also injected into the ear canal, the muscles surrounding the bulla tympanica, and the eyes for
optimal fixation of the retina. The time of fixation of the heads differed between the individuals
and ranged from a minimum of two weeks to several years for old specimens from the archive of
the Department of General Zoology, University of Duisburg-Essen.

Before preparation of the middle and inner ear the heads were rinsed for several hours with tap
water. The eyes were carefully removed with titanium forceps and ceramic scalpels (World preci-
sion instruments (WPI), Berlin, Germany) and stored in phosphate buffered saline (PBS, with
0.05 % sodium azide added as a preservative) at 4 °C or for later analysis. Skulls from the collec-
tions had been prepared according to standard museum procedures (Mooney et al., 1982). Brief-
ly, the heads were boiled in water with added detergent for several hours after which the soft tis-
sues were easily ablated from the bones. To get a pale finish, the skulls were in most cases
bleached for 1-2 minutes in 10 % hydrogen peroxide. The procedure very often left the middle
ear ossicles in place and had no significant impact on the ossicle mass or measurements
(Nummela, 1995). The ossicles were gathered by opening of the bulla tympanica and removal
with a pair of fine forceps.

The total sample comprised material from 54 red foxes (23 fixed individuals and 31 skulls; cf.

Tables A1-A8 in the appendix for details on the individuals and the data obtained from them).

OUTER EAR AND BULLA TYMPANICA
I measured the dimensions of the pinnae with a standard ruler. In order to obtain a height to
width ratio (Coleman & Colbert, 2010), I determined the maximal width and height of each ear.
The fur, skin and mastoid muscles were removed from the skull and the lower jaw was ablated.
The bullae tympani were removed with a pair of pincers and the diameter of the proximal end of
acoustic meatus was determined with a digital calliper.

After gross preparation, the auditory bullae were cleaned and measurements of height (H),
length (L) and width (W) were taken with a digital calliper (Figure 1.2-3). The volume of the

bulla was then estimated as an elliptical cone (Schleich & Busch, 2004) according to the formula:

1 L w
—(n—x—xH).
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Figure 1.2-3 Parameters that were assessed from the skull and the bulla tympanica. The drawing of the fox skull
was taken from Hartovd-Nentvichovd et al. (2010). CBL, condylobasal length; ZGB, zygomatic breadth.

AREAS OF THE AUDITORY MEMBRANES

The areas of the tympanic membrane (pars tensa), the oval window and the round window were
determined by drawing the outlines of each membrane on paper via a camera lucida connected to
a stereomicroscope (SZH10 research stereo, Olympus, Hamburg, Germany) (Figure 1.2-4a). The
outline of each membrane was drawn at two different magnifications between 7x and 70x and the
drawings were digitized at 200 dpi resolution by means of a flatbed scanner. The areas (in mm?)
of the membrane drawings were determined in Image] (v. 1.48v, National Institutes of Health,
Bethesda, USA), and the mean of the drawings at both magnifications was taken as the area value

for further calculations.
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Figure 1.2-4 Cochlear windows and the preparation of the inner ear of the red fox. (a) View onto the inner ear
with the stapes sitting within the oval window (OW). The encircled areas indicate how oval and round window
(RW) surface were estimated. “A” denotes the approximate region of the apex where the preparation of the cochlea
was started. (b) Preparation of the surface specimens. The upper part shows an exposed turn still sitting within the
bony labyrinth, the lower picture shows an extracted half-turn.

MEASUREMENTS OF MIDDLE EAR OSSICLES

The auditory ossicles were carefully removed during the middle ear preparation. Whenever
necessary (fresh preparations), rests of tympanic membrane and muscle insertions were removed
and the ossicles were dried and stored in Eppendorf tubes for later analysis. The weight of each
ossicle was determined to the nearest pg with a high precision microbalance (MX5, Mettler-
Toledo, Columbus, OH, USA). Each ossicle was weighed twice and the mean was taken as the
final weight. High resolution photos were taken of each ossicle (K20D with SMC DFA 50 mm
macro objective, Pentax, Tokyo, Japan) and morphometrics were determined with Image] (1.48v,
NIH).

Table 1 summarizes the assessed measurements as well as the abbreviations used. Two different
approximations for the lever arms of the malleus and incus were used. The first followed Hemild
et al. (1995) who defined the arms as the minimal distance between the tips of the manubri-
um/long process and the pivot of the incudomallear joint (Fig. 1.2-5b). For the second approxi-
mation an idealized rotational axis is defined, running from the mallear anterior process through
the short process of the incus. The lever arms were then defined as the shortest (perpendicular)
distance of the tip of the manubrium/long process to this axis (Figure 1.2-5¢; Vrettakos et al.,

1988; Mason, 2001). Whenever available, the ossicles of both ears of each red fox specimen were
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used to obtain ossicle weight and morphometrics, and the means were taken as the final values for

the respective individual.

Table 1 Morphometric measurements taken at the skull and the outer and middle ear.

Morphometric variable

Abbreviation Description and Unit

Skull Condylobasal length
Zygomatic breadth
Pinna Height
Width
Tympanic Area
membrane
Malleus Length of manubrium

(mallear lever arm)

Length of anterior pro-
cess

Length of lateral process

Weight

Incus Length of short process

Length of long process

(incudal lever arm)

Weight
Stapes Height

Weight
Oval window Area
Round window Area

CBL

ZGB

PL
PW

TMA

MLP/MLA

MAP

MLP

MW
ISP

ILP/ILA

IwW
SH

SW
OWA

RWA

Distance from prosthion to the poste-
rior margin of the condyli occipitales
(cf. Figure 1.2-3)

Distance between both zygion points
(cf. Figure 1.2-3)

Height (length) of the pinna (mm)
Basal width of the pinna (mm)

Area of membrana tympani (pars
tensa) defined as the area within the
tympanic ring (mm?)

Shortest distance from the tip of the
manubrium to the pivot of the incu-
domallear joint (MLP) or perpendicu-
lar to the axis of rotation (MLA) (mm)

Shortest distance from the tip of the
anterior process to its base (mm)

Shortest distance from the tip of the
lateral process to its base (mm)

Weight of the dry malleus (mg)
Shortest distance from the tip of the
short process (crus breve) to the pivot
of the incudomallear joint (mm)

Shortest distance from the tip of the
long process (crus longum) to the piv-
ot of the incudomallear joint or per-
pendicular to the axis of rotation (ILA)
(mm)

Weight of the dry incus (mg)

shortest distances from base to head
(mm)

Weight of the dry stapes (mg)

Oval window area, either measured
directly or estimated through stapes
footplate area (mm?)

Round window area as measured di-
rectly (mm?)




1.2.3 Morphometric analysis of the inner ear

The morphology of the cochlea of the red fox was analysed by means of two complementary
techniques. First, I used surface specimens to estimate sensory cell numbers and density distribu-
tions. Second, mid-modiolar microtome sections served to assess fine morpho-functional proper-

ties at different positions along the cochlear duct.

COCHLEAR WHOLE MOUNTS

To obtain whole mounts of the red fox cochlea I carefully liberated the organ of its bony encapsu-
lation with fine forceps. I prepared at a stereoscopic microscope (SZH10 research stereo, Olym-
pus) with a maximum magnification of 70x. The preparation was performed submerged in PBS
(Figure 1.2-4b). Starting in the region of the apex, I removed each half-turn, instantly stained it
with haematoxylin for one to several minutes and embedded it in glycerol on a standard micro-
scope slide. Occasional toluidine blue-staining facilitated the tissue discrimination during the
preparation process.

I analysed the stained half-turns at a light microscope (CM E, Leica, Wetzlar, Germany) at a
magnification of 1000x using an oil immersion objective. With help of an eyepiece micrometer, I
determined the densities of inner and outer hair cells as well as the width of the row of outer hair
cells (Figure 1.2-5) for each field of view over the course of the whole cochlear duct. The distance
occupied by ten (minimum of three in fields of view with extensive loss of hair cells) hair cells
served to approximate the number of hair cells per mm. By counting the number of non-
overlapping fields of view I calculated the total length of the cochlea along the tunnel of Corti,
which I then used as an estimate of the length of the basilar membrane. After counting, I assigned
all determined parameters to ten percent segments relative to the length of the basilar membrane
of the respective individual in order to allow for inter-individual analysis.

