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Behavioural studies underpin the weight of experimental evidence for

the existence of a magnetic sense in animals. In contrast, studies aimed at

understanding the mechanistic basis of magnetoreception by determining

the anatomical location, structure and function of sensory cells have been

inconclusive. In this review, studies attempting to demonstrate the existence

of a magnetoreceptor based on the principles of the magnetite hypothesis

are examined. Specific attention is given to the range of techniques, and

main animal model systems that have been used in the search for magnetite

particulates. Anatomical location/cell rarity and composition are identified

as two key obstacles that must be addressed in order to make progress in

locating and characterizing a magnetite-based magnetoreceptor cell. Avenues

for further study are suggested, including the need for novel experimental,

correlative, multimodal and multidisciplinary approaches. The aim of this

review is to inspire new efforts towards understanding the cellular basis

of magnetoreception in animals, which will in turn inform a new era of

behavioural research based on first principles.
1. Introduction
Despite a wealth of behavioural evidence that provides compelling support for

magnetic field perception in animals, the cellular and molecular basis for this

sense remains to be discovered and characterized [1,2]. The reasons why the

location, structure and function of magnetoreceptor cells have remained

hidden to this point are many, but with the advent of new characterization

methods and innovative experimental approaches many research tools now

exist for resolving this long-standing biological question.

1.1. The magnetic sense
The Earth’s magnetic field provides a relatively stable and globally pervasive

reference frame that animals can exploit for short- or long-distance orientation

and navigation across the entire biosphere. Such a sense therefore provides a

primary or ancillary mechanism for maintaining course in situations where

other navigational mechanisms are compromised or across landscapes devoid

of landmarks. Magnetosensory systems are thought to use various components

of the Earth’s magnetic field, including its intensity, polarity and inclination

(figure 1), which can be incorporated into two distinctly different sense types,

being either a compass- or map-like sense, capable of detecting directional or

positional information, respectively.

The two sense types are thought to comprise two separate and specialized

receptor systems [3]. In general, the compass sense is hypothesized to rely on

magnetic polarity and/or inclination and the map on inclination and/or intensity.

This aspect of magnetoreception has been investigated primarily in behavioural or

electrophysiological studies of a broad range of animal groups, resulting in com-

plex and often controversial interpretations, and the subject of various reviews

[3–7]. Of specific relevance to magnetic particle-mediated magnetoreceptor
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Figure 1. Diagrammatic representation of the Earth’s geomagnetic field
detailing the main components thought to be available to animals for mag-
netoreception. Lines of magnetic flux (shown on right), emanate from the
Earth’s iron core at the south magnetic pole (Sm) in the Southern Hemisphere
(S) and travel to the north magnetic pole (Nm) in the Northern Hemisphere
(N). As for a standard dipole bar magnet, this force can provide directional
information for a compass sense. Lines of magnetic flux are closer together at
the poles compared to the magnetic equator (black curving line) resulting in
increased magnetic intensity (represented by arrow length on left), which is
potentially useful for a map-like sense. The inclination angle of the magnetic
flux lines as they leave or enter the Earth’s surface change consistently from
+908 at the magnetic poles to 0o at the magnetic equator (relative to grav-
ity), which could also be used for a compass or map type sense. White
dashed line represents geographical equator.
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(MPM) systems are studies involving the so-called Kalmijn–

Blakemore re-magnetization experiment [8], which involves

the application of a short strong magnetic pulse that should

disrupt MPM and not radical pair-mediated magnetorecep-

tor systems (RPM; see below). These pulse experiments have

been used most extensively on birds, resulting in compromised

navigation in pigeons and long-distance migratory species

[9–11], but insects [12], reptiles [13] and mammals [14] also

exhibit pulse-mediated behavioural responses.
1.2. The radical pair and magnetic particle hypotheses
The field studying magnetoreception in animals is divided

concerning the exact mechanistic basis of the sense, with

RPM and MPM being the primary hypotheses to have been

developed. RPM is based on a light-driven electron transfer

reaction in photoreceptor molecules (cryptochrome), where

the degree of neuronal activation is a function of the biochemi-

cal activity of the molecule subject to different magnetic field

conditions (figure 2) [15–18]. As light is a prerequisite for a
functioning RPM, the sensory system is thought to be anatomi-

cally localized to the eyes, although, it has been proposed

that alternative locations accessible to light should not be

discounted [19]. The MPM hypothesis is based on the premise

of cell depolarization and neuronal activation in response to a

deflection of magnetite nanoparticles that are anchored to the

cell membrane of specialized neural cells (figure 3) [20–24].

Notably, the RPM and MPM systems are not mutually exclu-

sive, and it has been suggested that some interaction between

the two systems may exist [18,25–27].

Although cryptochrome expression is not limited to the

retina of animals [28], the eyes have received the most atten-

tion in the literature with respect to the role of this protein

family in magnetoreception [16]. In the case of the RPM

system, the challenge of describing magnetoreceptor function

falls more towards describing the role of these proteins at the

molecular and atomic level. The major challenge concerning

the elucidation of a magnetic particle-based system is determin-

ing the anatomical location of the sensor, which, in the case of an

MPM system, could be located anywhere in the body. Owing to

the disparity between these two hypothetical systems, this

review will only consider studies related to the existence of the

MPM system, as each will require very different experimental

approaches to unravel their structure and function.

1.3. Iron’s role in biology and magnetoreception
Iron is a reactive element, known for the ease with which it

cycles between its ferrous (Fe2þ) and ferric (Fe3þ) states, other-

wise known as its redox potential [29]. This reactivity is a

double-edged sword as, while it is ideal for catalysing useful

biochemical reactions, if left unregulated, it also has the ability

to generate toxic free radicals that can damage cells. As such, all

organisms have developed various mechanisms for managing

the uptake, transport and storage of iron that, in some cases,

has been exploited for specialized functional purposes, such

as orientation or structural reinforcement (figure 4).

