News & views

61 days afterwards) and at long wavelengths
(up to 5 micrometres). The emission spectra
contain a line feature near 2 um, similar to
one seen in the GW170817 event. Building on
a previously reported theoretical study", the
authors suggest (but donot prove) that this line
arises from tellurium, an r-process element.

Levanetal.and Yanget al. carried out mod-
elling of the kilonova signatures, which sug-
gested thatamass equivalent to one-twentieth
toone-tenth of the mass of the Sun was ejected
fromthe source of the GRB, and that this ejecta
contained heavy elements (lanthanides) pro-
duced by the r-process. This corroborates
whatwasindicated by studies of GW170817 —
thatkilonovas were asubstantial, and possibly
dominant, contributor to the production of
r-process elements in the Universe.

The idea that a long GRB such as
GRB 230307A could be produced by a
compact-object merger was suggested in
2021, when another long GRB (GRB 211211A)
showed possible signatures of a kilonova'?®,
Sowhatisgoingonintheseevents? Thereare
three possible explanations. First, it could be
that GRB 230307A was derived from the col-
lapse of a massive star, as expected for long
GRBs, but thatithappened to make akilonova,
rather than a brighter supernova. Some sim-
ulations suggest that a collapsar can produce
and expel r-process elements™, but the yields
would probably be about tenfold more than
what was observed for GRB 230307A.

Amore compellingargument —whichboth
Levan et al. and Yang et al. favour — is that
GRB 230307A arose from a compact-object
merger that somehow resultedinalong GRB.
Although the small disks produced in such
mergersshouldrapidly accrete onto the result-
ingblack hole, simulations”published in 2023
suggest that the power of a GRB engine might
initially depend not only on the amount of
mass thataccretes on the black hole, but also
on the magnetic field of the accreted debris.
The mass feeding the black hole might dwin-
dle quickly, but the magnetic field of the mass
inflow mightincrease, and provide arelatively
constant power to the engine over timescales
that match the durations of long GRBs. If
this theory is correct, then compact-object
mergers could produce either long or short
GRBs, depending on the magnetic-field geom-
etryand whether the merger produces ablack
hole or a hypermassive neutron star.

Finally, an overlooked scenario could be
responsible. One possibility is a white dwarf
merging with ablack hole or a neutron star.
White dwarfs have amuch bigger radius than
do neutron stars, and so their debris disks
are large and the characteristic accretion
timescales would be roughly consistent with
the duration of long GRBs™. Material ejected
from a disrupted white dwarf might produce
aradioactive afterglow", but this ejectawould
probably lack the peculiar heavy elements that
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giverise toadistinctive red hue. This scenario
has notyet beeninvestigated in detail, and fur-
ther modelling of such white-dwarf mergers
might resolve the contradiction.

The puzzles posed by GRB 230307A will
inspire continuing theoretical and observa-
tional studies. Fortunately, it might be only
amatter of time before gravitational waves
from an unusually long GRB are detected,

“The JWST observations
provided unprecedented
emissionspectraofa
kilonova.”

which would definitively tell us whether or
not the burst arose from a compact-object
merger —and, ifit did, what the masses of the
component objects were. Inthe meantime, the
misbehaviour of GRB 230307A is a reminder
thatthe Universeis moreinteresting thanthe
pedantic classifications of humans suggest.
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A neural circuit that keeps

flies ontarget

Katherine Nagel

Studies reveal how neuronal populations in the fruit fly brain
work together to compare the direction of a goal with the
direction that the fly is facing, and convert this into a signal
that steers the fly towards its target. See p.808 & p.819

Animals of all kinds show a remarkable abil-
ity to navigate, whether it is to the location
of a remembered food source or back to
the safety of a nest. To accomplish this kind
of goal-directed movement, brains have
evolved specialized navigation centres — the
hippocampus in vertebrates and the central
complexininsects —thatallow each animal to
build an internal map or compass of its envi-
ronment. Although the way in which these
maps are built by neural circuits has been
studied for many years, neuroscientists are
still trying tounderstand how the maps allow
an animal to orient towards a goal. On pages
808 and 819, respectively, Mussells Pires et al.*
and Westeinde et al.’ reveal the detailed mech-
anisms by which the insect brain converts a
map-like representation of direction into
goal-oriented steering.

The essence of amapisthatitstaysthe same

asananimal moves through space —themapis
tied to coordinates of the animal’s spatial envi-
ronment (for example, north, south, east and
west) rather than to the animal’s left or right.
Turning such a map into a steering command
requires some form of comparison. For exam-
ple,ifamaptellsyouthattreasureis northeast
andyouare currently pointing north, you can
comparethese two directions and determine
that your best course of actionis to turnright
by afew degrees.