I prepared a total of eleven cochleae (seven left ears, four right ears) belonging to eight differ-
ent animals and counted the hair cells of ten of these surface specimens (the eleventh cochlea
showed severe disease related hair cell degeneration which made it impossible to count, but the
length of the basilar membrane could still be derived from this specimen). For the animals where
both ears where counted (n = 2) I included the mean of both cochleae for each position on the

basilar membrane into the final analysis.
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Figure 1.2-5 Cochlear parameters derived from surface specimens and measurement of ossicular lever arms.
(a) At 1000x magnification the distance occupied by ten inner and outer hair cells (OHC) as well as the radial width
of the OHC triad were determined within each field of view along the whole length of the basilar membrane. The
occupied distance by ten hair cells was then transformed into densities which were presented as means of ten seg-
ments of equal length from the apex to the base. (b) lever arm lengths measured as the shortest distance between the
pivotal point of the incudomallear joint and the tip of the ossicular arms (ILP, MLP; Hemild et al 1995). () lever
arm lengths measured as the perpendicular distance between the assumed rotational axis of malleus and the tip of the
ossicular arms (ILA, MLA; Vrettakos et al. 1988). Confer Table 1 for more details.

COCHLEAR SECTIONS

To obtain cross-sectional data from cochlear structures, the whole inner ear was first decalcified in
5-10 ml 25 % EDTA (pH 8.0) in PBS for 3-4 weeks at 4 °C. The EDTA-solution was exchanged
at least once per week. After decalcification was completed, the cochleae were embedded in paraf-
fin-celloidin (after Ballast, 1984; Burda, Ballast, et al., 1988) and sections of a thickness of 15 pm
were cut on a rotary microtome (HM340 E, Microm International, Walldorf, Germany) with
disposable blades for hard tissues (N35HR, Feather, Osaka, Japan). Standard paraffin embedding
as well as cryosectioning was initially also tested but the combined paraffin-celloidin procedure

provided superior results (Figure 1.2-6).

36



Cryo Paraffin Paraffin-Celloidin
a 'l g b T g €Y

i

L

ey

Figure 1.2-6 Comparison of sections of red fox cochleae obtained with three different methods. All sections
were HE-stained according to the standard protocol given in the main text. (a) cryosections. (b) microtome slices of a
paraffin-embedded specimen (c) combined paraffin-celloidin embedding (after Ballast, 1984). The paraffin-celloidin
method yielded the best preserved morphology of the cochlear partition and was therefore chosen throughout this
study. All cochleae shown in this figure had been decalcified in 25 % EDTA for the same amount of time before
embedding.

Embedding started with incubation of the decalcified cochleae in 5-10 ml of a 1:1 mixture of di-
ethyl-ether and absolute ethanol for 4 hours. The cochleae were then incubated for 3 days in 5-10
ml of a 2-4 % Collodion (Fluka Chemie, Buchs, Switzerland) solution, followed by 4 days incu-
bation in 5-10 ml of a 4-8 % Collodion solution. Care was taken to remove all air bubbles from
the specimens during these incubation steps. Afterwards, the specimens were hardened in chloro-
form overnight and cleared for 4 hours in xylene. Paraffin-embedding of the celloidin embedded

cochlea specimens was subsequently accomplished in an automated spin tissue processor (STP

120, Microm International) according to the following protocol:

A 4 hxylene

A 4 h paraffin |
A 4 h paraffin I
A 4 h paraffin III

The cochleae were then finally embedded in paraffin (Surgipath Paraplast 56 °C, Carl Roth,
Karlsruhe, Germany) at an embedding station (EG 1160, Leica). Microtome sections were taken
until the plane of the modiolus was passed which was controlled by regular examination under a
light microscope (CM E, Leica). The sections were stretched in a water bath (Medax, Neumiin-
ster, Germany) containing 10 % ethanol at 40 °C and mounted on uncoated object slides (Carl
Roth) as well as positively charged slides (Superfrost Plus’, Menzel, Braunschweig, Germany).
Three sections were mounted on each slide and dried on a heat plate (Medax) at 61 °C.

The dried sections were stained with haematoxylin and eosin (HE) according to the following

protocol (after Riedelsheimer et al., 2010):



4 3 x 10’ Roti-Histol

A 2x399.8 % ethanol

A 2x396 % ethanol

A 370 % ethanol

A rinse in aq. dest.

A 3’ Ehrlich haematoxylin solution
A rinse in aq. dest.

A 10’ rinse in running tap water
A5 eosin yellow solution

A rinse in aq. dest.

A rinse in 70 % ethanol

A 2x196 % ethanol

A 1799.8 % ethanol

A 17100 % ethanol

A5’ Roti-Histol

The sections were mounted with Roti Histokit I" and analysed at a light microscope (BX40,
Olympus) with an oil immersion objective at a magnification of 1000x. Digital images of the sec-
tions were taken with a CCD-camera (XC30, Olympus) and image processing software AnalySIS
(V. 5.0, Olympus soft imaging solutions, Miinster, Germany).

The ears of eight different red fox individuals were sectioned. From two of these animals I
processed both ears and averaged the results. Details about the individuals can be found in the
appendix (Table Al). Three mid-modiolar slides were chosen from each specimen and the follow-

ing parameters were determined for each sectioned half-turn (depicted in Figure 1.2-7):

A length of the IHC and one OHC

A width of the BM

A maximal thickness of the BM homogenous ground substance (zona arcuata, z. pectinata)
A area of the stria vascularis

A area and maximal thickness of the spiral ligament (without stria vascularis)

A area of the tectorial membrane

A presence and length (in % of spiral ligament width) of an osseous spiral lamina

A area of the limbus spiralis
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Figure 1.2-7 Cochlear parameters determined for each half-turn of three mid-modiolar sections of each spec-
imen (adapted from Mgller 2006).

1.2.4 Statistics

I employed Sigmaplot (V. 12.5, Systat Software Inc., San José, CA, USA) to plot all graphs and
perform descriptive statistics and statistical interference. Variance equality and normal distribu-
tion were always tested with Bartlett’s test and the test procedure by Shapiro-Wilk, respectively.
In case of normal distributions I performed t-tests or analyses of variance (ANOVA) depending
on the structure of the data (procedure always given in the results section). Nonparametric tests
comprised Mann-Whitney U-test and ANOVA on ranks. Advanced statistical tests and analyses
are indicated with the respective results in the results section. For tables, standard calculations,
and data transformation I used Excel 2010 (Microsoft Corp., Redmond, WA, USA). I prepared
graphical illustrations in Photoshop and Illustrator (CS6, Adobe Systems, San José, CA, USA)

and performed graphical metrics and cell counts in Image] (V. 1.48v, NIH).
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1.3 Results

1.3.1 Behavioural audiometry

BEHAVIOURAL AUDIOGRAM
With two daily training sessions the foxes readily learned the behavioural procedure within 2-4
weeks. After the training period, up to two thresholds could be obtained per day, leading to a to-
tal experimental period of 8-10 weeks per animal. Complete audiograms could be obtained for
two animals, one fox (male 2) escaped from the enclosure during the experimental period. Hence,
from male 2 we could only obtain threshold values in the region of highest sensitivity (2 kHz,
4 kHz, 6.3 kHz, 8 kHz) and around the upper limit of hearing (46 kHz, 54 kHz) that were also
included in the calculation of the mean red fox audiogram.

The mean false alarm rates of all test sessions used for threshold determination were 13 %,
14 %, and 12 % for each of the three foxes, respectively (cf. Table 2). Furthermore, due to the
stability criterion and the correction for false alarms, 93 % of these test sessions had false alarm
rates lower than 20 %.

