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of different tasks exhibited a null or negative
correlation. This trend held across all tasks and
subjects, as shown by Fig. 3E. These results are
consistent with the hypothesis that transient
cross-frequency coupling modulates network
engagement, enabling flexible control of cogni-
tive processing.

Oscillations are rhythmic fluctuations in
neuronal excitability that modulate both output
spike timing and sensitivity to synaptic input (5).
Therefore, effective communication between
neuronal populations requires precise match-
ing of the relative phase of distinct rhythms to
axonal conduction delays. An oscillatory hi-
erarchy operating across multiple spatial and
temporal scales could regulate this proposed
long-range communication (/3). Basal forebrain
cortical-projecting GABAergic (y-aminobutyric
acid-releasing) neurons are well positioned to
control theta/HG coupling; these neurons pref-
erentially synapse onto intracortical GABAergic
neurons throughout the cortex, with disinhib-
itory spike bursts causing a brief increase in
gamma power at the theta trough (28). Our
observations that (i) HG power is modulated by
theta phase, (ii) an increase in theta power
strengthens theta/HG coupling, and (iii) the
topography of theta/HG coupling is task-
dependent support the hypothesis that cross-

frequency coupling between distinct brain
rhythms facilitates the transient coordination
of cortical areas required for adaptive behavior
in humans.
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Caveolin-1 Is Essential for

Liver Regeneration

Manuel A. Fernandez,>?* Cecilia Albor,™* Mercedes Ingelmo-Torres,* Susan ]. Nixon,?
Charles Ferguson,? Teymuras Kurzchalia,® Francesc Tebar,* Carlos Enrich,*
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Liver regeneration is an orchestrated cellular response that coordinates cell activation, lipid
metabolism, and cell division. We found that caveolin-1 gene—disrupted mice (cavi /'~ mice)
exhibited impaired liver regeneration and low survival after a partial hepatectomy. Hepatocytes
showed dramatically reduced lipid droplet accumulation and did not advance through the cell
division cycle. Treatment of cavl '~ mice with glucose (which is a predominant energy substrate
when compared to lipids) drastically increased survival and reestablished progression of the cell
cycle. Thus, caveolin-1 plays a crucial role in the mechanisms that coordinate lipid metabolism with
the proliferative response occurring in the liver after cellular injury.

he liver is pivotally positioned in the

I regulation of the body’s metabolic ho-
meostasis of lipids, carbohydrates, and
vitamins. In addition, it produces essential
serum proteins, lipoproteins, enzymes, and co-
factors. Paradoxically, the liver is also the main
detoxifying organ in the body, being continu-
ously exposed to the threat of cellular injury.
Consequently, the liver has evolved complex
regenerative mechanisms to respond to chemi-
cal, traumatic, or infectious injuries (/-3).
During regeneration, the liver continues to ac-
complish its critical functions, such as glucose
homeostasis, protein synthesis, and bile secre-
tion. Liver regeneration does not require stem
cells but instead occurs when differentiated and

largely quiescent hepatic cells reenter the cell
cycle to replace the lost functional mass.

One of the most extensively characterized
model systems to study liver regeneration is the
partial hepatectomy in rodents. In this model, the
left and medial lobes of the liver are excised,
resulting in removal of 70% of the hepatic mass.
Within minutes, hepatocytes then undergo a
coordinated cellular activation termed the acute
phase response. This highly regulated process is
simultaneously mediated by different growth
factors and cytokines that conduct the response
signal into kinases and transcription factors. As a
result of the acute response, the hepatocyte
initiates the transcription of more than 100 early
genes, accumulates triacylglycerol and choles-

terol esters in intracellular lipid droplets (4), and
progresses through the cell cycle. Lipid droplet
formation is an essential part of the prolifer-
ative response during liver regeneration (5).
Lipids stored in lipid droplets are delivered into
the bile or used in the production of new lipo-
proteins and bile acids, for the synthesis of new
membranes, or to supply the energy required
for remnant hepatocytes to rebuild the liver. By
compensatory hyperplasia, the regenerative
process reestablishes the original liver mass in
approximately 1 week, after which hepatocytes
return to a quiescent state.