Although various mineral phases of iron exist in biology,

magnetite (Fe3O4) is hypothesized to be the most likely

phase for forming a functioning magnetoreceptor mechanism

[22,24]. Experimental evidence for this is, in part, provi-

ded by the pulse re-magnetization experiments discussed

above, and the various studies that have either directly or

indirectly observed magnetite as discussed below. The two

types of particles that are thought to exist include super-

paramagnetic (SPM) and single domain (SD) magnetite.

The small size of SPM particles (approx. less than 30 nm),

makes them unable to retain a stable magnetic moment of

their own relative to background thermal energy, but will

align in the direction of an externally applied magnetic

field [31]. For SD magnetite, the single crystals are large

enough (approx. 60 nm) to possess their own permanent

magnetic moments (which is amplified in the case of particle

chaining), such that they behave in a fashion similar to that of

a compass needle.
2. Magnetotactic bacteria—the smoking gun
When the structure, modelled behaviour or evolution of

MPM systems are discussed in the literature, references are

commonly made to the existence of magnetotactic bacteria

[22,32–35]. This group of micro-aerobes has been studied

extensively owing to their ability to form single crystals of
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Figure 2. Diagrammatic representations of the hypothesized radical pair mechanism of magnetoreception. (a) In specialized photoreceptor molecules (cryto-
chromes), light drives an electron transfer between donor (D) and acceptor (A) molecules generating a radical pair in the singlet (arrows ��) or triplet
(arrows ��) state. The interconversion between singlet and triplet states (blue arrows) changes under different magnetic field conditions (e.g. at orientation
A (OA) or B (OB)) that, in turn, changes the ratio of singlet to triplet products (denoted by the size of the bottom arrows). (b) Light entering the eye (e.g.
rays A and B) drives radical pair formation in cryptochrome molecules oriented normal to the retina surface (green arrows) at sites 1 and 2, which are oriented
at different angles (u) relative to the external magnetic field (blue lines). The anisotropy of radical pair production across the retina surface may result in the
addition of a superimposed impression of the magnetic field to the animal’s sight (adapted from [15,16]).
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Figure 3. (a,b) Diagrammatic representation of various hypothesized magnetite particle-based magnetoreceptor systems under two differing magnetic field con-
ditions. Three separate magnetoreceptor systems based on clusters of superparamagnetic (SPM) particles are shown on the left hemisphere of each cell (a, b and c)
and an example of a single domain system is provided on the right hemisphere (d). Under magnetic field condition A, all systems are shown in the resting, polarized
state, where particles are connected to closed mechanosensitive ion channels via cytoskeletal filaments to the cell membrane (cm) or to force-gated ion channels
( fg). The change to magnetic field condition B, results in movement of the SPM clusters, which distorts the cell membrane in example a and opens a force-gated ion
channel in example b. Example c is similar to a, but in this case ion channel activation is mediated by a secondary messenger (sm). In the single domain system (d),
shown as a chain of single crystals, the change from magnetic field condition A to B applies torque on the chain and again results in the opening of a force-gated
ion channel. In all cases, cell depolarization leads to an action potential, which, travelling via afferent nerves, leads to neuronal activation in the brain. Scenarios
modelled on [20].
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nanoparticulate magnetite (and greigite in some species),

which are often arranged in chains forming a structure

termed the magnetosome [36–38]. The magnetosome is used

to align the bacterial cell with the Earth’s magnetic field,

thereby aiding these bacteria in maintaining, or moving

towards, regions more favourable for growth [39]. Together

with chitons, (Mollusca: Polyplacophora), magnetotactic bac-

teria were the first organisms in which biogenic magnetite

formation was demonstrated, and are possibly the single-

most important element in the argument for the existence of

an MPM system in eukaryotic organisms [21,37].

Given the existence of these bacteria, it is perhaps unsurpris-

ing that MPM models predict that similar magnetite particles

possess the biophysical properties necessary to mediate the

detection of Earth-strength magnetic fields in vertebrates
[23,24]. While the bacterial magnetosome provides us with a

logical example for a functional receptor system, the strong

focus on this model has perhaps precluded the pursuit of

alternative, as yet unconsidered, mechanisms of magneto-

sensory perception. While we do not presume to know what

these alternative mechanisms might be, exploring the magnetic

properties of biogenic iron oxides, other than magnetite,

under different structural configurations may give rise to new

biophysical possibilities.

Magnetotactic bacteria have also been used as controls

for studying MPM systems. Some studies have used the

magnetosome to make comparisons against particulates

extracted from animal tissues [40] and have been used to

test the efficacy of techniques [41–45]. These natural biogenic

magnetite particles represent the ideal model with which to
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Figure 4. A selection of electron and optical micrographs of biogenic iron minerals formed by organisms. (a) Dark-field scanning transmission electron micrograph
(DF-STEM) of magnetotactic bacterium Magnetospirillum magnetotacticum clearly showing the chain of nanoparticulate magnetite forming the magnetosome (arrow-
head), scale bar, 1 mm. (b) Bright-field TEM (BF-TEM) micrograph of chains of magnetite isolated from ethmoid tissue from the salmon Oncorhynchus nerka
(reproduced from refrence [30]), scale bar, 50 nm. (c) DF-STEM micrograph of iron granules extracted from trophocyte cells in the abdominal fat layer of the
honeybee Apis mellifera, scale bar, 500 nm. (d ) BF-TEM micrograph of the mass accumulation of ferritin siderosomes (fs) in the epithelial tissue surrounding
the magnetite mineralized tooth cusp (tc) of the chiton Acanthopleura hirtosa, scale bar, 5 mm. (e) Optical micrograph of a Perls’ Prussian blue stained section
and ( f ) a DF-STEM micrograph both showing a single iron-rich cuticulosome (arrowheads) in the cuticular plate of inner ear hair cells from the pigeon Columbia livia,
scale bars, 5 mm (e), 2 mm ( f ). Note: bright regions in DF-STEM images correspond to regions of high mass.
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test a host of practical methods, including extraction proto-