The thresholds of the individual foxes showed high conformity at most frequencies. The
mean red fox audiogram shows the typical mammalian V-shape (Figure 1.3-1; Table 2;
Fay 1988). At 60 dB SPL, a low frequency limit at 51 Hz was observed, while a gradual decrease
in thresholds led to the point of highest sensitivity with a mean of -15 dB SPL at 4 kHz for all
three animals. Two of the three animals showed comparable high sensitivity at 2 kHz and
6.3 kHz. The high mean sensitivity at those three frequencies was -10 dB SPL. Above 6.3 kHz,
however, sensitivity markedly dropped to 2 dB SPL at 8 kHz followed by a gradual increase of
the thresholds with retained sensitivity up to 40 kHz. Above this frequency, a steep increase of
thresholds led to a quick approach of the 60 dB SPL high frequency limit at 48 kHz. At
60 dB SPL the red fox audiogram spans 9.84 octaves.
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Figure 1.3-1 Behavioural audiogram of three red fox specimens. The symbols represent the different individuals
(green triangles: male 1; blue squares: male 2; red circles: female). The solid line represents the mean red fox audio-
gram calculated through averaging of the individual thresholds. Grey asterisks indicate the average spectrum level of
the ambient noise (confer methods for details on the measurements). The dashed line indicates the functional hear-
ing range at 60 dB SPL (51 Hz - 48 kHz).

Table 2 Age, false alarm (FA) rates, and sensitivity thresholds of the three tested red fox specimens. FA rates
are given for both the total sessions and the sessions which were finally used for threshold estimation. Due to the
stability criterion (see 2.4) the standard deviations of the individual thresholds were always between 1 and 5 dB SPL
and are therefore not given in the table.

Subject

Male 1 Male 2 Female Mean
Age (months) 3-5 3-5 6-8
Mean FA rate (total) 14 % 15 % 18 % 16 %
Mean FA rate (thresholds) 13 % 14 % 12 % 13 %
Frequency (Hz) Thresholds in dB SPL
50 66 60 63
63 55 51 53
125 29 35 32
250 26 24 25
500 6 20 13
1000 5 4 5
2000 -11 6 -10 -5
4000 -14 -14 -16 -15
6300 -14 -1 -11 -9
8000 5 2 -2 2
16000 1 10
32000 12 24 18
40000 9 34 22
46000 21 44 54 40
54000 67 58 73 66




Middle ear ossicles

The middle ear ossicles of the red fox (individual VV11, left ear) are shown schematically in Fig-
ure 1.3-6. The malleus and incus were not fused but firmly attached to the bulla walls by the
middle ear ligaments, giving the apparatus a stiff appearance (see discussion). The handle of the
malleus was relatively strong and well curved. The mean weight of the malleus was
10.64 + 1.18 mg (n = 41 individuals). Measured as the distance from the presumed axis of rota-
tion, the mean lever arm of the malleus was 3.22 + 0.38 mm (n = 34 individuals), while it was
7.04 £ 0.31 mm (n = 35 individuals) measured from the pivotal point of the malleo-incudal joint.
The corresponding mean lever arm lengths of the incus (crus longum) were 1.54 + 0.15 mm (ax-
is, n = 47 individuals) and 2.06 + 0.12 mm (pivot, n = 47 individuals). The resulting lever arm
ratios were 2.1 + 0.26 (axis) and 3.26 + 0.23 (pivot). The anterior and the shorter lateral processes
of the malleus had a mean length of 2.25 + 0.25 mm (n = 39 individuals) and 1.49 + 0.11 mm
(n = 39 individuals), respectively. The short process of the incus (crus breve) was 2.14 + 0.19 mm
(n = 47 individuals) long. Mean incus weight was 5.19 + 0.63 mg (n = 47 individuals).

The stapes of the red fox specimens had a mean length of 2.11 + 0.15 mm (n = 26 individuals)
and weighed 0.63 + 0.13 mg (n = 25 individuals). Its footplate was slightly convex, of oval form
(ct. Figure 1.3-6), and had a mean area of 1.78 + 0.38 mm? (n = 36 individuals). The mean ratio
between the area of the tympanic membrane and the area of the oval window (stapes footplate)
was 32.34 + 4.33 (n = 15 individuals). When only the estimated effective area of the tympanic
membrane is used (2/3 of pars tensa; Wever & Lawrence, 1954; Hemili et al., 1995), the ratio
was reduced to 21.56 + 2.88 (n = 15 individuals). Combined with the lever arm ratio given

above, I calculated the mean middle ear impedance transformer ratio

ITR = (OWA/TMA) x (IL/ML)? (Dallos, 1973; Coleman & Colbert, 2010)

for the red fox:

A ITR = 0.0044 + 0.0009 (using the pivot lever ratio).
A ITR = 0.0099 + 0.0023 (using axis lever ratio).
A ITR (mean) = 0.00715.
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Figure 1.3-6 Schematic drawing of the middle ear ossicles and the area of the stapes foot plate of the red fox
(individual VV11) in direct comparison to other species (rat, cat, and wolf). The figure was adopted from
Nummela (1995) and complemented with the red fox ossicles drawn to scale.

INNER EAR

General cochlear morphology

The cochleae of the investigated red fox specimens described approximately 3.2 turns. An elon-
gated part in the basal region (cochlear hook) was well developed. The morphology of the cochle-
ar duct closely followed the general mammalian bauplan (Vater & Kossl, 2011).

The organ of Corti of the red fox, as assessed by light microscopic inspection, showed all typi-
cal mammalian structures and cell types. As in other mammals, the different components of the
red fox’s auditory partition changed in size and shape along the cochlear duct as I will describe in
the following. As not all sections were of equal quality, the following numbers are not always
based on the full sample of ten ears stemming from eight different individuals. Therefore, I show

the exact mean values and underlying sample sizes in Tables 3.



The base of the cochlea was characterised by an osseous spiral lamina considerably protruding
into the cochlear duct, supporting the spiral ligament along almost 100 % of its width, all the
way to the outer edge of the BM. This support was retracted further up the cochlear duct and was
completely absent somewhere between the fourth and fifth (- 16 mm from the base) half-turn
(HT). From here on up to the apical end, the basilar membrane was supported on its external
edge only by the spiral ligament. In the upper HTs, however, the spiral ligament reached down to
the floor of the scala tympani (Figure 1.3-7, inset d), which might substitute for the support of
the osseous spiral lamina.

The cross sectional areas of the tectorial membrane and the spiral limbus changed with re-
versed gradients. The tectorial membrane area increased considerably from the base (835 pum?;
confer Table 3 for standard deviations) towards the sixth HT (7,870 um?) and slightly decreased
afterwards (6,457 pm?). The spiral limbus showed relatively constant cross sectional areas up to
the second HT and from thereon steadily decreased in size (- 22,000-6,500 pm?).

The spiral ligament decreased in size towards the apex of the cochlea, as reflected by a decrease
of both width and area. The width declined from a basal value of 424 pm to roughly one fifth of
this value at the apex (82 pm). The area decreased accordingly, from more than 160,000 pm? at
the base, down to 20,000 um? in apical regions. Accordingly, also the absolute cross sectional area
of the stria vascularis decreased from basal values around 12,000-13,000 um? down to 2,500-
3,000 um?. The proportion of the stria vascularis relative to the spiral ligament, however, dou-
bled from basal -~ 8 % to 15-20 % in apical regions.

The BM reached a maximal thickness (mean: 17.7 pum; both partes pectinata and arcuata) in
the region of the first HT. Further basalward the thickness slightly decreased in the order of
1-2 pm. From the first HT towards the apex, the thickness of the BM decreased constantly until
it reached minimal thickness of 5-6 um in apical regions. The slope of the decline was slightly
steeper in pars pectinata than pars arcuata. The decrease in BM thickness towards the apical end
was accompanied by an increase in BM width, which was smallest in the hook region (- 80 pum)
and reached widths of more than 380 um near the apex. The stiffness ratio f (thickness BM /
width BM; von Békésy, 1960) decreased constantly from a basal value of - 0.19 to an apical value
0f 0.015 (Fouat: Fipica = 13:1).

Even though the figures are based on a relatively small sample (cf. Table 3), it was indicated

that the length of the IHCs underwent no change along the cochlear duct (stable length around



The sense of hearing: Results 49

25 um), while the length of the OHCs steadily and considerably increased from 21 um short
OHGC:s in the hook region to 49 um long OHC:s in the apical region.

