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(8, 22). Krill distributions are, however, notori- 
ously patchy (23), and point estimates of abun- 
dance are unlikely to be representative of the 
regional mean. Previous studies comparing krill 
densities in open and ice-covered waters based 
on extrapolations from point samples reach 
contrary conclusions, highlighting shortcom- 
ings of these approaches. Netting surveys have 
suggested both that krill density is elevated 
under sea ice compared with that in open water 
(10) and that there is no difference in density 
(24). Spot acoustic observations in the same 
area found highest krill densities in open water 
most distant from the sea-ice edge (8). Ship- 
based continuous line-transect acoustic surveys 
have been used to estimate krill density in open 
water north of the sea-ice edge. A survey in the 
Weddell Sea (9) found a mean krill density near 
the ice edge of 23.2 g m-2, which is similar to 
that detected in open water here. Echosounders 
on ice-strengthened research vessels have de- 
tected krill swarms along transects through ice- 
covered seas, but it has not been possible to 
determine krill density accurately from data 
collected from ships moving through ice be- 
cause of interference caused by ice-breaking 
noise (25). The unique sampling capabilities of 
Autosub-2 and echosounder combined have en- 
abled us to describe a link between krill density 
and sea-ice cover directly and quantitatively. 

Our data suggest krill are coupled tightly to 
a zone just inside the sea-ice edge. This cou- 
pling may be an example of risk balancing (1, 
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24), with krill locating actively at a compro- 
mise point that is both near to high concentra- 
tions of food (the ice edge) and that provides 
refuge from predators (air breathers that cannot 
dive through ice). Whatever the cause, the fact 
that krill do not appear to be distributed evenly 
under ice may mean that any reductions in ice 
area, perhaps following climate change (26), do 
not lead to directly proportional reductions in 
krill biomass. Any krill reductions may instead 
be in proportion to the reduction of ice-edge 
length. The purported 25% reduction in ice area 
in the 1960s (27) equates to a 9% reduction in 
edge length: consequences for krill may not 
have been as grave as has been implied. 
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Parasitic filarial nematodes infect more than 200 million individuals worldwide, 
causing debilitating inflammatory diseases such as river blindness and lym- 
phatic filariasis. Using a murine model for river blindness in which soluble 
extracts of filarial nematodes were injected into the corneal stroma, we dem- 
onstrated that the predominant inflammatory response in the cornea was due 
to species of endosymbiotic Wolbachia bacteria. In addition, the inflammatory 
response induced by these bacteria was dependent on expression of functional 
Toll-like receptor 4 (TLR4) on host cells. 
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Wolbachia (2, 3). Furthermore, parasites 
recovered from tetracycline-treated animals 
are stunted, and larval development is at- 
tenuated (2). In 0. volvulus-infected indi- 
viduals, adult worms survive for up to 14 
years in subcutaneous nodules in the human 
host and release millions of microfilariae 
over this time (4). Microfilariae migrate 
through the skin and can enter the posterior 
and anterior regions of the eye. While alive, 
the microfilariae appear to cause little or no 
inflammation; however, when they die, ei- 
ther by natural attrition or after chemother- 
apy, the host response to degenerating 
worms can result in ocular inflammation 
that causes progressive loss of vision and 
ultimately leads to blindness (4, 5). 