cols, instrument detection limits, the behaviour of isolated

particles and confirm that the chemical/crystal structure of

the particles remains unchanged by such procedures.
3. The ‘needle-in-a-haystack’ problem
The discovery of an MPM has been impeded by biophysical

limitations inherent to the hypothesized nature of the recep-

tor itself. In this review, two factors are identified as major

obstacles that must be overcome in order to locate an MPM

system. These factors have proven to be a significant barrier

to scientific enquiry, where researchers are confronted with

a search for a potentially rare cell type of unknown location

and structure; the classic ‘needle-in-a-haystack’ problem, or

as one researcher has phrased a ‘needle in a haystack of need-

les’, owing to the presence of other iron oxide materials in

biology [32].

(1) Anatomical location and rarity—as magnetic fields freely

penetrate biological tissue, the receptor is not restricted

to a specific location in the body as for other senses.

Additionally, MPMs are hypothesized to be a rare cell

type with relatively few cells being needed for the sense

to function.

(2) Composition—subcellular nanoparticulates (�100 nm) of

magnetite are commonly considered to be the most likely

candidate structures for an MPM system. This is due to

the fact that magnetite is known to be the most magnetic

iron oxide formed biogenically. Finding these small

particles, given that iron is common in physiological pro-

cesses, is extremely difficult as many common analytical

tools cannot differentiate between MPM particles and
the iron compounds used in other metabolic activi-

ties. In addition, with iron being a highly abundant

element in the Earth’s crust, there is a high potential for

environmental or laboratory contamination [46].

4. Finding a magnetic particle-mediated
magnetoreceptor system

There are currently two experimental approaches used to

narrow down the anatomical location of an MPM. A recent

and innovative method studies magnetic field-induced neur-

onal activation in the brain, making it possible to identify

new target sensory structures by following the afferent

nerves connected to these activated regions [47,48]. This has

been partly achieved in pigeons were the inner ear has been

implicated in magnetoreception following the detection of

magnetic field-induced neuronal activation in the birds ves-

tibular system. Notably, the fact that these experiments

were conducted in the dark adds support for an MPM over

the light-dependent radical pair hypothesis.

The alternative approach for elucidating the anatomical

location of an MPM is to take advantage of the only distinc-

tive feature that separates these cells from others, which is the

expected presence of the magnetic particles. This approach,

which aims to characterize the particles either by direct obser-

vation or indirectly by studying their magnetic signature,

forms the basis of the vast majority of published studies

trying to identify the magnetic properties and location of

an MPM system. Direct and indirect observations have been

made on various animal species using a broad range of tech-

niques from fields such as microscopy or magnetics (table 1)

and are the primary focus of this review.



Table 1. Acronyms and abbreviated terms for direct and indirect techniques applied to the study of magnetic particle-mediated magnetoreception.

direct observation techniques indirect observation techniques

optical beam-based magnetometry-based

LM light microscopy Cryo mag cryogenic magnetometry

MagScrn magnetic screening optical microscope EPR electron paramagnetic resonance

PB Perls’ Prussian blue (stain) FMR ferromagnetic resonance

electron beam-based Möss Mössbauer spectroscopy

EDS energy dispersive X-ray microanalysis MR magnetic resonance

EELS electron energy loss spectroscopy Pulse mag pulse magnetometry

EFTEM energy-filtered TEM Spinner mag spinner magnetometry

HRTEM high-resolution TEM SQUID super quantum interference device magnetometry

SAED selected area electron diffraction VSM vibrating sample magnetometry

SEM scanning electron microscopy

TEM transmission electron microscopy

ion beam-based

PIXE particle-induced X-ray emission

TOF-SIMS time of flight secondary ion mass spectroscopy

scanning probe-based

AFM atomic force microscopy

MFM magnetic force microscopy

X-ray beam-based

micro-CT X-ray micro-computed tomography

micro-SXRF micro-scanning X-ray fluorescence microscopy

micro-XANES micro-X-ray absorption near edge structure

XRD X-ray diffraction

others

Elect. electrophysiology

MRI magnetic resonance imaging
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5. Direct observations
Microscopic characterization techniques that can resolve the

structure of tissues, cells or particles and/or their chemical/

mineral composition, form the basis of all direct observations

in the field (table 2) [30,41–43,45,49–62]. The most widely

used approach has been to combine light microscopy with

the histological stain Perls’ Prussian blue, which renders

ferric iron (Fe3þ) blue in colour [51,52,62]. Staining is con-

ducted on either paraffin or epoxy resin-embedded tissue

sections cut with a microtome onto glass slides. However,

Prussian blue is not a specific stain for magnetite, and there

have been instances where false-positives have led to misi-

dentifications. For example, in the case of homing pigeons,

the long-held claim that Prussian blue positive structures in

the upper beak are putative magnetoreceptor cells [59,63,64]

was overturned by the more recent finding that they are in

fact iron-rich macrophages [19,60].