Figure 1.3-7 Mid-modiolar HE stained paraffin-celloidin section of the cochlea of a red fox (individual VV6)
and exemplary sections of different positions along the cochlear duct. The shown insets were not of the same
individual. The inset (a) depicts the typical situation in the region of the first half-turn (HT), while inset (d) shows
the situation in HT7 and the other insets correspondingly at intermediate HT's. For a description of the quantitative
changes of the cochlear partition, confer the main text.



Table 3 Cochlear parameters assessed from mid-modiolar sections of eight red fox individuals (ten cochleae).
The sample size n denotes the number of individuals the mean was based on. HT, half-turn, P, position in distance
from the base.

Parameter Hook HTI1 HT2 HT3 HT4 HT5 HT6 HT7
P (mm) <I 1 6.8 11.3 154 189 22.1 25

Thickness BM

pars arcuata mean 16.2 17.7 16.8 14.4 11.9 9.5 7.0 5.8

(pm) n 6 8 8 8 3 8 8 3
SD 2.1 2.8 3.1 2.6 2.4 2.4 1.7 2.6

Thickness BM

pars pectinata mean 15.9 17.7 14.9 11.8 10.0 8.0 6.5 5.4

(pm) n 6 8 8 8 8 8 8 3
SD 1.3 22 2.3 2.3 2.0 1.1 1.6 1.8

Width BM
mean | 83 188 259 268 282 322 371 384

(pm) n 6 8 8 8 8 8 8 3
SD 34 26 33 23 17 33 40 10

Width spiral ligament

(radial) mean | 424 334 212 154 125 122 94 82

(pm) n 5 8 8 8 8 8 8 3
SD 37 60 35 13 9 15 21 9

Area stria vascularis
mean 12,880 10,324 11,376 9,364 6,666 6,131 6,839 2,876

(pm?) n 5 8 8 8 8 8 8 3
SD 1,949 2,720 3,155 1,885 1,569 2,892 4,708 652
Osseous support of
spiral ligament mean | 94 75 38 25 13 0 0 0
(%) n 5 8 8 8 8 8 8 3
SD 5 14 16 7 13 0 0 0
Cross sectional area
spiral ligament mean 163,471 151,614 129,212 102,857 66,051 51,665 31,964 20,023
(um?2) n 5 8 8 8 8 8 8 3
SD 25,183 24,918 18,906 22,058 9,557 10,129 7,786 4,311
Cross sectional area
tectorial membrane mean 835 2,369 4,482 5,109 5,214 7,029 7,870 6,457
(um?) n 5 8 8 8 8 8 8 3
SD 316 1148 1,744 1,979 1,574 2,920 3,648 2,162
Length THC
mean | 217 25.4 247 25.5 24.6 243 27.9 26.8
(um) n 1 4 3 2 4 4 5 2
SD 3.8 23 7.2 4.9 3.5 4.6 6.0
Length OHC
mean | 21.2 24.1 263 29.2 32.3 36.2 37.7 49.3
(um) n 3 7 7 7 7 5 4 1
SD 1.8 2.4 2.9 3.3 4.4 4.4 1.2
Cross sectional area
limbus spiralis mean 21,649 22,615 22,512 19,602 14,438 13,051 9,346 6,511
(um?) n 5 8 8 8 8 8 8 3

SD 3,268 3,931 3,820 3,619 2,965 2,072 2,150 1,492




3.1.4 Magnetic alignment in the red fox*

The finding that cattle and deer align their body axis approximately along the field lines of the
geomagnetic field led to more intense inspections of different behaviours of mammalian species.
One of these behaviours was the mousing of red foxes, which is a specific behaviour shown dur-
ing hunting of small mammals. The fox approaches its prey carefully and slowly to avoid making
noise; it stops at a certain point; then it jumps high in the air and virtually attacks its prey from
above. Jumping directions were determined by direct observation (23 experienced wildlife biolo-
gists and hunters provided independent recordings). The direction in which red foxes jump dur-
ing mousing is significantly different from random (Cerveny et al., 2011): circular analysis of the
angular data (head direction of jumps) revealed a significant preference for NE. Since this prefer-
ence was independent of the observer, time of day, season, wind direction, etc., it is proposed that
the mousing behaviour is another case of alignment with respect to GMF. Interestingly, red foxes
mousing in high cover (i.e., when the prey is hidden in high vegetation or under snow cover),
where visually guided attacks are not possible, had higher hunting success when the jumps were
oriented toward north (segment: 340°-40°% 72.5 % hunting success) or south (160°-220°% 60 %
hunting success) compared to other directions (success rate in other segments less than 18 %)
(Figure 3.1-3). Here, approximately 82 % of all successful jumps were directed toward N or NE.
Unsuccessful jumps were more scattered. By contrast, red foxes mousing in low cover can spot
their prey visually and might not necessarily rely on aid from the field lines of the geomagnetic
field. Accordingly, the mousing jumps in low cover showed high directional scatter (Cerveny et
al., 2011). The sensory aspects of this peculiar behaviour can be explained by the so-called “range
finder hypothesis,” which provides a theoretical basis for the differential hunting success in de-
pendence of the MA of the red fox and is described in detail in Cerveny et al. (2011). The hy-
pothesis proposes a direction-dependent improvement of target-distance estimation by the fox,
mediated by a photoreceptor-based magnetoreception system, maybe based on cryptochrome, the
magnetoreceptor found in the visual system of birds. An alternative hypothesis states, that the
sense of hearing is influenced by the alignment of the body within the geomagnetic field. For ex-
ample, hearing sensitivity might be enhanced, when facing N or S, but reduced when facing E

or W.

* Large parts of this section have already been published in Begall, Burda, Malkemper (2014) and were only
marginally adapted to fit to this thesis.












3.2.3 Experiment on the effect of magnetic alignment on hearing sensitivity

To reveal a possible influence of the alignment between the magnetic field and the direction to-
wards the fox was listening, all behavioural experiments with male 1 described in chapter 1 were
performed within a pair of double-wrapped Helmholtz-coils that I set up around the semi-
anechoic chamber and operated in antiparallel mode (cf. section on static fields and Figure
3.2-2a, b). Additionally, for some frequencies (1 kHz, 4 kHz, 6.3 kHz, 8 kHz, and 16 kHz) the
final threshold was determined twice, once in antiparallel and once in parallel mode, the latter
rotating magnetic north towards west, leaving the red fox listening into magnetic east direction
(Figure 3.2-2a, b). The intensity of the magnetic field did not considerably differ between both
conditions (49.03 uT in antiparallel mode (control), 49.20 uT in parallel mode). To account for
effects of training and season (temperature), the test sessions with rotated magnetic north were
intermingled in between the standard test sessions. Current was flowing through the magnetic

coils in all tests, the only difference was the direction of the magnetic field.

3.2.4 Histology: Where are the magnetoreceptors?

IRON STAINING

To check for the occurrence of ferric iron particles in the sensory hair cells of the red fox inner
ear, | stained whole mounts and paraffin-celloidin sections with Prussian blue (PrB). The cochlear
whole mount preparation followed the procedures described in chapter 1, with the only differ-
ence that I used no haematoxylin and toluidine blue but instead performed the iron staining on
the intact cochlea in order to avoid staining of artifacts that might have been introduced during
the preparation. I exclusively used titanium and ceramic instruments that were rinsed in 5 % HCI
for at least 10’ before the start of the preparation.

To rinse the cochlea with PrB, I opened the bony capsule of the cochlea in the region of the
apex and the oval window and injected the PrB solution (1:1 mixture of 5 % potassium-
hexacyanoferrate and 5 % HCI) into the apical opening with a syringe. Then I submerged the
whole specimen for 30" in the PrB solution. After staining I rinsed the cochlea with PBS and con-
tinued with the preparation as already described. I mounted the exposed half-turns in glycerol on

an untreated microscope slide.



