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Neurosensory Science

unique spectacle 
awaits anyone 
who visits the 
German island of 

Heligoland in the spring or autumn: 
on some days, particularly after bad 
weather, thousands of migratory birds 
including small songbirds such as  
robins, northern wheatears, chiffchaffs 
and song thrushes stop to rest on this 
rocky archipelago in the middle of the 
North Sea. Some spend the summer in 
Scandinavia or Russia. A few northern 
wheatears even fly across the Atlantic 
to Canada in the warmer months to 
breed and raise their young. In winter, 

AMany animals use the Earth's magnetic  
field for orientation. But exactly how they  
do this remains for the most part a mystery. 
In the Oldenburg-based Collaborative  
Research Centre "Magnetoreception  
and Navigation in Vertebrates", researchers 
from various disciplines are working together 
to solve the puzzle

The
sixth
sense

A wheatear on a stopover in Helgoland. These little songbirds are astonishingly precise navigators, returning to the same nesting place 
they used the year before after flying up to 15,000 kilometres. 

the birds migrate to warmer climes 
in southern Europe or Africa. Profes-
sor Henrik Mouritsen, who heads the 
Neurosensory Science research group 
at the University of Oldenburg, points 
to a particularly surprising aspect of 
this phenomenon: "Most songbirds 
migrate at night. Young birds that have 
never flown this route before migrate 
alone, without their parents or sib-
lings," he explains. Northern Wheat- 
ears – pretty little songbirds that weigh 
just 25 grams – cover distances of up to 
15,000 kilometres a year. "Their navi-
gation systems are incredibly precise. 
Experienced migratory birds can find 

their way back to the exact same bur-
row they used for breeding the year 
before after travelling thousands of 
kilometres," says the biologist. The big 
question for Mouritsen is how exactly 
they do this – with a brain that in most 
cases weighs less than a gram.

Mouritsen has been searching for 
answers for a long time and his re-
search has made significant contribu-
tions to solving the mystery. Since 2019 
efforts have intensified. The biologist 
is working with a large international 
team in the Collaborative Research 
Centre (CRC) "Magnetoreception and 
Navigation in Vertebrates: from bio-

physics to brain and behaviour", which 
is conducting in-depth research into 
the impressive orientation abilities of 
vertebrates. The focus is on migrato-
ry birds such as European robins and 
blackcaps, and their astonishing abili-
ty to use the Earth's magnetic field for 
orientation. Researchers from a wide 
range of disciplines including neu-
robiology, quantum physics, bioche- 
mistry, computer modelling and be- 
havioural biology have joined forces in 
the CRC to find out how this still poorly 
understood sensitivity to the planet's 
magnetic field works. Led by Mourit-
sen, the team is studying the pheno- 



28 29EINBLICKE 2021/22

menon at all levels: analysing migra-
tion routes, conducting behavioural 
experiments and trying to determine 
how sensory stimuli are processed  
in the birds’ brains and via which cells 
signals get there. The researchers'  
mission has brought them right down 
to the molecular level, where they are 
investigating the magnetic properties 
of certain proteins both in the labo-
ratory and using complex computer 
models.

The team is hot on the trail of a fas-
cinating mechanism: in recent years, 
evidence has mounted that the mag-
netic sensor of migratory birds is locat-
ed in their eyes. Their magnetic sense 
appears to be based on a complicated 
quantum physical process that takes 
place in certain retinal cells. Mouritsen 
admits that at first glance it is hard to 
imagine that such a process could form 
the basis for the magnetic compass in 
birds. Indeed, it was long considered 
unlikely that the extremely weak ef-
fects of quantum physics could influ-
ence biomolecules. However, together 
with various colleagues the biologist 
has recently presented several findings 
that support this theory.  

The search for the actual magnetic 
sensor has already yielded a hot con-
tender: cryptochrome 4, a protein 
found in the retinas of migratory birds 
such as European robins, appears to 
be sensitive to the field lines of the 

Earth's magnetic field, thus trigger-
ing a cascade of chemical signals that 
transmit the stimulus to the brain. 
"Cryptochromes are present in the 
cells of many animals and plants," ex-
plains Oldenburg biochemist Professor 
Karl-Wilhelm Koch, who heads a sub-
project of the CRC. These proteins, of 
which there are six different types, can 
be light-sensitive and, among other 
things, ensure the functioning of the 
internal clock. Each animal species has 
its own, slightly modified variants of 
these proteins.  

