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spired a public debate
focused on a potential
cooling of northern
Europe, which has the
compensating flow
just off the coast.
Note that this part of
the North Atlantic
THC is especially
dependent on ventila-
tion north of the
Greenland-Scotland
Ridge, overflow, and
entrainment (3).

The concept of a
weakened THC is
supported by some
numerical climate
models (8), but not by all. Increased salini-
ty of the compensating flow may balance
the salinity decrease from the increased
freshwater supply and maintain ventilation
(9). Climate models, so far, do not provide
a unique answer describing the future de-
velopment of the THC, but what is the
present observational evidence? 

It is argued that early evidence for
changes should primarily be sought in the
ventilation and overflow rates. Indeed,
some such changes have been reported.
Since around 1960, large parts of the
open sea areas north of the Greenland-
Scotland Ridge have freshened (10), and
so have the overflows (11). At the same
time, low-latitude Atlantic waters became
more saline in the upper layer (12), and
this is also reflected in the compensating
flow. Long-term observations in both of
the main branches of compensating flow
across the Greenland-Scotland Ridge

have shown increasing salinity since the
mid-1970s, with a record high in 2003.

Even more convincing evidence for a
reduction of the North Atlantic THC has
been gained from monitoring both the
overflows and the compensating northward
flow by direct current measurements (13).
For the Denmark Strait overflow, no per-
sistent long-term trends in volume trans-
port have been reported (2, 14), but the
Faroe Bank Channel overflow was found to
have decreased by about 20% from 1950 to
2000 (15).

We find evidence of freshening of the
Nordic Seas and a reduction of the
strength of the overflow, both of which
will tend to weaken the North Atlantic
THC. On the other hand, the compensat-
ing northward flow is getting more
saline, which may maintain ventilation
and counterbalance the THC decrease.
So the jury is still out. This emphasizes

the need for more refined climate mod-
els and long-term observational systems
that are capable of identifying potential
changes in our climate system.

References
1. C. Wunsch, Science 298, 1179 (2002).
2. R. R. Dickson, J. Brown, J. Geophys. Res. 99, 12,319

(1994).
3. B. Hansen, S. Østerhus, Prog. Oceanogr. 45,109

(2000).
4. A. Ganachaud, C. Wunsch, Nature 408, 453 (2000).
5. W. Munk, C.Wunsch, Deep-Sea Res. 45, 1976 (1998).
6. R. Seager et al., Q. J. R. Meteorol. Soc. 128, 2563

(2002).
7. M. Vellinga, R. A. Wood, Clim. Change 54, 251

(2002).
8. S. Rahmstorf, Nature 399, 523 (1999).
9. M. Latif et al., J. Clim. 13, 1809 (2000).

10. J. Blindheim et al., Deep-Sea Res. I 47, 655 (2000).
11. R. R. Dickson et al., Nature 416, 832 (2002).
12. R. Curry et al., Nature 426, 826 (2003).
13. Arctic/Subarctic Ocean Fluxes (ASOF) (http://asof.

npolar.no).
14. R. R. Dickson, personal communication.
15. B. Hansen, W. R. Turrell, S. Østerhus, Nature 411, 927

(2001).

T
he cofactor nicotinamide adenine
dinucleotide (NAD)—once con-
signed to the oblivion of metabolic

pathway wall charts—has recently attained
celebrity status as the link between meta-
bolic activity, cellular resistance to stress
or injury, and longevity. NAD influences
many cell fate decisions—for example,
NAD-dependent enzymes such as poly
(ADP-ribose) polymerase (PARP) are im-
portant for the DNA damage response, and

NAD-dependent protein deacetylases
(Sirtuins) are involved in transcriptional
regulation, the stress response, and cellular
differentiation. On page 1010 of this issue,
Araki and colleagues (1) extend the influ-
ence of NAD with their demonstration that
an increase in NAD biosynthesis or en-
hanced activity of the NAD-dependent
deacetylase SIRT1 protects mouse neurons
from mechanical or chemical injury (2). 