The potential for generating false-positives with the

Prussian blue technique highlights the MPM composition pro-

blem (i.e. iron is common in biology and the environment) and

stresses the need for complementary imaging and analytical

approaches to verify the structure and composition of target
particles. Conventionally, this has been done by resorting to

the higher-resolution capabilities of transmission electron

microscopy (TEM). However, it is generally not possible to

transfer samples that have been sectioned for Prussian blue

identification into the TEM for direct correlative imaging and

analysis. To overcome this, investigators have developed a

semi-correlative Prussian blue and TEM approach which

involves taking alternate semi-thin and ultra-thin sections for

optical and electron microscopy. This method has been used

to characterize iron-rich macrophages in the pigeon beak

[19,60] and a newly discovered iron-rich organelle in the

inner ear hair cells of birds [61]. While this has proven to be a

powerful tool for characterizing candidate structures, prep-

aration and analysis is labour intensive and is subject to the

MPM location and rarity problem, as a well-defined region of

interest must first be known.

A novel and highly innovative study recently took advan-

tage of the inherent magnetic properties of putative MPMs by

screening populations of dissociated cells with a specialized

inverted microscope that possessed a rotating magnetic

probe around the objective lens [43]. This technology allowed

researchers to collect magnetically responsive (spinning)

cells from trout olfactory epithelia, which could then
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be examined using scanning electron microscopy (SEM)

combined with X-ray microanalysis. This approach addres-

ses issues with MPM location and rarity, but suffers from

false-positives, with the spinning behaviour of cells being

attributed to contamination, such as the extracellular attach-

ment of particles from environmental or laboratory sources

[42]. While the use of this technique for finding an MPM is

currently in question, it may prove to be useful in the

future as a tool for examining the magnetic properties of an

MPM once it is discovered.
J.R.Soc.Interface
12:20150499
6. Indirect observations
Magnetic-based techniques, such as super quantum interfer-

ence device (SQUID) magnetometry, magnetic resonance

and electron paramagnetic resonance, are highly sensitive

and seek to detect the presence of magnetic material and

describe the size, arrangement and mineral form of the parti-

culates. In general, living things are predominantly made up

of diamagnetic materials, which generate a very weak oppos-

ing moment in a magnetic field. While the most common

‘magnetically active’ element in biological material is iron,

most forms of iron in metabolic processes have only weak

magnetic states (paramagnetic or antiferromagnetic). In con-

trast, the magnetic particles thought to be associated with an

MPM system are strongly magnetic (ferrimagnetic). As such,

magnetic measurements could provide a way of identifying

MPM sites.

Notably, 11 of the 14 studies found in the literature that

solely use indirect methods used insects as model systems

(table 3) [65–78]. This is likely due to the fact that these ani-

mals are small, and whole samples or body parts can be

analysed easily with minimal preparation. Insects are also

available in large numbers, making it possible to analyse

multiple individuals simultaneously in order to amplify the

magnetic signal.

The segmented insect body plan lends itself to dissection

into head, thorax and abdomen, which is a useful strategy for

screening individual body parts separately and provides a

way to define regions of interest, thereby addressing the

MPM location and rarity problem. The ability to study

intact body parts, where their anatomical orientation is

known relative to the applied magnetic field, also allows

information about how the magnetic material is organized

within the body [66,70,71].

The highly sensitive nature of most magnetic techniques

also makes this range of analytical methods subject to the

composition problem, especially in the case of ground dwell-

ing or subterranean species such as ants or termites.

Environmental sources of iron contamination can be found

in the joints, hairs and digestive tracts of insects [50,79]. For

example, iron particles extracted from ants cleaned by soni-

cation were suggested to be derived from soil and were

shown to be similar to those extracted from soil controls

[50]. Particulates attached to the hairs of bumblebees have

also been demonstrated to be contaminants from their

environmental surroundings [80].

As shown in attempts to isolate spinning cells, a back-

ground level of magnetic particle contamination can be

expected, despite great efforts to exclude such material [42].

Researchers have made attempts to mitigate environmental

contamination by taking advantage of the fact that
honeybees, ants and termites can be bred in the laboratory.

Laboratory-reared insects are fed on artificial diets for the

purpose of purging the digestive tract, such as pure cellulose

in the case of termites [81,82] or sucrose solutions in the case

of bees [52]. Notably, the vast majority of indirect studies

have not used this approach, which could be problematic

when interpreting magnetics data. It would be advisable to

obtain baseline information on the presence of particulates

in the gut contents of model species prior to further studies.

Certainly, there are advantages to having control over

animal husbandry and the conditions under which animals

are reared. However, consideration should also be given to

the fact that these artificial environments could lead to exper-

imental artefacts, such as abnormal development/physiology

or induced stress. For example, while magnetotactic bacteria

are vastly different from animals, it is known that they grow

well in micro-anaerobic culture media, but will not form

chains of magnetite particles (magnetosomes) unless the

media is maintained under very specific oxygen saturation

conditions [83].
7. Combined direct and indirect observations
Several studies have combined direct and indirect approaches,

such as optical and electron microscopy with SQUID, in

the search for an MPM system (table 4) [64,80,82,84–96].

Owing to the disparate sample preparation requirements for

microscopic versus magnetic analysis, samples are typically

generated from different individuals, but some studies were

able to make direct and indirect observations on the same

individual or sample. The closest example that could

be found for this review is where the presence of magneto-

some-like particles was confirmed in subsamples prepared

from human brains for respective TEM and SQUID analysis

[95]. However, these particles have not been implicated in

magnetoreception.
8. Four putative magnetic particle-mediated
magnetoreceptor systems

While magnetoreceptors have been sought in a wide variety of

animals and their various body parts, four main morphological

structures emerge from the literature as the most extensively

studied and perhaps most likely location for putative MPM

systems. These include the insect abdomen, the upper beak

of birds, the inner ear of birds and the nasal tissues of fish. It

is curious to note that, despite these well-defined anatomical

locations, which in some cases were even narrowed down to

specific tissues or subcellular levels, the magnetoreception

field arguably considers the question of MPM location,

structure and function unresolved.