Magnetic for a  

fraction of a second

Cryptochrome 4 has a property that 
is very rare among biomolecules: 
"When it meets blue light, so-called 
radical pairs form," explains Professor 
Ilia Solov'yov, head of the Quantum 
Biology and Computational Physics 
research group at the University of Ol- 
denburg. Radicals are molecules with 
an unpaired electron. Blue light trig-
gers two such radicals in cryptochrome 
to form one coherent quantum me-
chanical state. This state lasts only a 
few fractions of a second, but during 
that fleeting moment the protein is 
sensitive to the relatively weak in-
fluence of the Earth's magnetic field. 
Its direction determines, into which 

of two possible products the cryp-
tochrome subsequently converts – at 
least this was the theory put forward by 
the German physicist Klaus Schulten 
in the year 2000.

Together with colleagues from Ox-
ford University, an Oldenburg research 
group led by Mouritsen was recently 
able to demonstrate this complex pro-
cess in the cryptochrome 4 protein 
of the eyes of European robins. The 
researchers presented their findings 
in the cover story of a June 2021 is-
sue of the journal Nature. An initial 
breakthrough came when Jingjing Xu, 
a doctoral student in Mouritsen's re-
search group, succeeded in producing 
large quantities of cryptochrome 4 in 
the laboratory for the first time using 
bacterial cell cultures. The partners in 
Oxford were then able to demonstrate 
the protein's pronounced sensitivity to 
magnetic fields using ultra-sensitive 
techniques including magnetic reso-
nance measurements and innovative 
optical spectroscopy methods. "The 
authors have brought us ever abiding 
closer to solving this mystery of sen-
sory biology," zoologist Professor Eric 
Warrant of Sweden's Lund University 
commented in Nature.

An important contribution to this 
success were also the model calcula-
tions of physicist Ilia Solov'yov, who 
specializes in using computers like 
a microscope to gain a better under-

standing of molecules. "We calculate 
the position and motion of all the 
atoms in a protein using the funda-
mental equations of nature such as 
Newton's equations of motion, the 
laws of thermodynamics and quan-
tum physics," he explains. These mod-
elling operations require enormous 
computational resources: to model 
cryptochrome 4 in a realistic cellular 
environment Solov'yov has to calculate 
the behaviour of about 100,000 atoms 
in tiny increments of time. For just one 
microsecond – a millionth of a second – 
he needs two weeks of computing time 
on a powerful supercomputer. 

But it’s worth the effort: with his 
"computer microscope", Solov'yov can 
uncover things that remain hidden 
using other methods – such as how 
electrons jump from amino acid to 
amino acid within the cryptochrome, 
or how changing environmental con-
ditions affect the process. "The beauty 
of computer simulations is that we 
have complete control of the system," 
he says. In the case of the European ro- 
bins' cryptochrome, Solov'yov, together 
with Professors Peter Hore, Christi-
ane Timmel, and Stuart Mackenzie 
from Oxford, was able to identify which 
building blocks are crucial for the mo- 
lecule’s magnetic properties, and to 
confirm this using the proteins made 
in Mouritsen's group.
Solov'yov is currently modelling the 

cryptochromes of other organisms 
such as zebra finches, chickens, black-
caps and fish in order to identify differ-
ences in the proteins' magnetic proper-
ties. In addition, the physicist aims to 
measure the life span of radical pairs 
in various cryptochromes – a crucial 
property for their suitability as mag-
netic sensors.

A successful search 

in gene libraries

While the secrets of this unique protein 
are gradually being revealed,  bioche- 
mist Karl-Wilhelm Koch is investiga- 
ting how the stimulus it provides is 
transmitted further inside the cells. 
"The perception of the magnetic field 
has to be translated into the language 
of the nervous system," he explains. 
Koch and his team have set out to 
find proteins that interact with cryp-
tochrome. "We have identified six po-
tential candidates in genomic librar-
ies," he says. The team presented the 
results of their genetic screening in 
the journal Scientific Reports in 2020. 

Koch and his team are currently 
studying two of these proteins in grea- 
ter detail. One is a visual pigment that 
is sensitive to red light while the sec-
ond belongs to an important class of 
proteins that transmit signals within 
cells. "We have already found evidence 

that these two proteins do in fact form 
a complex with cryptochrome 4 and 
we are now performing further mea- 
surements using special biosensors to 
better understand these interactions," 
Koch reports.