Caveolae are distinct domains of the plasma
membrane of most cells, where cellular processes
such as signaling and membrane sorting occur
in a highly regulated lipid and protein environ-
ment (6). Caveolin, an essential component of
caveolae, is a protein that has the distinct capa-
bility to create these highly ordered domains at the
cell surface. In addition, caveolin and caveolae are
key elements in the regulation of the intracellular
homeostasis of lipids, cell activation, and cell
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Fig. 1. Low survival and impaired liver regeneration of cavl—/—
mice after partial hepatectomy. (A) Accumulated survival index 72
hours after partial hepatectomy of WT mice (white bars) and cavl—/—
mice (black bars). (B) Survival index by period (0 to 24, 24 to 48, and
48 to 72 hours) of WT mice (white bars) and cavI—/~ mice (black bars)
for animals that, after partial hepatectomy (PH), reached and survived
after each period. (C) Immunoblotting of caveolin-1 in liver
homogenates corresponding to WT and cavl~/~ mice after partial
hepatectomy (40 pg of protein per lane). (D) Liver—to—body mass ratio
in WT (white circles) and cavi~'~ (black circles) animals. Immunoblots
are representative of five independent experiments. The statistical
significance of differences between WT and cavl—'~ mice (asterisks)
was determined with Student’s t test, **P < 0.01. Each point represents
the average value and standard deviation of at least six independent
measurements.

Fig. 2. Intracellular lipid imbalance in the liver of
cavl~’~ mice after partial hepatectomy. (A) Ultra-
structure of the liver 48 hours after partial hepatectomy in
WT mice (top panel) and cavI~'~ mice (bottom panel). (B)
Mean volume of the cell occupied by lipid droplets (LDs),
calculated by quantitative EM, in WT mice (white bars) or
cavl~—/'~ mice (black bars) 48 hours after partial hepatec-
tomy. (C) Amount of protein in a purified lipid droplet
fraction from livers of WT mice (white bars) and cavli—/—
mice (black bars). (D and E) Cholesterol and fatty acid
levels in liver homogenates of WT mice (white circles) or
cavl~'~ mice (black circles) after partial hepatectomy. (F
and G) Triacylglycerol levels in serum (F) and liver
homogenates (G) of WT mice (white bars) and cavl—/~
mice (black bars) after partial hepatectomy. (H and 1)
Expression of ADRP in liver homogenates (40 pg) (H) and
lipid droplets purified from livers (30 ul) (G) of WT and
cavl~/~ mice. Immunoblots are representative of five (H)
and two () independent experiments. The statistical
significance of differences between WT and cavi~/~ mice
(asterisks) was determined with Student’s t test, *P < 0.05,
**P < 0.01. Each point represents the average value and
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proliferation. Recent work has linked caveolins to
lipid droplet function (7). In addition, we have
previously described the expression of caveolin
and caveolae in hepatocytes and showed that
caveolin associates with the lipid droplets formed
after partial hepatectomy (8).

Liver regeneration results from the coordina-
tion of cell activation, lipid metabolism, and cell
division. Although caveolin-1 has been connected
with the regulation of each one of these processes,
its precise role remains uncertain. Thus, the
regeneration response triggered in the liver after
partial hepatectomy offers an excellent integrated
model system with which to evaluate in vivo the
role of caveolin-1 in these processes occurring
synchronously in a cell population. We studied
the regeneration process triggered by partial
hepatectomy in the liver of caveolin-1 gene—
disrupted mice (cavl =/~ mice) (9, 10).