After the first observation and documentation at the light microscope (BX 40, Olympus), I
removed the coverslip and rinsed the cochlea thoroughly in PBS to wash away the embedding
medium. A second incubation step in PrB for another 30’ and light-microscopic documentation
followed.

Cochlear sections were prepared as described in chapter 1. To avoid contamination, I used ce-
ramic coated microtome blades (DuraEdge BLM00103P (7203) High Profile, Crescent Manu-
facturing, Fremont, OH, USA). I counterstained every second slice with nuclear fast red (NFR)

for 1-3 minutes.

CRYPTOCHROME IMMUNOHISTOCHEMISTRY
Immunostaining against Cryl was performed together with Christine Nief3ner in the laboratories
of Prof. Dr. Leo Peichl at the Max-Planck-Institute for Brain Research, Frankfurt am Main,
Germany. We used the retinae of two red fox specimens and one eye of a European wood mouse.
The preparation of the retinae followed the same protocol as describe for the opsin immuno-
histochemistry in chapter 2. We processed the retinae for whole mounts free floating in a 6-well
plate before mounting them upside down onto an untreated microscope slide to promote visual
access to the photoreceptor layers after staining was completed.
Retinal sections of a red fox retina were kindly provided by Prof. Dr. Leo Peichl. The sections
originated from an adult specimen killed by a hunter. The eyes were immersion fixed in 4 % PFA
in PB for 28 h starting 30" postmortem. 14 pm thick cryosections were prepared and stored

at -20°C until usage.

The visualization of Cryl and S cones was accomplished by immunohistochemistry according

to the following steps (all performed at ambient temperature):

A wash the fixed and prepared retina in PB (0.1M pH = 7.4; several times, if retina had
been bleached before, see chapter 2)

A block with 1 ml 10 % normal donkey serum (NDS), 2 % bovine serum albumin (BSA),
0.25 % Triton-X-100 in PB for 1 h

A wash in 0.1 M PB

A incubate with the first antibody diluted in 1 ml 3 % NDS, 2 % BSA, 0.25 % Triton-X-
100, 0.05 % sodium azide in 0.1 M PB on a lab shaker for 3 days (sections overnight)
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3.2.5 Magnetic nest building experiments with wood mice

The experiments were performed in a horse stable in a rural area of the Bohemian Forest, Czech
Republic (49°9'10.28"N, 13°20'56.45"E) in summer and autumn of 2013. The wood mice
(Apodemus sylvaticus) were live-trapped in the vicinity of the stable by means of trap-door traps.
Unitil testing they were kept in a rectangular wooden crate (approximately 2 m x 0.8 m) based in
an adjacent part of the stable (Figure 3.2-2a) and fed apples and grain ad libitum. Each mouse

was kept for at least one night in the crate before being tested.
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Figure 3.2-2 Overview of the testing site, the coil-setup and the nest-building arena. (a) Top view of the empty
horse stable that consisted of two compartments. One compartment contained the wooden enclosure, the other one
the testing setup and coil systems. (b) Production of the artificial static magnetic field (top view). In the control con-
dition (mNumpienr) the horizontal of the ambient magnetic field (Hambien) was left unchanged. To shift magnetic north
by 90° counterclockwise (mNiey), an artificial magnetic field was added with a 135° clockwise aligned Helmholtz-coil
pair (Haisicia) to produce a 90° shifted resultant field of the same inclination and total intensity as the ambient mag-
netic field. The circle in the middle indicates either the arena (nest building experiments) or the observing position of
the red fox (experiments on the influence of magnetic alignment on hearing sensitivity) (c) Profile of the test arena
and the loop coil used to produce the oscillating magnetic fields in the RF range. The oscillating fields were aligned
vertically at an angle of 24° to the static field lines. The scale only applies to part (a) of the figure.






3.3.2 Experiment on the effect of magnetic alignment on hearing sensitivity

The audiogram of a single red fox individual (male 1) tested in two different magnetic alignments
is shown in Figure 3.3-3. The audiogram obtained under magnetic-north condition is identical to
the data shown in Figure 1.3-1 (Helmholtz coils in antiparallel mode). The “east-audiogram”
(Helmbholtz coils in parallel mode) only comprised the region of best hearing sensitivity from 1-
16 kHz (tests at 2 kHz could not be completed). The sensitivity in the east-field was not signifi-
cantly different from the north-audiogram (Two Way ANOVA; p = 0.404, F = 0.722), the mean
difference between the thresholds being 1.4 + 0.9 dB.
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Figure 3.3-3 Audiogram of a single fox (male 1) obtained in two different magnetic alignments. The black
solid line indicates the whole audiogram established with the fox facing magnetic north (N). The orange dotted line
indicates the region of best hearing sensitivity assessed with the fox facing magnetic east (but topographic north).
There was no significant difference between the thresholds obtained under both conditions. As I used double-
wrapped coils in the experiments, the only parameter that differed between the conditions was the direction of the
magnetic field with respect to the listening direction of the fox (confer the methods section for details on the coil
system).



3.3.3 Histology: Where are the magnetoreceptors?

PRUSSIAN BLUE STAINING
No specific Prussian blue stain was detected in any of the three studied red fox cochlea specimens.
In both sections and whole mounts, however, regions of unspecific staining (outside of cells) were

visible, indicating that the general staining procedure was successful.

CRYPTOCHROME IMMUNOHISTOCHEMISTRY

In the retina of both fox specimens (whole mount and sections) all S cones were also immuno-
positive for Cryl (Figure 3.3-4). Cryl was always localized in the outer segments of the cones,
which was shown by double-labeling with antibodies against S opsin. On the other hand, in the

wood mouse, no Cryl immunopositive cells could be detected (Figure 3.3-5).

Cry1 sc 14363 merge

Figure 3.3-4 Cryl label in the S cones of the red fox retina. (a) Whole mount and (b) vertical section of red fox
retina. Cryl immunofluorescence (rendered in green) is present in all S cones (rendered in magenta) of the red fox
retina. Middle column: S opsin immunofluorescence (rendered in magenta) in the same sections and fields, respec-
tively. Right column: merge of the images, indicating that Cry1 and the S opsin co-localize in the red fox retina. For
orientation, two different layers in the vertical sections are indicated: 1: photoreceptor layer, 2: ganglion cell layer.
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Figure 3.3-5 Absence of Cryl label in wood mouse retina (vertical section). Cryl immunofluorescence (would
be green) is not visible within the S cones (rendered in magenta) of the wood mouse retina (only stained background
visible). Middle column: S opsin immunofluorescence (rendered in magenta) in the same sections and fields, respec-
tively. Right column: merge of the images. For orientation, two different layers are indicated: 1: photoreceptor layer,
2: ganglion cell layer.

3.3.4 Experiments on the magnetic sense of the red fox prey

NEST BUILDING PREFERENCES IN WOOD MICE

In the unchanged geomagnetic field (antiparallel current flow) the wood mice showed a signifi-
cant preference to build their nests in the north-east and south-west quadrant of the arena (Figure
3.3-7a; n = 24, p = 27°/207° + 37° (mean vector orientation angle; circular standard deviation),
r = 0.43 (mean vector length); Rayleigh test: p = 0.01, Z = 4.441). When north was shifted by
90° westwards the nests where built predominantly in the new magnetic north and south quad-
rants even though the distribution was not significantly different from random (Figure 3.3-7b; n
=21, u=106°/286° + 47°, r = 0.262; Rayleigh test: p = 0.238, Z = 1.445). The distributions in
both conditions were significantly different from each other (Watson U% p < 0.01, U? = 0.293).
Plots of the pooled data from both conditions with respect to a) magnetic north or b) topograph-
ic north revealed a highly significant preference for magnetic north-east and south-west (Figure
3.3-6a; n = 45, p = 23°/203° + 42°, r = 0.346; Rayleigh test: p = 0.004, Z = 5.386) while the nests
were randomly distributed with respect to topographic north (Figure 3.3-6b; n = 45, p =

38°/218° + 58°, r = 0.125; Rayleigh test: p = 0.499, Z = 0.701).