The researchers are still puzzling 
over the significance of these findings. 
The fact that cryptochrome interacts 
with a photoreceptor molecule could 
mean that a magnetic stimulus trig-
gers the same signalling cascade as 
visual stimuli. The interaction with 
the second protein, on the other hand, 
could indicate that the magnetic sen-
sor triggers its own, as yet unknown, 
signalling pathway. "These are open 
questions that we aim to clarify," says 
Koch. 

A strong indication that these 
two proteins do indeed play a role 
in magnetic sensing is the fact that 
they are present in the same cells as 
cryptochrome 4. The research team 
hadn't specified this as a prerequisite 
in its search for potential interaction 
partners. But it emerged that all three 
proteins are produced in the double 
cones – a specific type of sensory cells 
located in the retina. These light-sen-
sitive nerve cells therefore appear to be 
the site of magnetic sensing.

"Double cones are photoreceptor 
cells found in fish, reptiles and birds," 
explains Oldenburg neurobiologist 
Professor Karin Dedek, who leads a 

The light-sensitive protein cryptochrome 4 (the yellow substance  
in the tube) is only stable for a short time. PhD student Katharina 
Görtemaker studies its interactions with other proteins.

Biophysical methods – in this case surface plasmon resonance spec-
troscopy – can be used to determine whether cryptochrome 4 binds 
with other proteins.

Another technique used to find interaction partners is the 
Two-Hybrid System involving petri dishes filled with a nutrient 
medium.

Numerous tests in the lab are needed to gain insights into the com-
plex biochemical interactions that make magnetic field perception 
possible. 
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subproject tasked with deciphering the 
nerve connections within the retina. 
These unusually shaped nerve cells 
consist of a larger principal member 
and smaller accessory member and 
make up about 30 to 40 percent of the 
photoreceptor cells in avian eyes. The 
CRC team thinks it likely that the cryp-
tochrome molecules are not floating 
around freely in these cells but are in 
some way tethered. In the peripheral 
areas of the photoreceptors there are 
hundreds of parallel cell membranes. 
The scientists suspect that the pro-
teins are fixed and aligned in rows here, 
which would increase their sensitivity 
to the direction of the magnetic field.

Dedek believes the peculiar geom-
etry of the double cones makes them 
particularly suited to detecting the 
magnetic field: "For example, if the 
cryptochrome molecules in the two 
subunits are perpendicular to each 
other, that could aid the process of dis-
tinguishing between visual and mag-
netic stimuli." To understand how the 
retina encodes the stimuli, Dedek and 
her colleagues are studying the double 
cones and their interconnections with 

other neurons. "We want to know what 
types of cell then transmit the signal 
to the brain," she says. Another goal is 
to directly measure the reaction of the 
double cones to changes in the mag-
netic field – and thus provide direct 
evidence that these cells detect the 
magnetic field.

Various findings suggest that a re-
gion of the brain called Cluster N is re-
sponsible for processing the magnetic 
signals. It is located near the region 
that processes visual stimuli in avian 
brains and, as experiments by Mour-
itsen showed in 2005, is highly active 
in night-migratory songbirds in light 
conditions such as low-level star and 
moonlight. In an article that appeared 
in Nature in 2009, Mouritsen's research 
group was able to prove that Cluster N 
does indeed process magnetic compass 
stimuli by demonstrating that when 
this brain region is not functioning, 
birds can still use their star and sun 
compasses, but can no longer navigate 
using magnetic stimuli.

How exactly the birds perceive the 
Earth's magnetic field is unclear. "The 
most likely option is that birds see the 

magnetic field as a visual pattern," 
Mouritsen says. In laboratory studies, 
experiments have repeatedly shown 
that the geomagnetic field helps birds 
to find their way – and that distur-
bances can cause them to lose their 
orientation. But what happens when 
they are out in the wild is a different 
matter. Within the CRC, ornithologist 
Dr. Heiko Schmaljohann is addressing 
this specific question. "We are looking 
at whether the results of laboratory ex-
periments are also relevant for free-fly-
ing birds," he says.

