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Aging is a risk factor for chronic diseases, and identifying targets for intervention is a goal of the
aging field. Burkewitz et al. now describe a mechanism that mediates the specific role for AMPK
in longevity, whereby its activity in neurons modulates metabolism and mitochondrial integrity in
peripheral tissues.
Because aging is the primary risk factor
for the development of many chronic diseases, it is a fundamental public health
problem. Therefore, one goal of the aging
field is to identify regulatory mechanisms
that could become targets of intervention.
Animals adjust their metabolic rates and
life schedules according to nutrient status. The highly conserved AMP-activated
protein kinase, AMPK, which is activated
under low nutrient conditions and is
required for lifespan extension with dietary restriction (DR), is an attractive target
for such interventions. However, AMPK
also affects growth, reproduction, and
disease development (Mair et al., 2011).
Therefore, identifying mechanisms of
AMPK activation that slow aging without
deleterious effects is important in moving
AMPK pathway drugs to a clinical application. Previously, Mair and colleagues
showed that inhibition of the cyclic AMPresponsive element (CREB)-regulated
transcriptional co-activator (CRTC-1) is
required for AMPK-mediated lifespan
extension (Mair et al., 2011). In this issue
of Cell, Burkewitz et al. (2015) now find
that CRTC-1 specifically mediates
AMPK’s role in longevity, but not growth
or reproduction, through its activity in
neurons, modulating metabolism and
mitochondrial integrity in peripheral tissues. Notably, neuronal AMPK/CRTC-1
status is dominant to the pathway’s
activity in peripheral tissues, which has
implications for the development of
AMPK-based therapeutics Figure 1.
To identify the mechanisms underlying the specific effect of CRTC-1 on
lifespan, the authors first zeroed in on
transcriptional targets that correlated
solely with AMPK/CRTC-1-dependent
longevity. This set was enriched for mitochondrial metabolism genes, and metab-

olomic analyses demonstrated an increase in TCA cycle intermediates and
associated metabolites upon AMPK activation, suggesting a specific coupling of
AMPK-mediated metabolic regulation
and lifespan extension. Moreover, the authors found that several of these metabolic genes were also regulated by
NHR-49, a functional ortholog of the nuclear receptor PPARa, which activates
transcription in low energy states, ultimately acting in an antagonistic manner
to CRTC-1.
CRTC-1 is expressed in neurons and intestine, a major site of longevity regulation
in C. elegans (Libina et al., 2003). Because
AMPK is expressed ubiquitously, and
many of the factors involved in dietary restriction-mediated longevity, including
CRTC-1, are found in peripheral tissues,
AMPK and the CRTC-1/CREB complex
were previously presumed to directly
affect metabolism in tissues in which they
are expressed (Mair et al., 2011). However,
the authors found that intestinal CRTC-1
had no effect on longevity, while neuronal
expression of the constitutively nuclear
CRTC-1S76A, S179A, which is refractory to
AMPK regulation, was sufficient to suppress the longevity effects and metabolic
transcription of AMPK activation, and
even caused fragmentation of the mitochondrial network in muscle cells. Similarly, neuronal rescue of NHR-49 in an
nhr-49 null mutant induced metabolic
changes in neurons, muscle, and intestine.
Therefore, the effects of AMPK on peripheral tissues seemed to be modulated by a
neuron-derived signal. Indeed, the authors
next identified the neuromodulator octopamine as the AMPK/CRTC-1-mediated
signal that alters metabolism in peripheral
tissues. AMPK/CRTC-1 signaling regulated the expression of octopamine syn-

thesis enzymes, and loss of octopamine
abolished the reduced longevity of
CRTC-1S76A, S179A animals. Exogenous
octopamine treatment even phenocopied
the mitochondrial fragmentation seen in
muscle tissue upon neuronal CRTC-1 activation. Thus, octopamine, acting as the
AMPK neuronal signal, was able to ‘‘override’’ local AMPK signaling in peripheral
tissues.
The exact sites of action for some of
these players still remain to be identified.
Octopamine synthesis enzymes are expressed in the RIC interneurons, a site
of CRTC-1 localization, but CRTC-1 and
NHR-49 may also act in additional
neurons. The specific receptors and
receiving cells of the octopamine signal
are also unknown, but given that starvation induces CREB activity in SIA neurons to regulate acetylcholine release, it
will be interesting to examine whether
SIA neurons and/or acetylcholine activity
are also involved in the CRTC-1 longevity
response. Additionally, the direct transcriptional targets of neuronal NHR-49
and CREB in this context are not known;
AMPK’s regulation of growth and reproduction does not involve CRTC-1, and
CREB’s role in growth is largely due to
non-neuronal gene expression (Lakhina
et al., 2015). Downstream changes in peripheral tissues may be regulated by the
activity of the longevity transcription
factors DAF-16 or PQM-1 (Tepper et al.,
2013), as the DAF-16 Associated
Element (DAE) was overrepresented in
the promoters of AMPK/CRTC-1’s
downstream transcriptional targets. The
involvement of these transcription factors also suggests that an insulin may
act as an intermediate signal upstream
of the peripheral tissues. While these
are challenging questions, leveraging
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activates the transcription factor SKN-1
in ASI neurons, which signals peripheral
tissues to increase metabolic activity and
whole-body respiration (Bishop and Guarente, 2007), and heat stress activates the
AFD thermosensory neurons to elicit serotonin release, which turns on HSF-1-mediated transcription in distant germline tissues (Tatum et al., 2015). Sensory cues
can regulate longevity of the whole organism, as loss of ciliated sensory neurons,
odorant receptors, and the TRPV1 receptor extend lifespan in worms and mice (Apfeld and Kenyon 1999; Riera et al., 2014).
CRTC1 activity in mammalian neurons
also affects organismal metabolism (Riera
et al., 2014), and upregulation of AMPK in
Drosophila neurons increases autophagy
in the brain as well as intestine (Ulgherait
et al., 2014), underscoring the conservation of the signaling logic. The present findings extend this theme of regulation of
whole organism and peripheral tissue status by neuronal signaling, but in this case,
the activity of neuronal AMPK appears to
have the ability to ignore its own signaling
elsewhere. At least in worms, it seems
that perception of nutrient status is more
important than the actual status in peripheral tissues themselves. While it is not clear
how often these might become uncoupled,
this remarkable finding suggests that current therapies aimed primarily at regulating
AMPK signaling in peripheral tissues may
be altered by neuronal signaling; or, seen
in a more promising light, that sensing of
AMPK status may be sufficient to induce
beneficial metabolic effects. Therefore,
future therapeutic investigations should
include the consideration of effects on
brain AMPK and CRTC1 signaling, in addition to more direct effects in peripheral tissues themselves.
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Figure 1. Nutrient Status Sensing in Neurons by AMPK May Relay a Signal between Neurons
to Peripheral Tissues
(Top) Upon reduced AMPK activity in neurons, CRTC-1 induces octopamine secretion, which alters
metabolic gene expression and causes mitochondrial fragmentation in peripheral tissues, potentially due
to the transcriptional activity of DAF-16/PQM-1 within these tissues. Octopamine is most likely sensed by
intermediate neurons, which may signal to peripheral cells via secreted cues such as insulins. (Bottom)
AMPK/CRTC1 in the human brain may communicate via (nor)epinephrine to the intestine and peripheral
tissues to regulate the pro-longevity factors, such as FOXO.