Axonal degeneration (termed Wallerian
degeneration) often precedes the death of
neuronal cell bodies in neurodegenerative
diseases such as Alzheimer’s (AD) and
Parkinson’s (PD). Mice carrying the spon-
taneous dominant Wlds mutation show de-
layed axonal degeneration following neu-

ronal injury. The Wlds mutation on mouse
chromosome 4 is a rare tandem triplication
of an 85-kb DNA fragment that harbors a
translocation. The translocation encodes a
fusion protein comprising the amino-ter-
minal 70 amino acids of Ufd2a (ubiquitin
fusion degradation protein 2a), an E4 ubiq-
uitin ligase, and the entire coding region of
Nmnat1 (nicotinamide mononucleotide
adenylyltranferase 1), an NAD biosynthet-
ic enzyme. Although the C57BL/Wlds

mouse was described 15 years ago (3) and
expression of the Wlds fusion protein is
known to delay Wallerian degeneration (4),
the mechanism of neuroprotection has re-
mained elusive. Given that proteasome in-
hibitors block Wallerian degeneration both
in vitro and in vivo (5), the Ufd2a protein
fragment (a component of the ubiquitin
proteasome system) has been the prime
candidate for mediator of neuroprotection
in the Wlds mouse. Indeed, ubiquitin-medi-
ated protein degradation by the proteasome
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has been identified as a potential target for
developing drugs to treat neurodegenera-
tive diseases such as AD, PD, and multiple
sclerosis (6, 7).

Araki et al. (1) developed an in vitro
model of Wallerian degeneration compris-
ing cultures of primary dorsal root gan-
glion neurons derived from wild-type
mice. The neurons overexpressed either
the Wlds fusion protein or one of the fu-
sion protein fragments. Surprisingly, the
authors found that overexpression of the
Ufd2a protein fragment alone did not de-
lay degeneration of axons injured by re-
moval of the neuronal cell body (transec-

tion) or treatment with the neurotoxin 
vincristine. In contrast, overexpression of
Nmnat1 or the addition of NAD to the
neuronal cultures before injury delayed
axonal degeneration in response to me-
chanical or chemical damage. 

It is well established that increased
expression of NAD salvage pathway
genes in yeast, including the yeast ho-
mologs of Nmnat1 (NMA1 and NMA2),
lengthens life-span and boosts resistance
to stress, an effect that depends on the
NAD-dependent deacetylase Sir2 (8).
Based on this observation, Araki et al.
tested whether the protective effect of 
increased Nmnat1 expression required
NAD-dependent deacetylase activity.
Expression of small interfering RNAs
that target each of the seven Sir2 mam-
malian homologs (SIRT1 through SIRT7)
decreased survival of the dorsal root gan-

glion cultures after injury only when
SIRT1 expression was reduced. The same
effect was observed when SIRT1 activity
was blocked with a small-molecule 
inhibitor; a SIRT1 activator, on the other
hand, boosted neuronal survival follow-
ing injury. These data suggest that pro-
tection against Wallerian degeneration is
the result of increased expression of
Nmnat1, a rise in nuclear NAD levels,
and a consequent increase in SIRT1 ac-
tivity. This conclusion does not negate
the involvement of the proteasome in
Wallerian degeneration, but it does indi-
cate that the protective effect of the Wlds

fusion protein is independent of Ufd2a
activity. Indeed, the new findings throw
open the possibility that changes in NAD
levels may indirectly regulate the ubiqui-
tin-proteasome system. 

The enzymes SIRT1 through SIRT7 be-
long to a unique enzyme class that requires
a boost in NAD levels to maintain activity,
because they consume this cofactor during
deacetylation of target proteins. Another
enzyme that depletes cellular NAD levels
is PARP. In the presence of NAD, inhibi-
tion of PARP has little effect on Wallerian
degeneration; however, in the absence of
exogenous NAD, inhibition of PARP in-
creases the survival of dorsal root ganglion
cultures after injury (1). This suggests that
neuronal survival requires the maintenance
of adequate NAD levels, but that a boost in
NAD levels beyond this point confers no
additional benefit.