In recent years, Schmaljohann, who 
conducts research at the university as 
well as at the Institute of Avian Re-
search in Wilhelmshaven, has been 
testing whether electrosmog disrupts 
orientation in European robins and 
northern wheatears after their stopo-
ver on Heligoland. He began the exper-
iments after a group led by Mouritsen 
reported in Nature that electromag-
netic interference generated by some 
electronic devices disrupted orienta-
tion in caged birds – a result that fits in 
well with the theory of the radical-pair 
mechanism. For Schmaljohann, these 

findings raised the question of wheth-
er electrosmog also affects free-flying 
birds in the wild, such as long-distance 
migrants, whose populations have 
long been in decline for reasons that 
remain unexplained.

Using the sun 

for orientation

To put this to the test, Schmaljohann 
and his team set up various radio re-
ceiving stations on the island and 
around the German Bight to track 
the departure direction of robins and 
northern wheatears when leaving 
Heligoland. The researchers then at-
tached radio transmitters weighing 
0.3 gram to some 140 northern whea-
tears and 140 robins and exposed the 
birds to low levels of electrosmog or 
no electrosmog at all for several hours. 
"We then released them and used 
the radio telemetry data to see how 
they behaved – whether electrosmog 
would perhaps prolong their stopover 
on Heligoland, or whether they would 

be disoriented when they started fly-
ing and head off in the wrong direc-
tion," says Schmaljohann. The team 
is currently in the process of publish-
ing the results of the experiment, and 
the researcher would only reveal this 
much: "It appears that the birds use 
different sources of information to de-
termine the migratory direction from 
Helgoland. It can be the stars, but also 
the magnetic field or landmarks."

There have been many indications 
over the years that the birds don't rely 
on only a single source of information 
on their long journey. In addition to 
stars and landmarks, it is likely that 
migratory birds use both the sun's 
trajectory and their sense of smell for 
orientation. And they probably have 
a second, even more mysterious mag-
netic sensor in their beaks, which pos-
sibly consists of tiny iron crystals and 
enables them to use the magnetic field 
like a map for navigation. This mech-
anism is being investigated in other 
subprojects within the Collaborative 
Research Centre.  
Together with Oldenburg computer 

The Collaborative Research Centre (CRC) 
"Magnetoreception and Navigation in 
Vertebrates: from biophysics to brain 
and behaviour" led by Henrik Mouritsen 
(photo) has two central objectives:  
to understand how vertebrates detect 
the Earth's magnetic field and to inves-
tigate what other information birds, 
fish and bats use for navigation. In five 
subprojects the focus is on how magnetic 
signals are detected at the molecular 
level. Six other projects within the CRC 
are investigating neural processing of 
magnetic information and its integration 
with other relevant cues in the retina and 
in the brain. One goal here is to find out 
how the brain links different kinds  

Investigating magnetoreception

of sensory information and which areas of 
the brain represent maps and compass  
information. In four other subprojects,  
the main focus is navigational behaviour. 
The researchers are testing their hypo- 
theses in the lab and in wild free-flying 
birds and bats and in free-swimming 
fish. Last but not least, there is a project 
investigating the genetic basis of migra-
tory behaviour, for example the inherited 
propensity to migrate that compels many 
birds to cover vast distances every year. 
The knowledge gathered in the CRC is 
important for protecting endangered 
migratory birds and could also be used 
to design better sensors or develop 
quantum computers. In addition to the 

University of Oldenburg, the Institute of 
Avian Research in Wilhelmshaven, the 
Universities of Bochum and Cologne,  
Oxford University (UK) and the Weiz-
mann Institute of Science in Israel are  
also participating in the CRC. 

modellers Professor Bernd Blasius and 
Dr. James McLaren, Schmaljohann is 
now investigating which of the va- 
rious compasses plays the key role on 
different parts of the journey. "We are 
putting together individual pieces of 
information from numerous studies 
around the world, like a mosaic, to 
gain a better understanding of glo- 
bal migrations," says Schmaljohann. 
"After all, if we want to protect these 
animals on their long journeys, it is 
important to know what causes some 
migratory birds to change direction 
mid-journey and why they react dif-
ferently to certain stimuli depending 
on their location."

"Birds definitely face major chal-
lenges when navigating across long 
distances," Mouritsen summarises. 
Their amazing feats continue to offer 
many interesting challenges for the 
CRC team, too. The biologist is confi-
dent that more fascinating findings 
are yet to come: "We have achieved the 
easy part of our research objectives. 
Now things will get even more excit-
ing!" (uk)

 Doctoral student Vaishnavi Balaji uses a high-resolution  
confocal microscope to study how neurons inside the retina  
are interconnected.