How might a neural circuit make this com-
parison? A possible answer first emerged
from reconstructions of the brains of sweat
bees (Megalopta genalis)® and, later, fruit
flies (Drosophila melanogaster)*. By pains-
takingly tracing and reconstructing neurons
and their synaptic connections using electron
microscopy images, researchersrevealed sur-
prisingly precise and selective connectivity
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Figure 1| A neural circuitin the fruit fly brain that enables goal-directed
steering. a,Inthe navigation centre of the fruit fly (Drosophila melanogaster)
brain, compass neurons encode information about the direction in which the
fly is facing (heading direction). Mussells Pires et al.' find that FC2 neurons
encode information about the position of a visual stimulus (goal direction).
These two sets of neurons input into PFL3 and PFL2 neurons, which connect
to regions of the brain that control steering. b, Both teams measure PFL3
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the goal is to the right of the fly, and the left is most active when the goal

is to the left. Westeinde et al.? also find that PFL2 neurons are most active when
the fly is facing in the opposite direction to its goal (not shown). Together these
neurons integrate information about the heading direction and goal direction,
and enable the fly to stay on course as it steers towards a target. PFL3 neuron
activity is expressed as baseline-normalized fluorescence measurements that
report neuronal activity following navigation behaviour. (Graph adapted from

neuronal activity, and find that the right steering centre is most active when

between individual types of neuron. One cir-
cuitintheinsectbrain — the compass network
— builds amap of the direction in which the
animal s facing (its heading direction)’. These
compass neurons communicate with another
set of neurons, known as PFL3 neurons, that
send projections to, and form connections
with, anareaof the braininvolved in steering.

There are two sets of PFL3 neurons: one
on the left and one on the right side of the
brain. Neurons in each hemisphere form an
array across the navigation centre and com-
municate with the steering centres on the
opposite sides, suggesting that they might
translate the compass map into a steering
command (Fig. 1a). Curiously, PFL3 neurons
receive input from the compass network, but
there is a characteristic ‘offset’ between the
direction encoded by compass neurons and
that encoded by PFL3 neurons. This means
that PFL3 neurons should be preferentially
responsive (tuned) to heading directions that
are to the left or right of the way in which the
animal is currently pointing. Guided by this
connectivity pattern, these earlier studies®**
proposed that PFL3 neurons might allow an
insect to make a direction comparison, com-
puting whether aleft or right turn would bring
its heading directionin line with agoal.

The latest studies'” validate and extend
the predictions of these models. Each group
developed a different genetic tool to target
PFL3 neurons in the brains of fruit flies. The
researchers recorded the activity of these
neurons as flies performed a navigational
task called menotaxis, inwhich the fly adopts
astraight course at an angle to a visual stim-
ulus (the goal)®. Both groups found that PFL3

Fig.5inref.1.)

neurons are tuned to the heading direction,
butthat the neurons’ activity ismodulated by
the direction of the goal. When the goal was
to the fly’s right, PFL3 neurons that connect
to the right steering centre showed stronger
responses, whereas when the goal was to the
fly’sleft, neurons connecting to the left steer-
ing centre showed stronger responses (Fig. 1b).
Together, these experiments provide strong
support for the model that PFL3 neurons
compare map-like representations of heading
direction and goal to drive targeted steering.

In addition to finding support for the PFL3
steering model, Mussells Pires et al. identified
asecond group of neurons upstream of PFL3
neurons that can specify a goal direction.

“Internal maps of the
environmentare foundin
thebrains of many animals,
including humans.”

Known as FC2 neurons, these neurons also
form an array but they remain in the naviga-
tion centre rather than projecting out to the
steering centres (Fig.1a). Using a laser to arti-
ficially stimulate different parts of this array,
Mussells Pires and colleagues found that flies
adopted distinct orientations with respect to
the visual stimulus. Unlike compass neurons,
FC2 neurons do not change their firing when
the fly turns, suggesting that they encode a
map-like representation of the animal’s goal.

These data are consistent with findings pub-
lished last year for migratory monarch but-
terflies (Danaus plexippus): a population of

neuronsinthe navigation centre was thought
to track the butterfly’s goal, not its heading
direction, and the active population of neu-
ronsshifted only when the experimenter used
electricshockstoforce the butterfly to adopt
anewgoal’. Theyare also consistent with stud-
ies of another population of upstream local
neurons in the fly navigation centre that pro-
duce orientations relative to wind direction
when artificially stimulated®. Taken together,
these studies suggest that insects might be
abletolearnand store multiple goal directions
in different local neuron populations of the
navigation centre. Understanding how distinct
goalsarelearnt, remembered and prioritized
during behaviour is a major focus for future
researchin the field.

The study by Westeinde et al. revealed
another aspect of goal-orientation circuitry:
asetofanti-goal neurons called PFL2 neurons
(Fig. 1a). These were known to send signals
to both sides of the steering centre, but with
adistinct offset, effectively tuning them to
directions 180° away from the fly’s current
heading direction®. By taking recordings
fromthese neurons during menotaxis, West-
eindeetal.found that the cells respond most
strongly when the fly is pointing 180° in the
opposite direction of its goal. Artificially acti-
vating these neurons caused the fly to slow
down andincrease its turning. The fly, there-
fore, is able to stay on target by combining
three sets of steering neurons: right and left
PFL3 neurons help the fly tostay ontrack when
it makes small deviations from its goal, and
PFL2 neuronsturnthe fly whenitventurestoo
far off course.

