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Abstract

Homing pigeons have been subject of various studies trying to detect magnetic material which might be involved
in magnetic field perception. Here we focus on the upper-beak skin of homing pigeons, a region that has previously
been shown to contain nerves sensitive to changes of the ambient magnetic field. We localizeshEentrations

in the subcutis and identified the material by transmission electronmicroscopy (TEM) as aggregates of magnetite
nanocrystals (with grain sizes between 1 and 5 nm). The particles form clusters piri-dgameter, which are
arranged in distinct coherent elongated structures, associated with nervous tissue and located between fat cells.
Complementary low-temperature magnetic measurements confirm the microscopic observations of fine-grained
superparamagnetic particles in the tissue. Neither electron-microscopic nor magnetic measurements revealed any
single-domain magnetite in the upper-beak skin tissue.

Introduction location and a possible structural arrangement within
the host tissue has to be clarified.

Ferromagnetic material is commonly found in many Our studies concentrate on homing pigeons,
organisms, although it is normally present only in Columba livia which show a homing behavior that
minute amounts. The most prominent example for fer- can be influenced by magnetic field cues (Holtkamp-
romagnetic material in organisms are magnetotactic Rotzler 1998; for a review see Wiltschko & Wiltschko
bacteria (Blakemore 1975), where intracellular mag- 1995).
netite particles arranged in chains serve as a tool for ~ Walcott et al. (1979) were the first who detected
orientation in the Earth’s magnetic field. In other or- permanently magnetic material in the pigeon head.
ganisms, the role of ferromagnetic inclusions is less They found it in a small, unilateral, innervated piece
clear. Apart from possibly being a by-product of of tissue between the dura and the skull and identified
metabolism, they may play a role in the iron house- the concentrated material by Curie temperature mea-
hold of the organism, or have a particular function surement as magnetite. When examining the tissue
as in the case of magnetite dentical capping in chi- in light and electron microscope, they found it richly
tons (Lowenstamm 1962), or represent the basis of a supplied with clusters of electron-opaque structures,
magnetoreceptor (Ising 1945). approximately 0.08 to 0.1am long. In similar exper-

In order to explain the possible function of ferro- iments Presti & Pettigrew (1980) found two regions
magnetic material in a particular organism, its com- with inducible magnetic remanence: In the head and
position, grain size, and — most difficult — its exact the neck musculature of pigeons and there especially
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in the complexus muscle and associated fascia. But in
contrast to the findings of Walcatt al. (1979), Presti

& Pettigrew found the remanence to be distributed uni-
formly throughout the entire head. They could find no
visible magnetic structures in the skull but were able
to extract highly magnetic, black particles from tissue
between the surface of the complexus muscle and the
superficial fascia, which they assumed to consist of
magnetite.

Neither of these investigations came so far as to re-
solve size and nature of individual magnetic particles,
nor their exact location and structural arrangement
within the tissue.

Starting point of our search for ferromagnetic ma-
terial in homing pigeons were the electrophysiological
studies of Semnet al. (1984) on pigeons and of
Beason & Semm (1987) on bobolinks. These studies
suggested that the premaxillary ramus of the median
ophtalmic branch of the trigeminal nerve (Figure 1a),
which innervates the mechanoreceptors in the skin of
the upper beak (Bubien-Waluszewska 1981), may be
involved in magnetoreception, similar to the corre-
sponding ros V (superficial ophtalmic ramus) in trouts
(Walker et al. 1997). Assuming that the hypothet-
ical magnetoreceptor is based on an interaction o
the Earth’s magnetic field with ferromagnetic parti-
cles, we considered the upper-beak tissue a promising
candidate in our search for ferromagnetic material.

f

Materials and methods

Lightmicroscopy

The upper-beak skins of 7 homing pigeons were em-
bedded in paraplast and plastic (Epon) after having
been fixed with glutaraldehyde. These samples were
cut into serial histological sections (10n thickness).

In order to localize the postulated magnetic material,
which was tentatively assumed to consist of magnetite
(FE&TFe0y4) or maghemite ¥-FeiO3), we looked

for concentrations of F& using the Prussian Blue
(PB) reaction (Tanka & Berschauer 1969). In the pres-
ence of F&" and HCI, potassium hexacyanoferrate
turns into the dark-blue ferric ferrocyanide (we used
Kernechtrot for counterdstaining). We applied the PB
reagent for 10 min, which turned out to be sufficiently
long to yield a clearly visible reaction. Only every
second section was stained. If two consecutive PB-

to contain the same structure, but with the original
Fe3+-compound was re-embedded and cut into 100 to
200 nm ultra-thin sections for electron microscopy.

