
4 | IMP REPORT 2013

RESEARCH HIGHLIGHTS

WATCHING WORMS THINK

In view of the advances originating from interdisciplinary research, it is 

quite surprising to note that work exceeding the traditional boundaries 

of a subject was held in rather low esteem until very recently. Biophysics, 

for instance, was frequently seen as a last refuge for students who 

were deemed unfit to work in physics or even biology.  Perhaps this 

prejudice was the factor that motivated Robert Prevedel not to study 

biophysics, but to embark on his PhD work in Anton Zeilinger’s group 

at the University of Vienna.  However, his interest in biology did not 

abate during this time and also not during his post-doctoral work on 

imaging methods in Canada. Hence he chose to come to Vienna and 

work in the group of Alipasha Vaziri, who has a shared appointment 

at IMP and the University of Vienna.

Alipasha is a physicist with a background in quantum optics, interested 

in problems at the inter face between physics and biology. He is 

investigating whether quantum effects play a role in biological systems, 

as well as trying to develop new tools to study biological processes 

at higher speeds and with greater resolution. After joining Alipasha’s 

group, Robert elected to develop new microscopic tools for imaging 

brain activity at an unprecedented rate. As he disarmingly admits, 

“When we started we didn’t have a concrete neuroscientific question 

in mind, but were confident that our tools would open up a range of 

new possibilities. We expected other groups to be interested as well.”  

As experiments in biological sciences are of ten limited by what is 

technically possible, his expectations did not seem unreasonable – and 

were soon fulfilled.

Physics is not the primary focus at IMP. Hence it was natural for Alipasha’s 

neighbors to think about entirely dif ferent problems. Despite the fact 

that communication between the scientists might be difficult – biology 

and quantum physics hardly share a common language – Alipasha 

regularly discussed his ideas with Manuel Zimmer, who was in the 

office next door. Manuel is a neurobiologist interested in the function 

of the nervous system in the worm Caenorhabditis elegans. His group 

had recently been augmented by the arrival of Tina Schrödel, a PhD 

student from Erlangen.

Tina had always been fascinated by the brain, particularly its ability 

to base decisions on information it receives and processes. She was 

realistic enough to recognize that the human brain is far too complicated 

to investigate. To make progress in this sector, it would be necessary 

to work with much simpler model organisms. The worm seemed an 

ideal choice of system: like humans, worms use information about their 

surroundings to decide on the best course of action. In the simple 

example Tina likes to cite, a worm is able to detect the level of oxygen in 

the surrounding soil (a low oxygen concentration indicates the presence 

of bacteria, on which the worm feeds), but its response to the stimulus 

is variable. If it is hungry it moves towards the potential meal; if it is 

not hungry it does not. In other words, there is a connection between 

sensory neurons (the input) and motor neurons (the output), and it is 

somehow modulated by information about the animal’s nutritional state.

C. elegans has a little more than 300 neurons and a total of about 8,000 

synaptic connections, making the system several orders of magnitude 

simpler than the human nervous system. Current efforts in human brain 

research are being devoted to establishing the human “connectome”, 

a map of how individual neurons in the brain are connected to one 

another. However, as Tina points out, “The worm connectome was 

worked out 25 years ago, but we still don’t know how the worm’s 

brain works.”  Robert explains, “Joining the dots between the neurons 

can never provide the full picture. It only describes the system’s 

constraints – what it can and cannot do – but gives no information 

on the dynamics of what actually happens.”

Thus, we still have a lot to learn about the relatively simple brain of the 

worm, especially with regard to the dynamics of the system, i.e. what 

happens when the worm “thinks”. Tina and Robert decided to tackle this 

challenge. When neurons are active they release calcium ions, which 

can be detected by a f luorescent sensor known as GCaMP.  Previous 

work in other groups had disclosed two or three neurons at a time, but 

it was conceivable that Robert’s advancements in imaging technology 

might permit many more neurons to be examined simultaneously. 