In intact neurons of C57BL/Wlds mice,
the Wlds fusion protein is expressed almost
exclusively in the nucleus (4). In fibro-
blasts (9)—and, presumably, in neurons—
SIRT1 also is expressed in the nucleus.
SIRT1 and other NAD-dependent deacety-
lases alter gene expression by targeting hi-
stone proteins as well as key nuclear tran-
scription factors such as p53 (9, 10), fork-
head (11, 12), and NF-κB (13). In addition,
Sirtuins also deacetylate cytoplasmic pro-
teins, including α-tubulin. The protective
effect of the Wlds fusion protein appears to
be exerted in the nucleus, because addition
of NAD after removal of cell bodies in the
neuronal cultures is no longer protective.
This suggests that an alternative program
of gene expression is initiated by elevated
NAD levels in the nucleus, leading to the
production of protective factors that active-
ly block Wallerian degeneration. The ther-
apeutic implication of this finding is that it
may be possible to design neuroprotective
drugs that boost SIRT1 activity and prevent
further neurodegeneration in diseases like
AD and PD.

The Araki et al. study (1) addresses the
long-standing question of how the Wlds

fusion protein prevents Wallerian degener-
ation. As with most groundbreaking stud-
ies, new questions emerge. For example,
what is the direct result of increased
Nmnat1 expression? Overexpression of
Nmnat1 leads to increased activity of this
enzyme but does not change total NAD
levels or the ratio of NAD to NADH, rais-
ing the possibility that increased Nmnat1
activity may result in a decrease in nicoti-
namide or other inhibitory molecules. It is
possible that the relevant target of SIRT1’s
neuroprotective activity may be a tran-
scription factor that responds to changes in
the cell’s metabolic state by switching on
expression of genes that encode neuropro-
tective proteins. Identifying the targets of
SIRT1 that mediate the neuroprotective ef-
fect may broaden the options for therapeu-
tic intervention in AD, PD, and other neu-
rodegenerative diseases. 
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Energizing neuroprotection. (A) In wild-type mice, axons of injured neurons rapidly degenerate

(Wallerian degeneration) in a process that may be relevant to the neurodegeneration seen in dis-

eases like AD and PD. (B) In mice with the Wlds dominant mutation (a tandem triplication of a re-

gion on mouse chromosome 4), injured neurons show a delay in Wallerian degeneration due to ac-

tivity of the Wlds fusion protein. (C) The fusion protein consists of the amino terminus of Ufd2a

(an E4 ubiquitin-conjugating enzyme) and the entire sequence of Nmnat1 (an enzyme in the NAD

salvage pathway). Neuroprotection in the Wlds mouse may result from increased synthesis of

NAD, leading to a concomitant increase in the activity of the NAD-dependent deacetylase, SIRT1,

which may activate a transcription factor that induces expression of genes involved in neuropro-

tection (1).

www.sciencemag.org SCIENCE VOL 305 13 AUGUST 2004

P E R S P E C T I V E S

 o
n 

M
ay

 1
8,

 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

http://science.sciencemag.org/


1www.sciencemag.org SCIENCE Erratum post date 29 APRIL 2005

Post date 29 April 2005

ERRATUM

C O R R E C T I O N S A N D C L A R I F I C A T I O N S

PPeerrssppeeccttiivveess:: “NAD to the rescue” by A. Bedalov and J. A. Simon (13 Aug. 2004,
p. 954). In reference 7, the first author’s name was mispelled. It should be A.
Sajadi.

 o
n 

M
ay

 1
8,

 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

http://science.sciencemag.org/


 (5686), 954-955. [doi: 10.1126/science.1102497]305Science 
Antonio Bedalov and Julian A. Simon (August 12, 2004) 
NAD to the Rescue

 
Editor's Summary

 
 
 

This copy is for your personal, non-commercial use only. 

Article Tools

http://science.sciencemag.org/content/305/5686/954
tools: 
Visit the online version of this article to access the personalization and article

Permissions
http://www.sciencemag.org/about/permissions.dtl
Obtain information about reproducing this article: 

 is a registered trademark of AAAS. Scienceall rights reserved. The title 
Washington, DC 20005. Copyright 2016 by the American Association for the Advancement of Science;
December, by the American Association for the Advancement of Science, 1200 New York Avenue NW, 

(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week inScience 

 o
n 

M
ay

 1
8,

 2
01

7
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fr
om

 

http://science.sciencemag.org/content/305/5686/954
http://www.sciencemag.org/about/permissions.dtl
http://science.sciencemag.org/