Electronmicroscopy

For further analysis of the iron rich granules, we used
transmission electron microscopy (TEM, Zeiss EM
10 A and Phillips CM 10). As the ultra-thin sections
were not treated with a precontrasting agent, contrasts
are mainly due to opaque material. All micrographs
and selected area electron diffraction (SAED) analysis
were conducted at 100 keV.

Magnetic measurements

The acquisition and demagnetization of an isother-
mal magnetic remanence (IRM) of the entire upper-
beak skin (fresh unfixed tissue) at room temperature
were measured with a LETI SQUID magnetometer
(magnetic-moment sensitivity: 16 G cm3, in SI
units 10°1° A m—2). The beak skin was cut into three
pieces, i.e., a proximal, medial, and distal one.

Low temperature magnetic measurements were
conducted using a Quantum-Design MPMS-XL
SQUID magnetometer. Here, the sample (section of
the upper-beak skin, thickness approx. 1 mm) was
embedded in a diamagnetic resin. ‘Zero-Field cooled’
curves (ZFC) were measured by cooling the sample in
zero field, applying a field H at 5 K and then measur-
ing the magnetic moment in the field H while raising
the temperature stepwise up to 300 K. Subsequently,
the sample was cooled in the same field H (‘field
cooled’, FC-curve) and then measured by the same
experimental procedure as described before. ZFC-FC
curves were measured for applied fields H of 50, 100,
150, and 200 Oe (4, 8, 12, and 16 kAt respec-
tively). The diamagnetic signal was subtracted and the
data normalized. Because of the poor signal-to-noise
ratio, the data were smoothed using a running average
(window width 5 data points).

To measure the decay of magnetic remanence, the
sample was first cooled in zero field. At 5 K the
sample was saturated {gh = 25 kOe respectively
2 x 10° Am~1), the field reduced to zero, and then the
saturation remanent magnetic moment measured as a
function of temperature (Figure 5, inset).

stained sections displayed blue spots at corresponding

sites, the unstained section in between - which is likely
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Figure 1. (a) Schematic drawing of the pigeon skull with projections of the cranial nerve. Ramus ophthalmicus is the sensory branch of N.
trigeminus that extends to the tip of the upper beak. (b) Left side: Positions of the identifiécaBeumulations in the upper-beak skin, top

view of the inset of Figure 1a. Right side: Light microscopic identification GffFaccumulations. Long (sagittal) section stained with Prussian

Blue and Kernechtrot. The B& enrichments (indicated by the arrow) form little granules of similar size {am3 which are aligned in chains

along the cells. (Stack of six different focal planes projected into the same plane, by means of the digital microscopic video camera SPOT,
enhanced by the Metaview software systefmfat cell, n neurofilamentscale barl0 xm.

Results magnification, the PB stained regions are resolved as
. . accumulations of discrete, intensely blue granules of 1
Lightmicroscopy to 3 um diameter (black dots indicated by the arrow in

Figure 1b, right). No other regions in the entire skin of

Treating the histological sections with PB, we find the upper beak showed comparabl&Fenrichments.

up to six isolated sites of B& enrichments in the
upper-beak skin, which are symmetrically arranged
(Figure 1b, left). The F& enrichment are not ran-
domly distributed in the skin, but always occur in At higher magnification the observed opaque granules
the Stratum laxum of the subcutis within strands of can be resolved as clusters of extremely fine-grained
connective tissue, between fat cells (Figure 1b, right) particles with diameters between 1 and 5 nm. Due to
and in association with neurofilaments. ThéFen- the overall opacity of the clusters in normal bright-
richments are arranged in sets of cellular elements, field images, it is difficult to distinguish between the
which sometimes extend over up to 206. At higher particles and a possible surrounding matrix. We there-

Electronmicroscopy



328

120

80

Quantity

40

Diameter [nm]

Figure 2. Grain-size distribution of the nanoparticles within the
clusters.

Table 1.The d-spacings of magnetite in the pigeon’s up- h}
per-beak skin (left column) and {Beobacter metallireducens
(middle column) and the corresponding ASTM-data for mag-
netite (right columns)

Pigeon Geobacter ASTM

(nm) (nm) Nm Intensity
- 0.483 0.485 8
0.29 0.296 0.297 30
0.25 0.252 0.253 100
0.21 0.209 0.2099 20