8.1. The insect abdomen
The insect abdomen has been the focus of numerous studies, and

the presence of several SPM and SD iron oxide particles have

been confirmed by direct and indirect methods (tables 2–4).

In particular, the abdomen of the honeybee Apis mellifera has

received substantial scientific attention. Two different anatom-

ical sites have been proposed as possible locations for an

MPM: (i) the anterior dorsal region of the abdomen, where evi-

dence suggests SPM and SD magnetite particles are present



Table 3. List of published articles using indirect methods for characterizing magnetic particles in various animal groups/species and the techniques applied. A
list of acronyms and abbreviated terms for specific techniques is provided in table 1. SD, single domain; SPM, superparamagnetic magnetite; An, antennae; H ,
head, Th, thorax; Ab, abdomen.

species
reported particle
characteristics

material
observed techniques location reference

insects

Pachycondyla marginata clusters of 3 � 13 nm SPM magnetite-based EPR Ab [65]

pseudo-single or multi-domain magnetite SQUID whole [66]

total saturation magnetization

data only

highest % in An SQUID An, H, Th,

Ab

[67]

Solenopsis substituta 12.5 nm (Ab) 11.0 nm (H)

chains or ellipsoids

magnetite FMR H, Th, Ab [68]

Rhodnius prolixus no ferromagnetic material found VSM whole [69]

Neocapritermes opacus 18.5 nm particles organized in a

film-like system

magnetite MR ThþAb [70]

Apis mellifera transversely oriented magnetic

material

n.a. SQUID whole, Ab [71]

3 � 102 nm3 and 103 nm3

volume nanoparticles

Fe3þ , amorphous

FeOOH,

magnetite

EPR Ab [72]

ca 30 nm, ferritin magnetite, 98%

iron atoms as

ferrihydrite

SQUID Ab [73]

time evolution of magnetic

nanoparticles varies with bee

age, preserving solution and

body part

FMR An, H,

Th, Ab

[74]

Schwarziana

quadripunctata

220 nm in Ab estimated magnetic material

(highest %

in An)

SQUID, FMR An, H,

Th, Ab

[75]

fish

Oncorhynchus nerka SD magnetite SQUID ethmoid

tissue

[76]

birds

Dolichonyx oryzivorus partially SD magnetite SQUID, spinner mag H, nasal

cavity to

orbit

[77]

Passerculus sandwichensis

Passerine cyanea

mammals

Miniopterus fuliginosus SPM magnetite SQUID, pulse and

cryomagnetometer

H, brain [78]

Chaerephon plicata

Nyctalus plancyi

Hipposideros armiger

Myotis ricketti

Rhinolophus

ferrumequinum
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[71,97] and (ii) iron granules located in sheets of trophocyte cells

in the subcuticular fat layer of the ventral abdomen [54,85].

Using SQUID, transversely oriented SPM magnetite was

indirectly detected in the anterior dorsal region of the
abdomen [71,98] and direct TEM observations have revealed

the presence of 15–30 nm (SPM/SD) and 3–5 nm (SPM)

magnetite in digested tissue extracts of newly hatched

worker honeybees [99]. In behavioural studies, where



Table 4. List of published articles using both direct and indirect methods for characterizing magnetic particles in various animal groups/species and the
techniques applied. A list of acronyms and abbreviated terms for specific techniques is provided in table 1. SD, single domain; SPM, superparamagnetic
magnetite; P-SD, pseudo-single domain; H, head; Th, thorax; Ab, abdomen.

species reported particle characteristics material observed techniques location reference

insects

Apis mellifera 100 – 900 nm granules hydrous iron oxide

(ferrihydrite)

LM, PB, TEM, EDS,

SAED, Möss

Ab [84]

100 – 600 nm granules with SPM

inclusions, an average density of

1.25 g cm23

hydrous iron oxide

with magnetite

inclusions

LM, TEM, EDS,

SQUID, EPR,

AFM, MFM,

ESCA

Ab [85]

Bombus terrestris SPM magnetite, wuesite SEM, EDS, VSM,

Möss, XRD

H, wing [80]

Nasutitermes exitiosus 10 nm SPM ferrimagnetic

material

TEM, Cryo mag H, Th þ Ab [82]

Amitermes meridionalis

fish

Thunnus albacares SD, mean size

45 � 38 nm+ 5 nm SE

magnetite TEM, XRD, EDS,

SQUID

H (dermethmoid

tissue)

[86,87]

Oncorhynchus

tshawytscha

SD chains magnetite TEM, XRD, SQUID H (dermethmoid

cartilage)

[88]

Salmo salar SD 60 – 100 nm and 340 – 380 nm magnetite TEM, EDS, SQUID lateral line [89]

Anguilla anguilla SD, mean 90 nm+ 40 nm magnetite TEM, EDS, SQUID lateral line

(mandibular)

[90]

birds

Columba liva SD magnetite XRD, EDS, SQUID H [91]

1 – 5 nm SPM particles in 1 – 3 mm

clusters that form 200 mm

elongate aggregates

magnetite LM, PB, TEM,

SAED, SQUID

upper beak [64,92]

SPM, 1 – 4 mm aggregates magnetite LM, PB, SQUID upper beak [93]

Dolichonyx oryzivorus SD, P-SD magnetite, other

iron material

present

LM, PB, TEM, SEM,

EDS, spinner

mag

H (various) [94]

mammals

Homo sapiens SD in 50 – 100 clumps magnetite (5 M

particles per g

tissue estimated)

TEM, SAED, SQUID brain [95]

nematode

Caenorhabditis elegans 10 s of nm magnetite TEM, EELS, EFTEM,

EDS, SQUID

whole [96]
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magnetic wires were attached to the anterior dorsal abdomen

of honeybees, magnetic field discrimination was found to be

impaired compared with animals with non-magnetic wire

attached as controls [100]. Evidence has also been provided

for the existence of a specialized band of SPM containing

hairs in the anterior dorsal part of the abdomen [53]. As no

further studies have been conducted on the anterior dorsal

abdomen, it is unknown whether a connection exists between

the particles identified by Gould and Schiff or whether these

are responsible for the behavioural changes observed by

Walker and Bitterman.
The iron granules within the trophocyte cells of the subcu-

ticular fat layer have been studied in some detail and have been

implicated in magnetoreception (tables 2–4). Insect fat layer

trophocyte cells are present beneath the abdominal cuticle

and are involved in various metabolic activities, including

energy storage, the production of yolk proteins, heavy metal

detoxification and the storage of excess dietary iron [101,102].