We analyzed 66 wild-type (WT) mice and 61
cavl™'~ mice during the first 72 hours after
partial hepatectomy. At the end of this period,
WT mice showed an accumulated survival index
of 89.1% (Fig. 1A). In contrast, cavl ™'~ mice
showed a survival index of only 22.4%. Al-
though the mortality of both groups was rather
similar during the first 48 hours (100%/89%
between 0 and 24 hours and 89%/91% between
24 and 48 hours for WT and cavl—/~ mice,
respectively), cavl~/~ mice showed a marked
mortality beyond this time point (72%) (Fig.
1B). In contrast, all of the WT mice that survived
at 48 hours progressed to 72 hours. As expected,
caveolin-1 was highly expressed in livers of WT
mice but was not detected in cavl ~/~ mice at any
point in the regeneration process (Fig. 1C). The
liver—to—body mass ratio (equivalent to a regen-
eration index after partial hepatectomy), which
was 5.9% in both untreated WT and cavl =/~
mice, increased progressively in WT mice to
reach 3.1% after 72 hours, which represents
52.5% of the original weight (Fig. 1D). Consid-
ering that only 22% of cavl~/~ mice survived at
this time point (Fig. 1A), the regeneration index
of cavl™/~ animals was 2.2% after 72 hours,
which is only 38.0% of the original weight.
cavl ™~ mice that died during the period from
36 to 72 hours (78% of cavl ™'~ mice operated
on) showed an extremely low regeneration index
of approximately 1.7%.

After partial hepatectomy, the levels of fatty
acids in the plasma increase severalfold, leading
to intracellular accumulation of lipids and the
formation of numerous cytosolic lipid droplets
(4). We used quantitative electron microscopy
(EM) to examine the ultrastructure of the liver
after partial hepatectomy. No significant differ-
ences between WT and cavl™/~ mice were
observed in the serum (table S1) or liver before
surgery; a small number of lipid droplets was
observed in each case. Forty-eight hours after
partial hepatectomy, the hepatocytes of WT
mice accumulated enlarged lipid droplets in the
cytosol (Fig. 2A). In contrast, lipid droplet
accumulation was greatly reduced in the livers

of cavl™/~ mice. After 48 hours, the mean
volume of lipid droplets was 32.6% (+9.8%) of
cellular volume in WT mice as compared to
7.7% (£2.9%) in cavl~'~ mice (Fig. 2B). When
a purified fraction of lipid droplets was isolated
from regenerating livers after 48 hours, a sig-
nificant reduction in the total amount of pu-
rified protein from cavl '~ livers was observed
(Fig. 2C). At this time, the levels of cholesterol
and fatty acids in serum or in liver homogenates
were not significantly different between WT or
cavl~'~ mice (Fig. 2, D and E), suggesting that a
reduced level of serum lipids or reduced cellular
uptake of lipids did not account for the lack of
lipid droplets observed in the liver of cavl =/~
mice. However, whereas the levels of triacylglyc-
erol in serum were similar between WT and
cavl™'~ animals, the level of triacylglycerol in
liver homogenates was clearly lower in cavl =/~
animals after 48 hours (Fig. 2, F and G). At 24
hours after partial hepatectomy, both WT and
cavl™'~ livers showed a similar increment of

their triacylglycerol content, but at later times,
significant differences between the WT and
cavl™/~ mice were observed. Thus, although
cavl~'~ mice were able to synthesize triacyl-
glycerol to some extent, they could not store
these lipids efficiently in lipid droplets. In ag-
reement with an intracellular lipid imbalance, the
expression of adipophilin (ADRP, the major
component of hepatic lipid droplets and highly
expressed in response to fatty acids during liver
regeneration) was slightly but consistently higher
in cavl~'~ mice when compared to WT mice
(Fig. 2H), although it was not detected in the
fraction corresponding to purified lipid droplets
(Fig. 2I). Thus, caveolin is required for efficient
lipid droplet formation in regenerating hepato-
cytes, and the absence of lipid droplets at 48
hours after partial hepatectomy coincides
with the increased mortality of cavl =/~ mice
beyond this point.