Both studies provide strong experimental
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evidence that PFL3 and PFL2 neurons can
generate goal-directed steering, as predicted
by theoretical models — but they stop short
of showing that these neurons are required
for all goal-directed steering. Mussells Pires
etal.investigate the effects of silencing PFL3
neurons in a task designed to assess memory
of wind direction, which the authors show is
dependent onthe compass network. However,
the effects of silencing PFL3 neurons are only
modest. This might be because the genetic
line used by the authors labels, and therefore
silences, only a subset of neurons. Future
studies will be needed to determine how PFL
neurons as a population contribute to goal
orientation during complex behaviours.

Although the current studies focused on
flies, internal maps of the environment are
found in the brains of many animals, includ-
ing humans. Invertebrates, navigational abil-
ities are strongly linked to the hippocampus,
which forms maps of both real and abstract
environments. How these maps are translated
into locomotor commands remains unclear.
A study in Egyptian fruit bats (Rousettus
aegyptiacus) found that a subset of neurons
in the hippocampus is tuned to both the
direction and distance (the vector) between
the animal and the location of a hidden goal
platform®. Another study found that place
cells (neurons that fire when an animalisina
particular location in its environment) show
directional tuning towards a goal when rats
navigate a series of moving platforms™,

Both of these coding schemes are reminis-
cent of the fly brain, in which the direction of
agoalisrepresented by the patternofactivity
across an array of neurons. Defining the pre-
cise neural architectures that allow insects to
convert such maps of the environment into
steering commands for the body might there-
fore help toreveal how human brains navigate
bothreal and imaginary spaces.
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Forum: Structural biology

Energeticlaser pulses alter
outcomes of X-ray studies

Cutting-edge X-ray sources have enabled the structural dynamics
of proteins to be tracked during biochemical processes, but

the findings have been questioned. Two experts discuss the
implications of a study that digs into this issue. See p.905

The paper in brief

« Ultrashort, intense X-ray pulses
generated at facilities known as X-ray
free-electron lasers (XFELs) have been
used to probe light-induced structural
changesin proteins.

» Light-responsive proteins typically
absorb one optical or ultraviolet photon
in natural settings, but could absorb
more from the intense ‘pump’ lasers
used to induce structural changes in
these studies.

e Suchunnatural absorption of multiple
pump photons might force proteins to
behave in ways that are not biologically
relevant.

* Questions have therefore been raised
about how these studies should be
interpreted.

« Barends et al.' now show that the
structure of amodel protein changesin
different ways depending on whether
single or multiple photons are absorbed.

Richard Neutze
Imperfect experiments
can be informative

Structural changes that occur in proteins
during biochemical reactions can be meas-
ured using a technique called time-resolved
X-ray diffraction (TR-XRD). In this method,
reactions are initiated in protein crystals,
and X-ray pulses are used to record X-ray dif-
fraction data atselected times after initiation.
TR-XRD has produced structural insightsinto
the pathways of diverse biological processes?,
including photosynthesis, sensory signalling,
ion transport and photodissociation — the
light-induced breakage of bonds between
proteins and their ligand molecules.

For light-sensitive proteins, a pump laser
pulseisusedtoinitiate thereaction of interest.
Allmolecules probedinacrystal contribute to
the measured X-ray diffraction pattern, yet typ-
ically only a subpopulation is activated by the
pump laser. A quantity known as the crystallo-
graphic occupancy estimates the fraction of
moleculesinacrystal thatareactivated. Raising
the pump-laser fluence — the energy delivered
per unit area by the pump laser onto a crystal
—canincrease the crystallographic occupancy,
butmore than one photon canbe absorbed by
the protein at high laser fluences®*.

Barends et al. studied structural changes

that occur in the carbon monoxide com-
plex of the protein myoglobin (MbCO) after
pump-laser-induced photodissociation
of CO from the iron atom of a haem group
(Fig.1). This process was previously studied
using TR-XRD at time resolutions of 7.5 nano-
seconds (ref. 5) and 150 picoseconds (1 ps is
10 2seconds; ref. 6) using relatively large pro-
teincrystals (dimensionsinthe range of about
0.1to 0.3 millimetres) and X-ray pulses from
asynchrotron facility, which is a less intense
X-ray source than an XFEL.

A2015study by some ofthesameresearchers
asBarends et al. used extremely short, intense
XFEL pulses to record TR-XRD data from tens
of thousands of much smaller MbCO crystals
(average size 15 micrometres x 5 pm x 3 pm).
This thereby achieved a time resolution of
250 femtoseconds (1 fsis107°s) and revealed
ultrafast conformational changes of the pro-
teinas photodissociation occurs’. Butbecause
those experiments used a high pump-laser
fluence, Barends et al. have now repeated
their study using a lower fluence that ensures
single-photon excitation of MbCO.

The authors used their TR-XRD data to
determine difference Fourier maps, which
show differencesin electron density in MbCO
before and after activation. Barends et al.
found that lower pump-laser fluences yield
lower crystallographic occupancies in maps
produced 10 ps after protein activation. For
this time delay, differences between structural