Using the Prussian blue stain on whole mounts of the abdo-

men, the granules were found to be distributed in bands

beneath the cuticle in all abdominal segments [84]. Although

no systematic stereological studies have so far been conducted
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using TEM, the granules are reported to range in diameter from

100 to 900 nm and are known to be primarily composed of iron,

oxygen, phosphorous and calcium [52,55,84,85]. While these

hydrous iron oxide particles are only weakly magnetic, it has

been suggested that only 0.33% of the granules would need

to be reduced to magnetite to explain previous measurements

of the magnetic moment in the abdomen and be sufficient for

an MPM to function [84].

The potential role of these granules for magnetoreception

has been debated. Ventrally located trophocyte cells were

claimed to be innervated by axons connected to the ganglia

that exist along the ventral nerve cord in the abdomen, and

that the iron granules contained an SPM magnetite com-

ponent [54]. These findings were later challenged, and the

interpretation and validity of these results were questioned

on a number of fronts [103]. Specifically, given that the

granules are comprised 7.5 nm particulates, consistent with

the iron storage proteins ferritin or haemosiderin, a role in

dietary iron storage was not considered. It was also suggested

that trachea and excitatory nerves were mistaken for sensory

nerves in trophocyte tissue. If correct, the findings of Hsu and

Li were also inconsistent with magnetics data collected from

the honeybee abdomen. Persisting with the notion that SPM

magnetite particles were present in iron granules within ven-

trally located trophocytes, a follow-up multimodal study by

the same authors claimed that granule distortion in response

to an applied magnetic field resulted in a cytoskeletally

triggered release of calcium [85].

8.2. The upper beak of birds
Numerous studies have implicated the head, nasal and upper

beak regions of birds as the physical location for a magneto-

receptor system. A range of SD and SPM magnetite particles

have been reported (tables 2–4) and have been reviewed

recently [20]. Specifically, the ophthalmic branch of the trigem-

inal nerve in the pigeon’s upper beak has been studied in

detail. It has been claimed that it is associated with a special-

ized magnetic sense system comprised six discrete clusters of

sensory neurons containing complex arrangements of SPM

magnetite and maghaemite (g-Fe2O3) platelets, acting to elicit

a mechanosensory neuronal response [58,59,64,104]. The invol-

vement of these structures in MPM was the dominant and

accepted theory for magnetoreception in birds for over 10

years. However, this was challenged by recent findings using

the semi-correlative optical, Prussian blue and analytical

TEM approach, which demonstrated that the previously

identified Prussian blue positive structures are iron-rich macro-

phages, and not magnetosensory neurons [19,60]. Notably,

neurobiological evidence continues to emerge for the involve-

ment of the trigeminal nerve in magnetoreception [105]. As

the tissues of the upper beak of birds have arguably been the

most thoroughly explored region of tissue with respect to find-

ing an MPM system, the fact that an MPM remains

undiscovered in the beak, despite strong behavioural and neu-

robiological evidence, raises the possibility that a light-based

non-ocular RPM system may exist at this site.

8.3. The inner ear of birds
Due to the fact that the brain must ultimately process the

incoming information from a magnetosensory stimulus,

immunohistochemical markers (i.e. c-Fos) could be used to pin-

point such neuronal activity. Dickman and co-workers used
this technique to examine neuronal expression in the brain of

pigeons and determined that activation occurs in vestibular

brainstem neurons when the animals are exposed to varying

magnetic field conditions [47,48]. This region of the brain is

linked by afferent nerves to the inner ear lagena. In birds sub-

jected to ablation of the lagena, this vestibular activation was

greatly diminished [48].

Although such experiments are challenging, the approach is

highly suitable for addressing the anatomical location and rarity

problem as new, well-defined regions of interest can be estab-

lished. These findings have since sparked a search for putative

magnetoreceptors in the inner ear of birds. Using correlative

light and electron microscopy, a previously undescribed iron-

rich organelle has been discovered in the cuticular plate of

avian hair cells [61]. The organelle ranges from 300 to 600 nm

in size and is comprised of ferritin-like granules. The structure

is conspicuous given that almost 100% of hair cells contain

only a single iron-rich organelle and seems to be limited to

birds. Although the location of these iron-rich organelles

partly coincides with the region of interest indicated by neuronal

expression experiments, selected area electron diffraction of the

‘cuticulosome’ produces patterns that are consistent with the

mineral ferrihydrite, a mineral that exhibits only weak magnetic

properties (but see [106]). However, its discovery has generated

interest in exploring magnetoreception mechanisms beyond

traditional torque-based MPM systems [107].

8.4. The nasal tissues of fish
Single domain magnetite particles similar to those found in the

magnetosome of magnetotactic bacteria have been observed

from the olfactory tissues in a number of fish, including species

of tuna, salmon and trout (tables 2–4). Early studies used

SQUID to describe the magnetic properties of frozen samples

and revealed the presence of 40–100 nm-sized SD magnetite

particles arranged in chains [30,86,88]. These samples were

then macerated and chemically digested to extract putative

particles for observation using other analytical methods, such

as TEM, to confirm the existence of these particulates

and chains.