Following the discovery of endosymbi- 
ont-derived endotoxin-like activity of B. 
malayi and 0. volvulus (6, 7), we sought to 
determine the role of Wolbachia in the 
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Wolbachia bacteria are essential symbionts 
of the major pathogenic filarial nematode 
parasites of humans, including Brugia ma- 
layi and Wuchereria bancrofti, which cause 
lymphatic filariasis, and Onchocerca volvu- 
lus, which causes river blindness (1). Wol- 
bachia spp. are abundant in all develop- 
mental stages of filarial nematodes, includ- 
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ing the hypodermis and reproductive tissue 
of adult parasites (1). In contrast to their 
relatives in arthropods, Wolbachia spp. in 
filarial nematodes appear to have evolved 
as an essential endosymbiont. Antibiotic 
therapy in humans and experimental filarial 
infection has shown that embryogenesis is 
completely dependent on the presence of 
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pathogenesis of ocular onchocerciasis. We 
used a murine model of coreal inflamma- 
tion (keratitis) in which parasite extracts 
were injected directly into the coreal stro- 
ma, and corneas were examined by scan- 
ning confocal microscopy using confocal 
microscopy through focusing software 
(CMTF), (8, 9). This method measures 
stromal thickness and stromal haze, which 
are indicators of coreal edema and opaci- 
ty, respectively, and can measure coreal 
inflammatory responses that cannot be de- 
tected by slit lamp microscopy. To deter- 
mine the role of Wolbachia in 0. volvulus 
keratitis, we compared soluble extracts of 
worms recovered from doxycycline-treated 
individuals with worms from untreated in- 
dividuals (3). The effect of doxycycline on 
reducing Wolbachia numbers in the worms 
was demonstrated by immunohistochemis- 
try with antibodies to bacterial heat shock 
protein 60 (hsp60) (3). Furthermore, semi- 
quantitative polymerase chain reaction with 
Wolbachia 16S ribosomal DNA and filarial 
5S DNA showed that the 16S/5S index in 
doxycycline-treated worms was lower than 
that in untreated worms by a factor of 32 
(10). 

Extracts from doxycycline-treated 
worms induced significantly lower stromal 
thickness, stromal haze, and neutrophil in- 
filtration than extracts from untreated 
worms (Fig. 1A). Although minor com- 
pared with untreated worms, extracts from 
treated worms also induced inflammatory 
responses that were significantly higher 
than those from naive corneas or corneas 
injected with saline. Similarly, extracts 
from the rodent filaria Acanthocheilonema 
viteae, which do not harbor Wolbachia (1), 
induced significantly less stromal thick- 

ness, stromal haze, and neutrophil infiltra- 
tion than extracts from Brugia malayi (Fig. 
iB). Together, these data indicate that en- 
dosymbiotic Wolbachia bacteria in filarial 
parasites have a major role in the develop- 
ment of corneal pathology. 

Because TLR4 is essential for the host 
cell response to bacterial lipopolysaccha- 
ride (LPS) (11, 12), we determined if Wol- 
bachia mediate corneal pathology by acti- 
vating TLR4. 0. volvulus extracts (contain- 
ing Wolbachia) were injected into corneas 
of C3H/HeJ mice, which are hyporespon- 
sive to LPS owing to a single point muta- 
tion in the Tlr4 gene (13), and immune 
responses to these extracts were compared 
with those from congenic, LPS-responsive 
C3H/HeN mice. Stromal thickness, stromal 
haze, and neutrophil recruitment were sig- 
nificantly diminished in C3H/HeJ mice 
compared with C3H/HeN mice (Fig. 2A), 
indicating that TLR4 regulates the develop- 
ment of 0. volvulus keratitis. Expression of 
platelet endothelial cell adhesion mole- 
cule-1 (PECAM-1), macrophage inflam- 
matory protein-2 (MIP-2), and KC, which 
are essential for neutrophil recruitment to 
the cornea (14, 15), was significantly di- 
minished in C3H/HeJ mice compared with 
C3H/HeN mice (Fig. 2B), indicating that 
TLR4 regulates 0. volvulus keratitis by 
modulating expression of PECAM-1, MIP- 
2, and KC in the cornea. 