Figure 3.3-6 Orientation of wood mice nests built in a visually symmetrical circular arena without superim-
posed RF magnetic fields. Each data point represents the position of a nest built by an individual mouse. The figure
shows the pooled nest positions of mice tested in the ambient field and with magnetic north shifted 90° counter-
clockwise. (a) Absolute bearings in the arena. (b) Bearings relative to magnetic north (mN) in the arena. Arrows give
the mean vector for the distribution of the nests, the dotted lines are the 95 % confidence intervals for the mean
bearing (p) of nonrandom distributions (p-value of the Rayleigh test is given for each distribution). The double-
headed arrows indicate bimodal distributions; the lengths of the arrows represent the mean vector length r (scaled so
the radius of the circles corresponds to r = 1), which provides a measure of the degree of clustering in the distribution
of the bearings. n.s. = not significant.

INFLUENCE OF RF MAGNETIC FIELDS ON WOOD MICE NEST BUILDING BEHAVIOUR

Nests built under the influence of a single-frequency (SF) RF-magnetic field (1.33 MHz) still
showed a significant axial non-random distribution with clusters in the north-east and south-west
(Figure 3.3-7¢; n = 22, p = 8°/188° + 37°, r = 0.439; Rayleigh test: p = 0.013, Z = 4.233). There
was no significant difference between the distributions of nests in the control condition (antipar-
allel mode) and the SF RF-condition (Figure 3.3-7; Watson U?: p > 0.5, U? = 0.05).

Animals tested in a broadband RF-magnetic field (1-5 MHz) displayed an axial south-east and
north-west preference with a high concentration in the south-east (Figure 3.3-7d, n = 17,
p=127°/307° + 37°, r = 0.443; Rayleigh test: p = 0.033, Z = 3.335). The distributions in both
conditions were significantly different from each other (Watson U%: p < 0.005, U? = 0.294). The
distributions of the nests in the broadband RF-condition and the condition with the static field
shifted by 90° were not significantly different from each other (Figure 3.3-7; Watson U
0.5>p <0.2, U = 0.074).
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Figure 3.3-7 Orientation of wood mice nests built in a visually symmetrical circular arena under different
magnetic conditions. Each data point represents the position of a nest built by an individual mouse. (a) Bearings
relative to magnetic north (mN) in the arena in the ambient magnetic field. (b) Bearings relative to magnetic north
(mN) in the arena with magnetic north shifted 90° counterclockwise. (c) Bearings relative to magnetic north (mN) in
the arena in the ambient magnetic field with a superimposed Larmor frequency oscillating field (785 nT-1.26 pT).
(d) Bearings relative to magnetic north (mN) in the arena in the ambient magnetic field with a superimposed broad-
band (0.9-5 MHz) oscillating field (25-100 nT). Arrows give the mean vector for the distribution of the nests, the
dotted lines are the 95 % confidence intervals for the mean bearing (p) of nonrandom distributions (p-value of the
Rayleigh test is given for each distribution). The double-headed arrows indicate bimodal distributions; the lengths of
the arrows represent the mean vector length r (scaled so the radius of the circles corresponds to r = 1), which provides
a measure of the degree of clustering in the distribution of the bearings. Significant differences between the distribu-
tions are indicated by the p- and U?-values of the Watson U? test. n.s. = not significant.



3.4 Discussion

3.4.1 Pulse experiment

At this point it seems appropriate to clarify, that this experiment was not designed to test for the
involvement of magnetite in red fox magnetoreception, as this is the usual purpose of pulse exper-
iments in magnetoreception research (e.g. Holland et al., 2008). The pulse used here was of far
too less intensity to remagnetize single-domain magnetite and was simply intended to test for the
occurrence of magnetoreception in foxes in general.

The interpretation of the results of the pulse experiment is not straightforward. On the one
hand, statistically significant effects of the magnetic field changes were detectable in one of the
three tested foxes. On the other hand, the results do not reveal any consistencies and can at best
be interpreted as a very cautious hint that magnetoreception might exist in red foxes. Clearly,
there is no consistent or biologically relevant effect on hearing thresholds. Furthermore, since the
response latencies were not different between the conditions, foxes do not (at least not conscious-
ly) perceive the magnetic pulse, otherwise they would have had quickly learned the connection
between the reward and the magnetic stimulus, and therefore would have been expected to be-
come quicker under coi/ on condition with each subsequent session. In sum, the data does not
allow to conclude that the foxes’ auditory system is affected by pulsed magnetic fields. A much
larger dataset obtained in a completely acoustically shielded room might yield different results,

but would be even further away from the natural situation in the wild.

3.4.2 Horizontal shift experiment

The thresholds of the single fox listening towards magnetic north were not different from the
thresholds obtained when the fox was listening towards magnetic east. Therefore, it is highly un-
likely, that the magnetic alignment observed in hunting red foxes (Cerveny et al., 2011) is the
consequence of enhanced hearing sensitivity, leaving room to provide evidence for the alternative
hypotheses. One might argue that with north and east the magnetic directions were inappropri-
ately chosen, as the foxes clearly preferred the mean direction of these two, north-east and thus no
differential effect of north and east would have been expected. However, as magnetic alignment is

beginning of being recognized as a quite universally distributed phenomenon amongst mammali-



an species and furthermore most species prefer the north-south axis (Begall et al., 2013), I as-
sumed that the east shift in the red fox MA would simply be based on scatter of the relatively
small sample in the study by Cerveny et al. (2011; at least for a MA study) and therefore decided
to test magnetic east versus magnetic north. It can, however, not be excluded that alignment with
anticardinal directions would show an effect.

Also, it is theoretically possible that only frequencies lower or higher than the tested spectrum
are affected by magnetic fields. In light of the working hypothesis that magnetic alignment influ-
ences acoustic prey detection, this would not be of relevance as the rustling noise of mice and
voles contains most energy in bands around 8-10 kHz (Payne, 1971; Konishi, 1973; Marimuthu
& Neuweiler, 1987). However, chewing noise seems to be more shifted into higher frequencies
(Payne, 1971), and future experiments should be conducted to determine whether foxes prefer

rustling or chewing noise for the detection of prey.

3.4.3 Histology: Where are the magnetoreceptors?

I was not able to demonstrate the occurrence of iron particles (cuticulosomes) in the inner ear of
the red fox by means of the Prussian blue staining of surface specimens and paraffin sections
which is in line with the absence of an effect of magnetic alignment on hearing sensitivity. It is
not a surprising finding, given that Lauwers et al. (2013) also tested several mammalian species
(rat, mice, guinea pig, human) without the appearance of any stained structures. Nevertheless, the
absence of staining does not prove that the particles do not exist, as several factors might have
complicated their discovery. First of all, the particles shown by Lauwers et al. (2013) were so
small (300-600 nm) that they might have been easily overlooked under the light microscope if
they would have been only sparsely distributed. Furthermore, it is not clear whether the Prussian
blue stain penetrates cell membranes, which might be the reason of the absence of staining in the
surface specimens. On the other hand, I could not stain every paraffin section of each cochlea (as
they were needed for the general ear morphology) and often the hair cells were disrupted or total-
ly missing. Another possibility might be related to the evolution of the auditory organ in mam-
mals. Lauwers et al (2013) demonstrated the occurrence of the iron particles in hair cells of both
the cochlear and vestibular hair cells. The sense of hearing has gained a considerably higher im-
portance during mammalian evolution that it would seem at least plausible that, assumed the par-

ticles would be sensors of magnetic fields, they might have been relocalized in order to avoid dis-



turbing sensory crosstalk. As a conclusion, it still seems promising to search within the vestibular
system of the red fox.

The finding of Cryl in the S cone outer segments of the red fox retina is a highly surprising
finding. In birds, even though the transduction process is still enigmatic, Cryl, localized with the
UV-cones of robins and chickens, is the most probable receptor molecule for the magnetic com-
pass in birds (Bischof et al., 2011; Nief3ner et al., 2011, 2013). The absence of staining in the
wood mouse suggests, that interspecies differences exist, which is suggestive of a rather specific
function in the red fox. Cryl is known to be involved in circadian rhythms (Sancar, 2000), but
this seems unlikely to be the cause for cryptochromes being seated in the cone outer segments,
since for controlling circadian rhythms it needs to be able to exert influence on transcription pro-
cesses. Thus, a new role seems possible and given the findings in birds, this new role might be
magnetoreception.