Subsequent studies in trout used laser scanning confocal

microscopy and TEM to locate these materials in situ at the

tissue and subcellular level, respectively, and fluorescence

microscopy to demonstrate their connection to the nervous

system [41,45]. Reflective particles, which were suggested to

be chains of magnetite, were found to reside within the

lamina propria layer of the olfactory lamellae.
9. Summary of magnetic particle-mediated
magnetoreceptors in insects, birds and fish

Whether an MPM system exists in these three animal groups

remains an open question. In all cases, an anatomically

well-defined region exists that could be scrutinized further.

It is unclear why no further studies have attempted to clarify

the existence of an MPM in the anterior dorsal region of the

abdomen in honeybees since it was last proposed as a suit-

able location more than 20 years ago. Recent studies on the

upper beak of pigeons have raised the possibility that an

MPM system may not exist at this location, or perhaps

remains hidden owing to it being structured differently

than current models suggest. The alternative hypothesis
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that olfactory rather than magnetic cues are required for

successful homing in pigeons also remains a possibility

[108–110]. In the case of fish, the composition problem has

foiled recent attempts to isolate spinning cells in trout, and

15 years have passed since the last report of magnetite

particulates in the olfactory tissues of these animals. It is

important to also note that there have been no attempts to

determine whether an MPM system exists in reptiles, amphi-

bians or crustaceans, despite the strong evidence for a

magnetic map sense in turtles, newts and spiny lobsters

[111–113]. Additionally, the recent implication of AFD sen-

sory neurons in geomagnetic orientation in Caenorhabditis
elegans [114] provides a clear opportunity to microscopically

examine a well-defined region of interest for putative magne-

toreceptive cells. Further scrutiny could be given to each of

these groups in future studies.

Direct and indirect techniques have provided tantalizing

evidence for the existence of an MPM system, but have

thus far proven to be inconclusive. Clearly, new methods of

investigation are required. Additionally, the publication of

negative results could be of great benefit to the magneto-

reception field where the absence of particulates may be

equally as informative as their presence given the location

and rarity problem.
10. Future prospects
Despite a substantial amount of published work, the major

goal in magnetoreception remains to fully describe the fine

structure of MPM cells, as well as the magnetic particle–

cell interactions. While electron microscopy is the only

suitable technique for achieving this goal, no single approach

is capable of finding the anatomical location of MPM cells

or elucidating their function and proving a connection to

the nervous system. Future studies should incorporate

multimodal approaches of imaging and analysis and involve

collaborative multidisciplinary teams with expertise in

the biological, physical and technical aspects that the

magnetoreception field demands.

The following approaches should be considered

(1) Novel techniques need to be developed that address the

location and rarity problem and resolve the issue of the

ubiquity of iron.

(2) Correlative approaches are needed as research conducted

to this point has revealed that no single technique is

capable of resolving this problem.

(3) A reproducible ultrastructural approach must be used to

finally demonstrate the particle/cell relationship.

11. Addressing the location, rarity and
composition problems

11.1. Particle extraction—potential uses and problems
Assuming inorganic particles form the basis of an MPM

system, it should be possible to isolate them from tissues

and characterize them separately, prior to finding the func-

tional structures in situ. This approach has been used

previously on insects and fish, with most studies using a

combination of tissue homogenization, chemical digestion

and filtration [30,49,85,86,88]. This strategy can be used to
initially define regions of interest by screening different

body parts or organs for inorganic particulates.

It must be emphasized that methods aiming to extract

rare particulates are highly prone to the composition problem

as contaminants are naturally concentrated during the pro-

cess. The extent of the problem has been outlined explicitly

in previous studies [40,115], the authors of which state that

virtually all laboratory plasticware contains ferromagnetic

contamination, which can be exacerbated when techniques

such as centrifugation are used. This can most likely be

extended to other equipment and materials, such as reagent

grade chemicals, pure water supplies, tools, slides or TEM

grids, which in very few cases are prepared or manufactured

with the exclusion of nanoparticulates in mind. At all stages

of sample preparation the risk of introducing contaminants

should be of primary concern.

The issue of contamination was clearly demonstrated

using leucocyte culture medium to rinse a range of com-

monly used plasticware, where magnetics data revealed the

equivalent of 160 ng of magnetite had been collected in

50 ml of medium following the rinsing process [46]. Using

appropriate controls or blanks, it may be possible to charac-

terize baseline levels of contamination in a given system,

thereby amplifying the signal to noise ratios during imaging

or analysis. A comparative approach using a negative control

tissue structure would help to distinguish background noise

from a real signal. Furthermore, work should be done on

larger sample sizes and replicates to confirm reproducibility.

In order to mitigate the problem, researchers have devel-

oped specialized clean rooms that are free of magnetic

particle contamination, used non-ferrous tools and acid

washed glassware [33,43,60]. However, these do not account

for the fact that the biological material inherently contains

various iron minerals [33]. This iron can be ingested, trapped

in body tissues such as skin or mucous membranes or be

formed biogenically, where a variety of iron minerals have

been described, including magnetite, ferrihydrite, goethite

and lepidocrocite [116].

Given the ubiquity of iron in both laboratory settings and

the animal systems under investigation, it may be necessary

to simply acknowledge the presence of iron rather than go to

extraordinary lengths to exclude it. A major omission from

many of the studies involving particle extraction is the use of

appropriate controls. For example, if extraction steps are used

that include homogenization, chemical digestion and filtration,

the same procedure should be conducted in the absence of the

sample or with other tissue samples that do not contain puta-

tive MPM structures. Controls are a basic element of the

scientific method, and it is imperative that they are adopted

in future studies involving particle extraction.