Previous studies showed an important 
role for T cells, parasite-specific antibod- 
ies, and formation of immune complexes in 
0. volvulus keratitis (16, 17). Here, we 
sought to determine whether TLR4 also 
regulates keratitis in the presence of an 
adaptive immune response. C3H/HeN and 
C3H/HeJ mice were immunized subcutane- 
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HBSS B.malayi A. viteae section was determined af- 
ter immunostaining (14, 
27). For controls, corneas were either untreated (naive) or were injected 
with Hanks' balanced salt solution (HBSS). Data points represent indi- 
vidual corneas from a single experiment. Significant differences were 
found for all parameters between extracts from doxycycline-treated and 
from untreated worms (P < 0.0001), and between doxycycline-treated 
and HBSS-treated worms (P < 0.05). (B) B. malayi and A. viteae worms 
were recovered from gerbils, andsoluble extracts were prepared as de- 
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ously and injected intrastromally with a 
soluble extract from untreated 0. volvulus 
worms (containing Wolbachia) (18, 19). 
Stromal thickness, stromal haze, and neu- 
trophil infiltration were assessed at 24 and 
72 hours, and eosinophil infiltration was 
examined after 72 hours, when there is a 
pronounced eosinophil infiltration in im- 
munocompetent mice (14, 16). C3H/HeJ 
mice had significantly less stromal thick- 
ness, stromal haze, and neutrophils than 
C3H/HeN mice (Fig. 3, A and B). Howev- 
er, there was no significant difference in 
eosinophils between C3H/HeJ and C3H/ 
HeN mice at 72 hours (Fig. 3C), indicating 
that in contrast to neutrophils, eosinophil 
recruitment to the corneal stroma is not 
regulated by TLR4. 

When taken together, these findings 
demonstrate an essential role for Wolba- 
chia and TLR4 in corneal pathology, even 
in the presence of an adaptive immune 
response. These results also indicate that 
the innate immune system plays a critical 
role in the inflammatory response associat- 
ed with the pathogenesis of river blindness. 
In infected individuals, the innate inflam- 
matory response is therefore likely to be 
initiated by release of Wolbachia endotox- 
in-like molecules from dead and degener- 
ating worms, which then activate TLR4 on 
resident corneal epithelial cells and kerato- 
cytes. Because corneal cells express func- 
tional CD14 and TLR4 that mediate endo- 
toxin-induced interleukin-6 (IL-6) and IL-8 
production (20), it is likely that TLR4 ac- 
tivation results in production of chemotac- 
tic cytokines in the corneal stroma and 
PECAM-1 expression on limbal vessels, 
which facilitate recruitment of neutrophils 
to the corneal stroma, neutrophil activation, 
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scribed (7). Parasite extract (1 i,g) was injected into C57BI/6 mice, and 
stromal thickness, stromal haze, and neutrophil infiltration were deter- 
mined as described in (A). Data points represent individual corneas from 
a single, representative experiment. P < 0.0001 for B. malayi versus A. 
viteae for all parameters, and P < 0.05 for A. viteae versus HBSS for all 
parameters. All experiments were repeated at least three times with 
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ules of doxycycline-treated individuals 

compared with untreated individuals (21), 
indicating that Wolbachia mediate neutro- 

phil recruitment in human onchocerciasis. 

Second, local diethylcarbamazine (DEC) 
application to the skin of infected individ- 
uals causes abscess formation that is asso- 
ciated with an intense neutrophil infiltrate 

compared with infiltration by eosinophils 
(22). Third, in human lymphatic filariasis, 
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Fig. 2. (A) 0. volvulus extract (containing Wolbachia) was injected into corneas of LPS-hypore- 
sponsive C3H/HeJ mice or congenic C3H/HeN mice. Stromal thickness, haze, and neutrophil 
numbers were determined as described in Fig. 1. Data points represent individual corneas from a 

representative experiment. P < 0.0001 for C3H/HeJ versus C3H/HeN mice for all parameters 
measured. (B) C3H/HeJ and C3H/HeN mice were injected intrastromally with 0. volvulus extracts 
containing Wolbachia bacteria, and PECAM-1 expression on limbal vessels and MIP-2 and KC 
production were determined as described (27, 28). Data points represent individual corneas from 
a representative experiment. P < 0.0001 for C3H/HeN versus C3H/HeJ mice for PECAM-1, MIP-2, 
and KC. 
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release of Wolbachia into the blood follow- 

ing anti-filarial drug treatment coincides 
with the onset of severe systemic inflam- 
mation (23). 