the distinct neuronal and peripheral tissue transcriptional outputs will help untangle them.

Neuronal regulation of peripheral tissue
responses has been observed in varied
contexts; for example, dietary restriction
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DNA recombinases face the daunting task of locating and pairing up specific sequences among
millions of base pairs in a genome, all within about an hour. Qi et al. show that recombinases solve
this problem by searching in 8-nt microhomology units, reducing the search space and accelerating
the homology search.
Homologous recombination is important
for repairing stalled replication forks
and ensuring genetic diversity (Lusetti
and Cox, 2002). The recombinase that
mediates homologous recombination
self-assembles into presynaptic helical
filaments on single-stranded (ss) DNA to
search for a sequence match in doublestranded (ds) DNA, and then the ssDNA
displaces the non-complementary strand
in dsDNA to form a stable synaptic complex. To ensure genome stability, this
process must be fast and accurate, but
how this occurs given the size and
complexity of genomes has been a
mystery (Renkawitz et al., 2014). In this
issue, Qi et al. (2015) now show that a
minimal homology length requirement
reduces the search space and accelerates the search for target homologous
sequences through a hierarchical search
mechanism.
Recognition of homologous sequence
by the recombinase filament occurs via
Watson-Crick pairing, and studies of
E. coli RecA show that 15–18 bases of
homology are sufficient for stable synaptic complex formation (Hsieh et al.,
1992), long enough to represent a unique
site in either the E. coli or human
genome (12 nt for E. coli and 17 nt
for humans). Given that the entire search

process occurs within an hour, how does
the recombinase filament find this unique
site? Theoretical studies suggest that
dividing the search process into multiple
stages and employing smaller groups of
bases are effective strategies for fast
and accurate searches (Jiang and Prentiss, 2014). Consistent with this, multiple
kinetic intermediates and transient complexes between the RecA filament and 6to 7-nt homology segments in dsDNA
have been detected (Ragunathan et al.,
2012). However, the shortest unit of
homology that can form a stable synaptic complex with the dsDNA remained
unclear.
To examine interactions of dsDNA
sequences with the presynaptic filament, Qi et al. monitored complexes of
dsDNA with the Saccharomyces cerevisiae Rad51 filament using single-molecule microscopy. In this method, a
curtain of Rad51 filaments with ATP is
generated on repeats of M13 ssDNA
stretched across a flow chamber and
anchored at both ends. The Rad51 filaments are then incubated with fluorophore-labeled dsDNA. After washing
away unbound dsDNA, the bound
dsDNAs are visualized and the off rates
are measured. This method has the
advantage of simultaneously monitoring

multiple fluorescent dsDNA complexes
on several presynaptic filaments in the
curtain.
When such experiments were carried
out with non-homologous 70-bp dsDNA,
the authors were surprised to find stable
complexes with lifetimes as long as
16 min. Analysis of the dsDNA sequence
revealed that each strand contained short
tracts of microhomology (3–9 nt in length)
with the M13 ssDNA, consistent with a
previous study suggesting that 8-nt homology is sufficient for initial base pairing
(Hsieh et al., 1992). In contrast, dsDNAs
with less than 8 nt microhomology formed
unstable complexes, with average halflives of 0.5 s.
Strikingly, a 1,300-fold increase in the
lifetime of complexes was observed when
the base homology was increased by just
one nucleotide, from 7 to 8 nt. This degree
of stabilization was not observed when
the microhomology was further increased
to 9 nt or more. Binding energy increases
by 8 kbT when the microhomology is
increased from 7 to 8 nt, but only by
0.4 kbT when going from 8 to 9 nt. Interestingly, subsequent binding energy
increases of 0.4 kbT occurred in 3-nt
increments, consistent with the triplet
base organization of ssDNA observed in
the crystal structure of RecA filament
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