While the removal of the tissue fraction significantly redu-

ces the volume of target material, even these small sample

extracts can present problems for detailed analysis. Sub-

sampling homogenized liquid extracts to prepare TEM

samples or passing material through physical filters, as done

previously [49,85,88], may result in type 1 errors owing to the

handling of material. Remarkably, little is known about how

such magnetic materials behave once removed from tissue,

and particles may aggregate to form much larger structures

that do not remain suspended in solution or become

trapped/bound to filtration media. A significant body of litera-

ture now exists on magnetite nanoparticles produced for

medical imaging and therapeutic treatments due to the fact
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that they must be both effective and non-cytotoxic for appli-

cations in human health [117,118]. Future studies aimed at

characterizing particle extracts for identifying an MPM system

could therefore draw upon the analogous physical properties,

chemistry and behaviour of these synthetic materials.

Although magnetism can be both a blessing and a curse

in terms of particle extraction, it is surprising that magnetic

methods have not been exploited more widely for extracting

particles. With the exception of a single attempt to isolate par-

ticles in suspension using an electromagnetic filter (Frantz

separator) [71], or the isolation of spinning cells [42,43], the

majority of studies use simple magnets attached to the side

of vials to isolate the magnetic fraction in a sample of interest

[30,50,86,88]. There would seem to be broad scope for the

development of novel magnetic screening methods. For

example, high-field gradient magnetic fractionation systems

have been used successfully to concentrate malaria parasites,

thereby improving their detection [119], suggesting similar

approaches could help to isolate low concentrations of

magnetoreceptive cells containing magnetite.

Owing to the location and rarity problem, large sample sizes

may be necessary to increase the number of particles to a detecti-

ble level. For practical reasons, such methods may be constrained

to insects. The number of particles needed to form a functioning

MPM system remains uncertain, although estimates in the range

of 107 SD magnetite particles per animal have been suggested in

birds and fish [31,88,91]. Even at a fraction of this number,

if enough individuals are sampled, it should be feasible to

reliably and repeatedly extract particles for examination and dis-

tinguish them from a background of contaminants. Correlative

methods that can probe the entire volume of the extracted

material at different length scales must be developed.

11.2. Imaging
There seems agreement in the field that an ultrastructural

approach is needed to determine the structure and function of

magnetoreceptive cells [1,79,99]. However, techniques capable

of resolving subcellular detail remain impractical without first

identifying small target regions. If we consider that a piece of

tissue prepared for TEM is typically no larger than approxi-

mately 1 mm3, and standard approximately 100 nm ultra-thin

300 mm2 sections are cut from the block face, close to 100 000

sections would need to be generated to examine the sample

in full. While TEM will be critical for finally characterizing an

MPM system, it is clearly unfeasible to use TEM for a systematic

blind search.

New developments in optical imaging could provide ways

to screen larger volumes of tissue to define regions of interest

for subsequent analysis. Techniques such as single-plane

illumination microscopy can provide three-dimensional fluor-

escent data on relatively large samples [120] and is emerging as

a powerful tool in neurobiology. For example, functional light

sheet microscopy has been used to image neural activity in

the brain of live zebrafish [121] and could also be used for map-

ping neural networks and imaging neuronal activation in

magnetically stimulated regions of tissue.

Other three-dimensional imaging platforms such as

high-resolution magnetic resonance imaging (MRI) or X-ray

micro-computed tomography (micro-CT) may also be advan-

tageous by providing a means for investigating relatively

large (mm–cm) volumes of tissue. High-field MRI systems

that are capable of achieving near cellular resolution could

potentially be used to scan for magnetic anomalies in tissue.
While MRI may not be capable of resolving individual nano-

particles, they may influence the proton relaxation rates in the

surrounding tissue enough to generate susceptibility effects

far larger than the particles themselves [122]. Many X-ray

micro-CT systems can now achieve submicrometre resolution,

which could reveal aggregations of dense material, such as

magnetite. An advantage of both MRI and X-ray micro-CT is

that they are non-destructive, thereby allowing regions targeted

with these techniques to be examined using other correlative

imaging methods.

In electron microscopy, there have also been a number of

technical advances in the automation of serial sectioning.

Serial block face sectioning, using a microtome built into a scan-

ning electron microscope (SEM) chamber, and focused ion beam

milling of biological tissue in the SEM are both becoming main-

stream techniques for the acquisition of detailed three-

dimensional data at the tissue and subcellular level [123]. Both

involve the incremental removal of layers of resin-embedded

tissue to expose a new surface for imaging. Confined to reason-

ablysmall fields of view, these SEM-based approaches would be

more useful for characterizing an MPM in detail once found.

The microscopy field is increasingly looking towards the

integration of any number of these multimodal platforms to

provide correlative or semi-correlative data across a broad

range of length scales in two and three dimensions [123].

While each animal model has specific limitations, such as

sample size, structure and availability, and will require different

experimental approaches, the above-mentioned methods and

techniques are broadly applicable. The four main anatomical

locations identified above for insects, birds and fish warrant

further investigation in order to categorically rule on whether

an MPM system is truly located at these sites. In each case,

the regions of interest are small enough to attempt a range of

these new correlative imaging and analytical approaches.
12. Conclusion
Behavioural research continues to generate phenotypic evi-

dence for the existence of a magnetic sense in animals.

However, progress in determining the anatomical location,

structure and function of an MPM system has been fru-

stratingly slow. Unravelling the mechanistic basis of the

magnetic sense will underpin a new era of behavioural research

based on this fundamental knowledge. A wide range of exist-

ing and emerging characterization and analysis options are

now available that can be adapted and exploited in the

search for an MPM system. The search will require correlative

methodologies and the development of novel and innovative

experimental approaches that combine conventional direct

and indirect techniques with modern research tools.
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