Wolbachia have emerged as the only 
target for a chemotherapy that results in 

long-term sterility of the worms in human 
onchocerciasis (24, 25), a priority research 

objective for the World Health Organiza- 
tion for the last 20 years (26). Wolbachia 

depletion by effective treatment with anti- 
biotics such as doxycycline leads to reduc- 
tion of microfilariae in the skin and to a 
drastic improvement of skin lesions in hy- 
perergic onchocerciasis (sowda) (24, 25). 
The results presented here demonstrate that 
in addition to targeting Wolbachia for sus- 
tained anti-filarial effects, clearance of 
Wolbachia by antibiotic treatment may also 
reduce and prevent ocular onchocerciasis. 
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and subsequent loss of coreal function. 

Although the role of Wolbachia and eo- 

sinophils has yet to be determined in chron- 
ic infection, and further studies are needed 
to determine the basis for the Wolbachia 
and TLR4-independent responses, several 
observations support an important role for 
Wolbachia and the innate response in indi- 
viduals infected with filarial nematodes. 

First, fewer neutrophils are detected in nod- 
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CA) and examined by fluorescent microscopy. Cells 
were counted either throughout the corneal sec- 
tion or in representative 200x fields. Images of 
limbal vessels were captured with a Scion digital 
camera apparatus (Olympus), and PECAM-1 ex- 
pression was determined by image analysis (Adobe 
Photoshop). 

28. For KC and MIP-2 ELISAs, corneas were dissected, 
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sonicated for 90 s at 50 cycles/s (Sonics VibraCell, 
Danbury, CT). After centrifugation, the concentration 
of cytokines in supernatants was determined by two- 
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CtBP was initially identified through its 
ability to interact with the COOH-terminus 
of adenovirus E1A. Mutation of the CtBP 
binding site in ElA decreases its transcrip- 
tional repression effects and increases its 
ability to direct cellular transformation (1, 
2). CtBP also participates in the actions of 
cellular transcription factors involved in 
growth and differentiation, as demonstrated 
in Drosophila melanogaster (3) and verte- 
brate systems (4). The recent demonstra- 
tion that yeast Sir2 utilizes NAD+ as a 
substrate (5-7) and the remarkable se- 
quence conservation of CtBP with the de- 
hydrogenases and reductases (2) (Fig. 1A), 
enzymes that use nicotinamide adenine 
dinucleotides as cofactors, led us to inves- 
tigate whether CtBP might similarly be reg- 
ulated by NAD+ or NADH. 

CtBP expressed in bacteria or isolated 
from HeLa cells was incubated with glyc- 
erophosphate, acetoacetate, pyruvate, lac- 
tate, acetate, formate, and ethanol in the 
presence of NAD+ or NADH under a vari- 
ety of experimental conditions. No dehy- 
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drogenase or reductase activity was detect- 
ed. We next tested whether CtBP was reg- 
ulated in some other manner by NAD+ or 
NADH. This hypothesis was suggested by 
the near-perfect conservation of the NAD+/ 
NADH binding signature near the middle 
of the CtBP sequence (Fig. 1B). One pos- 
sibility was that NAD+/NADH could affect 
the ability of CtBP to interact with its 
partners. To test this hypothesis, we exam- 
ined the interaction of bacterially expressed 
CtBP with glutathione S-transferase 
(GST)-EIA fusion proteins at different 
concentrations of NAD+/NADH. To our 
surprise, CtBP binding was regulated dra- 
matically, with NADH increasing the inter- 
action at concentrations in the nM range 
(Fig. 1C). NAD+ also increased binding, 
but was 2 to 3 orders of magnitude less 
effective. NADP+, NADPH, and flavin ad- 
enine dinucleotide (FAD+) had little effect 
(Fig. 1D) (8). NAD+/NADH similarly af- 
fected CtBP binding to a prototypical cel- 
lular repressor, ZEB (Fig. 1E), which is 
known to block transcription at least in part 
via CtBP interactions (9). 