Tina and Robert were hoping to visualize about 8-10 neurons at a 

time, which would have signified a major step forward compared to 

what had been previously possible. Robert had been working with a 

two-photon technique based on extremely short laser pulses that can 

be “sculpted” to focus on an area of about 60 microns in diameter while 

retaining good axial resolution. He and Alipasha had also developed 

a set-up for rapid detection of photons, enabling them to avoid the 

customary trade-off between speed and sensitivity.

Tina’s and Robert ’s initial experiments were thwarted by the dense 

packing of neurons in the brain. As Tina recalls, “The neurons turned 

out to be so close together that we were unable to distinguish them 

on 3D images – all we could see were clouds of neurons. But then we 

came up with the idea of attaching a nuclear localization signal to our 

calcium reporter so we could focus on calcium in the nuclei. This trick 

gave us much sharper images, on which we were able to identify the 

individual neurons.”

The results far exceeded the researchers’ dreams: they could almost 

simultaneously observe the activity of about 100 neurons, corresponding 

to about 70% of the neurons in the worm’s brain. The imaging set-up 

could take five pictures of the brain’s volume per second, providing a 

level of temporal resolution that is easily sufficient to study the “thought” 

processes in the animal, which are known to have a time scale of a 



IMP REPORT 2013 | 5 

RESEARCH HIGHLIGHTS

few seconds. The new system was fast enough to visualize what the 

neurons do in response to the presence of oxygen. Tina and Robert 

found that about a half of the total neurons were active in the basal 

condition (at atmospheric oxygen levels, i.e. 21%), while neurons of the 

so-called BAG and URX groups were consistently activated when the 

oxygen concentration was shifted between 21% and 4%. The findings 

were published in October in Nature Methods (2013, Vol. 10, 1013–1020).

The importance of the work goes far beyond the immediate identification 

of neurons that help the worm to decide how to respond to oxygen. 

The technique has the potential to revolutionize our understanding of 

how brains assimilate and process information, and thus direct behavior. 

The new set-up can be extended, thanks to the vast array of genetic 

tools available in model organisms. Individual neurotransmitters can 

be eliminated and individual neurons triggered (using optogenetics, a 

further exciting development), which means that responses to a wide 

range of dif ferent inputs can be investigated. 

Alipasha and Manuel intend to continue their collaboration and have 

specif ic projects in mind. Rober t wishes to develop the method 

further. For technical reasons the worms are currently confined within 

a microf luidic chip and are unable to move. It is thus not possible to 

correlate the activity of motor neurons to the animal’s behavior. Any 

possible feedback loops in the decision-making process are inactivated. 

Robert is contemplating the incorporation of a tracking system to 

overcome these limitations and thus investigate freely moving worms.  

If he is successful we will have all the tools we need to observe the 

worm’s brain in action.

Of course, it should be relatively straightforward to adapt the technique 

for use in other systems. Technical considerations currently make it 

difficult to image regions larger than 200 x 200 x 100 microns, but these 

dimensions are sufficient to handle the majority of the fly brain or parts 

of the brain of the zebra fish, such as the olfactory bulb, in which input 

and output neurons are fairly close together. Unfortunately this is not 

the case in larger brains, such as those of mammals. In this setting the 

method cannot yield comparable comprehensive information about 

these systems. It is simply not possible to image the entire brain of 

a mouse at once. Tina is undaunted by the dif ficulty of working with 

mammalian brains. “I’d be happy if we could manage to understand 

the worm’s brain while I’m still alive,” she comments, adding “although 

many features of the worm may well turn out to be conserved in 

mammals – this is one of the reasons why we study model organisms.”

Robert’s hope when he came to Vienna was that he would be able to 

apply his knowledge of physical principles to the study of biological 

systems. This has clearly been fulfilled and, as Robert modestly admits,  

“I never thought I’d be able to contribute to a field that is so dif ferent 

from anything I ’ve studied.” The success of IMP’s interdisciplinary 

approach shows, once again, that advances may stem from bringing 

dif ferent f ields together, and clearly puts IMP at the forefront of 

worldwide efforts in understanding brain function.

Robert Prevedel