At this point, however, it needs to be stated that as the experiment was preliminary and the re-
sults are only based on three specimens (two foxes, one wood mouse), not too far reaching specu-
lations should be made. Nevertheless, if shown in future that cryptochrome is involved in a mag-
netic sense of the red fox, the hypothesis of a magneto-visual range finder would gain considera-
ble new support. Furthermore, as Cry1 is exclusively found in S cones, the distribution pattern of
those and the retinal ganglion cell densities provided in this thesis, might prove very useful in de-
veloping a model of the “magnetic pattern” a fox might see, similar as it has been done in birds

(Ritz et al., 2000; Solov'yov et al., 2010).

3.4.4 Magnetic orientation in wood mice

The results provide clear evidence for a magnetic sense in wood mice. When deciding where to
build a nest in an otherwise featureless environment, the animals revealed a preference for the
magnetic north-northeast and south-southwest axis and when the alignment of the magnetic field
was rotated by 90°, the bimodal clustering of bearings, although not significant, was rotated by a
comparable extent. The increased scatter of nest positions in the 90° shifted field may have been
due to the inhomogeneity in the artificial magnetic field or, alternatively, to a cue conflict be-
tween magnetic cues and non-magnetic (e.g. sound) cues that may have been accessible for the
mice in the holding enclosure and arena. Thus, for example, the irregular creaking sound pro-

duced by the stable doors might have provided an orientation cue to the mice. During the night



before the test (when the animals were kept in the enclosure) and in control condition this creak-
ing came from ~magnetic east, but from magnetic south in changed magnetic field condition (see
Figure 3.2-2a). Evidence consistent with a cue conflict between magnetic and non-magnetic cues,
and higher scatter in shifted magnetic field conditions, have been reported in other studies of ro-
dent magnetic orientation (Burda et al., 1990; Deutschlander et al., 2003; Oliveriusovd et al.,
2012, 2014). Nevertheless, the results clearly confirm the presence of a magnetic sense in wood
mice, a prerequisite for a magnetic compass, which supports the findings by Mather and Baker
(Mather & Baker, 1981). A magnetic compass would be highly beneficial for nocturnal wood
mice that perform regular foraging bouts over distances of more than 200 m, show remarkable
homing ability from unfamiliar locations after displacements of up to 350 m (Hacker & Pearson,
1951; Jamon & Bovet, 1987), occupy comparatively large home ranges of 1-2 ha (Tew &
MacDonald, 1994), and show remarkable navigational strategies, including way-marking behav-
iour using portable, visual landmarks (Stopka & MacDonald, 2003).

It is unclear why mice exhibit a preference to build their nests along the magnetic ~north-
south axis, but there are two general proximate explanations: either the preference is learned (e.g.,
corresponding to the direction of some feature of the environment) or innate (consistent with
spontaneous northward magnetic orientation, or axial orientation along the north-south magnetic
axis, found in other vertebrates; Begall et al., 2013). Laboratory mice can be trained to orient in
the direction of a nest box placed at one end of the cage in which they are held prior to testing
(Muheim et al., 2006). The wood mice tested in the current study were kept in a rectangular en-
closure for up to three nights before being tested, but this pre-exposure was shorter than in earlier
studies of learned compass responses (e.g. 5-24 days in Muheim et al., 2006) and no features of
the cage environment relative to the magnetic field or to topographic cues (cage axis, shadows,
etc.) appeared to coincide with the axis of orientation exhibited by the mice. Hence it is unlikely
that the observed axial preference was learned even though “magnetic imprinting” with respect to
other cues, i.e. a response that was learned prior to the mouse being captured that was subse-
quently transferred to non-magnetic (topographic) cues, cannot be fully excluded. Also an effect
of the displacement direction cannot be ruled out as many animals were caught north-northeast
of the testing site.

Laboratory mice, in addition to showing learned compass orientation relative to the magnetic

field, also exhibit a weak, presumably innate (i.e., independent of any learned direction) axial



preference along the magnetic north-south axis (Muheim et al., 2006). Recently, such a prefer-
ence was also revealed in the semi-fossorial bank vole (Clethrionomys glareolus), which
Oliveriusovd et al., (2014) suggested is likely to be innate although the voles were kept in approx-
imately north-south aligned cages in the laboratory for at least 8 weeks before testing
(Oliveriusovd et al., 2014). Consequently, although there is insufficient information to determine
if the observed preference in wood mice is innate or learned, it appears likely that at least some
component of the response is innate.

We can only speculate about the ultimate reasons for an innate preference to build nests along
the north-south axis of the Earth’s magnetic field. As for the more general phenomenon of mag-
netic alignment, several functions for nest position preferences seem plausible (discussed in Begall
et al., 2013). It might provide a constant directional reference for the use of a (visual) map-sense
(see below), or enhance selective attention through the facilitation of cross-modal integration

(Phillips et al., 2010). Further experiments will hopefully shed light on this issue.

3.4.5 Mechanisms of magnetoreception and the influence of RF fields

The responses of the mice under RF exposure are not straightforward to interpret in view of the
current theories on magnetoreception. The available evidence indicates that subterranean mi-
crophthalmic mole-rats rely on a light-independent MPM (Thalau et al., 2006), while the prop-
erties of learned magnetic compass orientation by epigeic rodents may point to the involvement
of a RPM (Phillips et al., 2013). It is therefore possible that macrophthalmic, epigeic wood mice
also have a RPM, in which case we expect a specific sensitivity to weak RF magnetic fields
(Henbest et al., 2004a; Ritz et al., 2004). Analogous to the experiments performed in birds and
mole-rats (Ritz et al., 2004, 2009; Thalau et al., 2006), we tested the wood mice in both Larmor
frequency (LF) and wideband-FM (comparable to broadband-RF) oscillating magnetic fields.
Contrary to the predictions of the RPM made earlier by other investigators (Ritz et al., 2004,
2009), wood mice exhibited non-random directional preferences in both conditions: The distri-
bution of bearings under the LF condition was indistinguishable from controls (i.e., nests were
bimodally distributed along the ~north-south magnetic axis; Figure 3.3-7¢). In contrast, under
wideband-FM conditions it was rotated by roughly 90° relative to control. As the angle between
the static field and the RF fields was the same in both conditions (see Figure 3.2-2¢), the only

differences were the overall intensity, the temporal pattern, and the frequency spectrum. The in-



tensities in the LF condition had maximum values of 1.26 uT in the periphery of the arena and
minimum values of 785 nT in the centre and therefore greatly exceeded those shown to affect the
inclination compass of birds (Ritz et al., 2009; Engels et al., 2014). In the wideband-FM condi-
tion, due to the frequency response characteristics of the coil, the intensities varied between 25-50
nT in the centre of the coil to twice these values at the periphery of the arena. These field
strengths are comparable to the ones used in Engels et al. (2014), who were able to perturb the
magnetic compass of European robins by broadband electromagnetic noise with spectral intensity
of 0.1-0.2 nT per 10 kHz in the range 600 kHz-3 MHz, which upon integration over the fre-
quency domain translates into a typical RF magnetic field amplitude of 30-35 nT in the time
domain.