To examine the effect of caveolin-1 defi-
ciency at the cellular level, hepatocytes from
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Fig. 3. Isolated cavl ™/~ hepatocytes show impaired lipid droplet accumulation. Hepatocytes were
isolated from livers of WT mice (A) or cavIi—/~ mice (B) and allowed to attach on glass coverslips for 6
hours in a glucose-free medium supplemented with fatty acids. Cells were fixed and lipid droplet
accumulation was analyzed by means of Nile Red fluorescence (C), and the percentage of the cytosol
occupied by lipid droplets (D) was quantified in WT hepatocytes (white bars) and cavl '~ hepatocytes
(black bars). Values are the result of three independent experiments. The statistical significance of
differences between WT and cav —/~ mice (asterisks) was determined with Student’s ¢ test, *P < 0.05,
**P < 0.01.
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Fig. 4. Hyperactivation and cell cycle inhibition of cavl~/~ hepatocytes after partial hepatectomy.
The expression of markers corresponding to the acute phase response (A) or to the cell cycle
machinery (B) in liver homogenates (40 pg) or for PCNA analyzed in isolated nuclei (20 pg) of WT
and cavl—/~ mice after partial hepatectomy is shown. Immunoblots are representative of at least
three independent experiments. GAPDH, glyceraldehyde phosphate dehydrogenase.
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WT and cavli~'~ mice were isolated and
treated with a combination of fatty acids for 6
hours. Hepatocytes growing on glass coverslips
were stained with Nile Red (a neutral lipid
probe) for detection of lipid droplets. As
expected, fatty acids efficiently promoted the
accumulation of enlarged lipid droplets in the
cytosol of WT hepatocytes (Fig. 3A). In com-
parison, the intensity of Nile Red staining was
significantly reduced in cavl~'~ hepatocytes
(Fig. 3, B and C). In addition, the mean volume
of lipid droplets was 67.6% (+14.3%) of the
cell cytosol in WT hepatocytes as compared to
20.5% (#4.9%) in cavi~/~ cells (Fig. 3D).
Hepatocytes isolated from WT and cavl ™/~
livers showed a similar uptake of fatty acids
(fig. S1). When the expression of caveolin-1 was
down-regulated by means of small interfering
RNA in mouse embryonic fibroblasts obtained
from WT mice, the accumulation of lipid droplets
in cells expressing low levels of caveolin-1 was
significantly reduced (fig. S2). In contrast, down-
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regulation of caveolin-2 in these cells did not
affect the accumulation of lipid droplets (fig. S2).
Thus, the inability of cavI '~ hepatocytes to ac-
cumulate lipid droplets during liver regeneration
is caused by the lack of hepatic caveolin-1 rather
than promoted by the absence of caveolin-1 in
other tissues.