- 0.170 0.171 10
0.16 0.161 0.162 30
0.15 0.148 0.148 40

fore applied the dark-field imaging technigque and thus
were able to identify individual nanocrystals. The igure 3. (a) SAED pattern of a particle cluster. Obviously, there
grain-size histogram (Figure 2) shows a maximum for are no preferential orientations of the crystal axes in the cluster.
a particle diameter of 2 nm. The SAED pattern of () SAED pattern of magnetites produced by extracellular bacte-
. . . :~_ ria, for comparison. The d-spacings and corresponding intensities
the particle Clu_St_erS ShOW a powder d|ffr_act|on dl? are shown in Table 1. This confirms that the Prussian-Blue marked
gram characteristic of fine-grained crystalline material granules consist of clusters of magnetite nanocrystals.
(Figure 3, Table 1). The d-spacings and their corre-
sponding intensities together with the black color of o _
the clusters in the light microscope are diagnostic for However, the grain size observed here is such that su-
magnetite. We did not detect any other magnetite par- Perparamagnetic behavior can be expected for the ma-
ticles outside the clusters, although the entire tissue terial at room temperature (Butler & Banerjee 1975,
was scanned thoroughly. Winklhofer et al. 1997). It is important to note that
Our detection of magnetite in the pigeon tissue Mmagnetite with grain sizes above 5 nm was not de-
confirms the earlier findings of Walcagt al. (1979) tected in any of the clusters investigated nor elsewhere
and Presti & Petigrew (1980) as described above. in the upper-beak skin.




Magnetic properties at room temperature

We obtained a first indication of the presence of fer-
romagnetic material in the pigeon upper-beak tissue
by a series of magnetization measurements with a
SQUID magnetometer, conducted in a similar way as
described by Walcotet al. (1979), or by Presti &
Pettigrew (1980). The magnetization was measured
in zero field and 1 Oe (maximum field that could
be applied in the magnetometer). The fresh unfixed
tissue did not show a detectable remanent magneti-
zation, but an induced magnetization when measured
in 1 Oe. After approx. 30 min, the tissue changed
to a state where it did acquire a remanent magnetic
moment (of the order of I® emu) when exposed

to stepwise increased magnetic fields. These results
indicated to us that the fresh tissue must have been
changing rapidly its original structure, probably due to
desiccation, thereby altering a hypothetical magnetic-
particle configuration. As a first interpretation of this
phenomenon — though not compelling at this point —

we tentatively assumed superparamagnetic particles to:

agglomerate during the first 30 min, thereby increas-
ing the effective particle size above the threshold size
for the transition from SP to stable magnetic behavior.
Regarding the distribution of magnetic material, we
found that the tissue at all the three parts (proximal,
medial, and distal, Figure 1b) displayed a saturation
remanent magnetic moment of comparable intensity
(between 15 and 3& 10~6 emu after exposure to a
saturation magnetic field of 2000 Oe), which agrees
well with our light-microscopic findings.

Low temperature magnetic measurements

Up to 20 K the ZFC-FC-curves (Figure 4a) are
in good accordance with superparamagnetic material
with blocking temperatures belof = 5 K. At higher
temperatures (around 140 K) a broad peak is visible,
which indicates the presence of an additional magnetic
phase. When plotting the magnetic moment versus
reciprocal temperature 7/ this feature becomes more
pronounced (Figure 4b). At applied fields of 100 and
150 Oe, the peak is shifted to slightly higher temper-
atures ¢ 160 K). The peak disappears at higher fields
between 150 and 200 Oe. An influence of the applied
magnetic field on the peak temperature (usually des-
ignated blocking temperatur&p) of ZFC-curves has
previously been observed for magnetite (Lebal.
1991) and maghemite (Sappetyal. 1997). Luoet al.
attribute the increase dfg with H to a dipole-dipole
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Figure 4. (a) ZFC-FC curves measured in magnetic fields of 50 and
200 Oe. The lines indicate running averages (window width: 5 data
points). The data were corrected for the diamagnetic signal of the
resin. (b) ZFC curves for different applied fields.

interaction between the particles of a system with ran-
dom anisotropy. They also observed an increase of
the peak temperature with increasing concentration of
magnetite particles.

To obtain the distribution of blocking temperatures
the remanence curve was differentiated (Figure 5). The
data were fitted assuming a log-normal distribution
of blocking temperatures as described by Blanco-
Mantecon & O'Grady (1999). We have fitted the data
with 3 log-normal distributions. The occurrence of a
low and an intermediate blocking temperature (3.42
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T T T tization at low temperatures is an indication of the
fitt+ft2+it3 ] presence ofvery small superparamagnetic particles. (2)

=~ -~ differentiated remanence decay The peak at higher temperatures can be attributed to

T T T T

7 agglomerated magnetite particles. This interpretation
is also supported by the TEM investigations which

showed that the distribution of the magnetite parti-

7 cles is not completely homogeneous within the cluster.
There are regions with finely dispersed particles on
L the one hand, and regions with more agglomerated
0 40 80 120 160 200 ] particles on the other.

Temperatur [K] It is essential to note that neither electron-
microscopic hor magnetic measurements gave any
indication of the presence of stable single-domain
magnetite in the entire upper-beak skin of homing
pigeons.
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Figure 5. Derivative of the remanence decay and the fitted distri- ACknowledgements
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