The fact that we observed an effect under wideband-FM field but no visible effect on nest
building under LF conditions is consistent with a RPM mechanism in which both electron spins
have an anisotropic coupling to their respective host molecules, due either to nuclear hyperfine
interactions (Schulten et al., 1978; Ritz et al., 2000) or to spin-orbit coupling (Lambert et al.,
2013). In any case, we can rule out that wood mice use a so-called optimal reference-probe RPM
model (where one of the two unpaired electrons in the radical pair - the probe spin - is devoid of
anisotropy), which was suggested by Ritz et al. (2009, 2010) to explain disorientation in birds
under very weak fields (15 nT) oscillating at the Larmor frequency. Under the assumption that
cryptochrome la (Nief3ner et al., 2011, 2013) is the responsible molecule for RPM magnetore-
ception in mammals, the radical partner of the flavin adenine dinucleotide (FAD) cofactor thus
cannot be a reactive oxygen species (superoxide) as has been suggested for birds (Solov'yov &
Schulten, 2009; Ritz et al., 2010), because superoxide is free of hyperfine interactions, but it
could be tryptophan as in the original model (Ritz et al., 2000) or ascorbyl as recently proposed
by Lee et al. (2014). Alternatively, although it is unclear whether the RPM is an evolutionary
relatively new invention (Gould, 2008) or was present in a common ancestor of arthropod and
chordate lineages, and perhaps modified in the bird lineage, the results render it possible that
mammals and perhaps other taxa might utilize a different host molecule for their RPM than
birds. Either way, a large number of resonance frequencies below and above the LF are possible in
a RPM in which both members of the radical pair have hyperfine interactions, which would have

been covered by the frequency window in the wideband-FM conditions.



Interestingly, however, while RF magnetic fields so far have been found to cause disorientation
in birds (and also in insects; Vacha et al., 2009), in the present experiments the wideband-FM
field caused re-orientation in mice, with nest-building positions shifted by 90° relative to the axis
of orientation observed in the ambient magnetic field. To our knowledge, the possibility of this
type of RF effect (i.e., altering rather than eliminating the pattern of response) has not been ad-
dressed by the available models of the RPM. For simple reference-probe RPM models, either with
a single hyperfine coupling to one of the electron spins (Gauger et al., 2011), or alternatively with
a slightly anisotropic uniaxial g-factor of one spin due to spin-orbit coupling (Lambert et al.,
2013), it is the lifetime of the spin-correlated radical pair (“spin correlation time”) that deter-
mines the magnitude of the effect of weak RF magnetic field on the radical pair dynamics: long
correlation times, on the order 100 ps (i.e. an order of magnitude longer than the ones found in
ex vivo studies on CRY-DASH; Biskup et al., 2009) allow weak RF magnetic fields to fully per-
turb the singlet-triplet interconversion, which leads to a flattened angular response (suppression
of the compass), while shorter correlation times alter the absolute values of the yield without flat-
tening the angular response (Gauger et al., 2011; Lambert et al., 2013). Theoretically it is possi-
ble that the RPM in rodents is based on a radical pair with shorter spin coherence time than the
ones in migratory birds, so that the effect of an RF magnetic field could be different in the two
taxa. Regardless, the altered response in the short-lived radical pair would be equivalent to the
response produced by an intensity shift in the static magnetic field (Gauger et al., 2011), which
could produce a change in pattern of response. Based on the idea that vertebrates might exploit
this pattern as a global reference system (Phillips et al., 2010), being useful in a variety of daily
challenges from integrating spatial information from multiple sensory modalities, to distance es-
timations (Cerveny et al., 2011) and landing angle assessment (Hart, et al., 2013), the mice
might position themselves and/or their nests in the arena in a specific alignment with respect to
the pattern generated by the RPM. Consequently, the alignment of the mice might change when
the visual pattern is altered by the RF treatment. When exposed to such an unfamiliar pattern of
response, recalibration of the static field direction may be required as suggested to occur in migra-
tory birds exposed to a change in magnetic field intensity (Wiltschko et al., 2006; Winklhofer et
al., 2013). This recalibration might require the animal to switch to a different compass mecha-
nism, which under natural conditions would be mediated by a MPM or by a non-magnetic cue;

see also (Phillips et al., 2010).



It is widely believed that RF magnetic fields influence exclusively a RPM, not a MPM. This is
certainly true for single-domain magnetite, where the inertia of the particles surrounded by the
viscous cytoplasm is generally believed to hinder motion and thus transduction of oscillating
fields in the radiofrequency range (Kirschvink, Kuwajima, et al., 1992; Rodgers & Hore, 2009).
However, a different type of MPM may indeed be affected by RF magnetic fields. According to
Shcherbakov & Winklhofer (2010), a MPM based on magnetic susceptibility, such as the ma-
ghemite-superparamagnetic magnetite hybrid magnetoreceptor proposed by Fleissner et al.
(2007) (for which there is little if any histological evidence, however), would represent an antenna
for RF magnetic fields and should convert the radiation into thermal agitation. As with the puta-
tive effect on a RPM, it is not clear why such a heating effect would cause re-orientation, not dis-
orientation. Importantly, however, due to the stronger magnetic field amplitude used for the LF
condition compared to the broadband situation, the hyperthermia effects would have been more
pronounced for the LF conditions. Instead the absence of an effect at the LF can be taken as a

control for unspecific RF-effects (not acting on the receptor mechanism).



3.4.6 Summary and outlook of the wood mice experiments

In sum, I could show that wood mice possess a magnetic sense and display a probably innate di-
rectional preference for the NE-SW axis. It was demonstrated that this preference is not altered
by weak RF fields of the Larmor frequency but shifted by 90° in broadband RF. The results sug-
gest the involvement of a RPM or a related quantum process, but do not allow definite conclu-
sions about the underlying mechanism of magnetoreception. Essentially, the influence of low fre-
quency fields on nest building preferences has to be specifically tested while pulsing experiments
should allow a clear distinction between RPM and MPM. If wood mice respond to the low fre-
quency fields with a 90° shift and if furthermore the animals would show the normal NE-SW
preference when treated with a strong (0.5 T) magnetic pulse before testing in these low frequen-
cy fields it would be clear that the behavioural response is mediated by a MPM (Wiltschko et al.,
2009). The newly developed wood mouse assay is well-suited for future experiments to determine
whether epigeic rodents have a MPM or a RPM. Finally and importantly, the RF magnetic fields
applied here have peak intensities below the ICNIRP guidelines for general public exposure (i.e.,
Brms=0.92 pT/f (MHz), or Bpeak=1.30 uT/f (MHz); ICNIRP, 1998), considered as harmless for

human health. Yet, they are sufficient to affect behaviour in a mammalian system.



General conclusions

The goal of this study was to extend the knowledge about the sensory biology of the red fox with
a focus on the senses of hearing, vision, and magnetoreception. In summary, with this study we
have gained a behavioural audiogram of the red fox, a comprehensive morphological description
of its auditory system, a detailed map of two important components of its visual system, and first
insights into the role of magnetic alignment in red foxes.

In addition, I could provide evidence for magnetoreception in another small rodent possibly
using a magnetoreceptor that has so far been thought to be unique to non-mammalian species.

The results about the auditory system of the red fox obtained in this study are valuable because
they provide the basic knowledge needed before any other behaviour in relation to auditory stim-
uli can be properly interpreted. The behavioural audiogram presented here, will be useful in all
kind of future auditory studies on the red fox and other canids, but also for studies of vocalization
and pest control (acoustic repellence). The morphological results have provided further insights
into the general relationship between morphology and function in auditory systems and will be
valuable as they add to the still small database of (non-laboratory) mammals of which both hear-
ing has been studied accurately and the morphology of the middle and inner ear is described in
detail.

The results on the visual system add to the growing database of mammalian photoreceptor dis-
tributions, ganglion cell densities, and visual acuity in wild mammals and revealed the strong ef-
fects a differing ecology can have on the sensory equipment of two closely related species, the red
fox and the arctic fox. As there is still debate about the ultimate mechanisms underlying the di-
versity of photoreceptor distributions, every new species investigated is of high value.

Finally, the results on magnetoreception lead the way to new and very promising directions of
research. Although the magnetic sense in red foxes could not be proven and the function of its
magnetic alignment during hunting remains an enigma, at least one hypothesis concerning the
function of magnetic alignment in the red fox could be disproven. Furthermore, the finding of
cryptochrome in the red fox retina is in favour of an alternative hypothesis, which can now be
specifically tested as more accurate predictions can be made (e.g. in combination with the results

on the visual system).



The discovery of radiofrequency sensitive magnetoreceptive behaviour in a small rodent is
spectacular and will lead to a series of further investigations. The absence of cryptochrome in the
retina of RF-sensitive species is intriguing and does not fit to the predictions. If reproducible, the

search for magnetoreceptors in mammals will have to be adjusted into new directions.
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