Knowing the physiological concentra- 
tions of free nuclear NAD+/NADH is crit- 
ical for assessing whether these molecules 
regulate CtBP function in vivo, the concen- 
tration of NAD(P)H can be determined in 
different cellular compartments using two- 
photon excitation microscopy (10). This 
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was done in Cos7 cells by quantitative 
imaging of the total intensity and lifetime 
of NAD(P)H fluorescence. For these mea- 
surements, NADH and NADPH are indis- 
tinguishable, so we measure the sum of 
both molecules. Comparing the total inten- 
sity to a standard curve of free NAD(P)H in 
solution, we found that the nucleus con- 
tained 113 FLM NAD(P)H (Fig. 2A). Pre- 
cise determination of the concentration is 
complicated by the fact that the fluores- 
cence of free and bound forms of NAD(P)H 
differs. Free NAD(P)H has a considerably 
lower quantum efficiency than that bound 
to protein. Because the quantum efficiency 
is associated with the fluorescence lifetime, 
we can determine the fraction of bound 
NAD(P)H by fluorescence lifetime imaging 
(11). The fluorescence lifetime image was 
homogeneous across all subcellular com- 
partments (Fig. 2B) with a value of 3.41 ns 
(n = 6 cells), as compared to 0.45 ns for 
free NAD(P)H. This indicates that the vast 
majority of NAD(P)H is bound and that our 
estimate of 113 pLM is -7.5-fold too high 
(ratio of 3.41 to 0.45). The corrected nu- 
clear NAD(P)H concentration is thus -15 
pLM. To quantitate the amount of free 
NAD(P)H, we performed a multifrequency 
experiment with phase modulations at 80, 
160, and 240 MHz and fit multiple expo- 
nential decays to the fluorescence lifetimes. 
One lifetime component was fixed at 0.451 
ns [the lifetime for free NAD(P)H], and the 
other was allowed to vary with the nonlin- 
ear least squares fit. According to this fit, 
the fraction of fluorescence associated with 
the free component was 4.4 + 2.7%. Thus, 
the upper limit of free NAD(P)H is 660 nM. 
If we assume that the NADPH/NADH ratio 
is -4 (12), then the concentration of free 
NADH in the nucleus is -130 nM (13), 
well within the range required for stimulat- 
ing the ElA:CtBP interaction. 

Because NAD+/NADH affected CtBP 
binding to multiple transcriptional repres- 
sors, we speculated that these cofactors 
most likely functioned by altering CtBP 
structure. Support for this idea was ob- 
tained from limited proteolysis experi- 
ments. In the absence of NAD+/NADH, 
trypsin treatment releases a 10-kD fragment 
from the CtBP NH2-terminus, resulting in 
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Regulation of Corepressor 
Function by Nuclear NADH 

Qinghong Zhang,' David W. Piston,2 Richard H. Goodmanl* 

The corepressor CtBP (carboxyl-terminal binding protein) is involved in tran- 
scriptional pathways important for development, cell cycle regulation, and 
transformation. We demonstrate that CtBP binding to cellular and viral tran- 
scriptional repressors is regulated by the nicotinamide adenine dinucleotides 
NAD+ and NADH, with NADH being two to three orders of magnitude more 
effective. Levels of free nuclear nicotinamide adenine dinucleotides, determined 
using two-photon microscopy, correspond to the levels required for half-max- 
imal CtBP binding and are considerably lower than those previously reported. 
Agents capable of increasing NADH levels stimulate CtBP binding to its partners 
in vivo and potentiate CtBP-mediated repression. We propose that this ability 
to detect changes in nuclear NAD+/NADH ratio allows CtBP to serve as a redox 
sensor for transcription. 
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