Hepatocytes without caveolin-1 do not
efficiently accumulate triacylglycerol in lipid
droplets and fail to regenerate. Caveolin is
linked to numerous signaling processes, but the
exact regulatory mechanisms are still unclear.
We examined whether an impaired activation
of the cells during the acute response may
account for the lack of regeneration observed in
cavl '~ mice. Hepatocyte activation after par-
tial hepatectomy is promoted by two coordinated
main signaling pathways: a cytokine-mediated
pathway and a growth factor—mediated pathway.
Binding of interleukin-6 (IL-6) to its receptor
(IL-6 receptor) stimulates the Janus activated
kinase (JAK-1), which in turn phosphorylates
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Fig. 5. The feeding of glucose reestablishes hepatocyte survival and cell cycle progression in cavl '~ mice.
(A) Survival index after partial hepatectomy of glucose-treated cavi '~ mice (black bars) and WT mice
(white bars). (B) Liver—to—body mass ratio corresponding to glucose-fed cavl '~ mice (black squares) and
glucose-fed WT mice (white squares) after partial hepatectomy. (C and D) Triacylglycerol levels in serum
(O) and liver homogenates (D) of glucose-fed WT mice (white squares) and glucose-fed cavi—/~ mice
(black squares) after partial hepatectomy. (E) The expression of caveolin-1 and ADRP in liver homogenates
(40 ug) and of PCNA in isolated nuclei (20 ug). (F) Hepatocytes were isolated from livers of WT mice
(white bars) and cavl ~/~ mice (black bars) and cultured for 48 hours in a medium supplemented with
fatty acids or glucose. The number of living cells was determined by staining cell nuclei with crystal violet
and is expressed with respect to the initial number of living hepatocytes. The statistical significance
(asterisk) was determined with Student's ¢ test, *P < 0.05. Each point and immunoblot represents the
average value of at least four independent experiments. 0.D., optical density.
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the signal transducer and activator of transcrip-
tion 3 (STAT-3). Phosphorylated STAT-3
translocates to the nucleus to activate the tran-
scription of target genes (such as c-myc). We
examined the levels of phosphorylated STAT-3
and the expression of c-myc in liver homog-
enates. Twelve hours after partial hepatectomy,
phosphorylation of STAT-3 was detected in
both WT and cavl '/~ mice (Fig. 4A). At later
times, the levels of phospho—STAT-3 then
decreased, as expected in WT mice livers, but
STAT-3 remained phosphorylated in cavi~—'~
livers. Consistent with this finding, levels of c-
myc were considerably higher in livers from
cavl™'~ mice. We also studied the growth
factor-mediated signaling pathway. The hepatic
growth factor (HGF) is considered to be an
essential activator of the regeneration response
of the liver. We evaluated HGF activity by
visualizing the phosphorylation of its substrate,
Jun N-terminal kinase (JNK). Phospho-JNK
was detected in both WT and cav/ ™/~ mice,
but the levels of phosphorylated kinase were
markedly higher in cavi™/~ mice (Fig. 4A).
Thus, although the acute phase response occurs
as in WT mice, the signaling is more elevated
and prolonged in cavl '~ livers.

We next evaluated the progression of hepa-
tocytes through the cell cycle by studying
specific proteins of the cell cycle machinery
known to be regulated during liver regeneration
(11). Expression of cyclin D, which is tran-
scriptionally activated during the G, phase of
the cell cycle, was observed in both WT and
cavl~'~ livers after 12 hours of partial hepa-
tectomy (Fig. 4B). Although the proliferating
cell nuclear antigen (PCNA, a marker for the S
phase) was clearly observed at 48 to 72 hours
in 95% of WT livers, its expression was not
observed or was highly reduced in 80% of
cavl™'~ mice that survived at 72 hours. Al-
though no differences were observed in the
expression of the cell cycle inhibitor p21¢P1)
the amount of the inhibitor p27X!P! detected in
cavl™'~ livers was slightly but consistently
higher when compared to WT mice. Thus, the
livers of cavl /'~ mice do not seem to progress
correctly through the cell cycle. The impaired
liver regeneration observed in cavl ™'~ mice
did not appear to result in an increased rate
of apoptosis; no differences in the activity of
caspases measured in regenerating livers were
observed (fig. S3).

Glucose can be the predominant energy
substrate during liver regeneration, when suffi-
cient levels are available during the immediate
post-hepatectomy phase (12, 13). The continu-
ous infusion of glucose into partially hepatec-
tomized rats prevents both the loss of glycogen
and the deposition of lipid (/4). Because the
livers of cavl /'~ mice do not correctly metab-
olize lipids after partial hepatectomy (Fig. 2),
we hypothesized that the impaired liver regen-
eration showed by these mice might be due to
the perturbation of lipid handling. If so, the
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treatment of animals with glucose before and
during the regenerative process might allow
liver regeneration in the cavl/~'~ mice. Thus,
WT and cavl~/~ mice were continuously sup-
plied with 10% glucose in their drinking water
for 60 hours before surgery and during the
regeneration period afterward. Before partial
hepatectomy, the ingestion of glucose-enriched
water was approximately 10 ml per mouse per
day (equivalent to 1 g of glucose per day).
When cavl~/~ mice were treated with glucose,
the survival index at 72 hours after partial
hepatectomy dramatically increased to reach
values comparable to those of glucose-treated
WT mice (80.0% for cavl~/~ mice, n = 26
mice; 73.3% for WT, n = 16) (Fig. SA). In WT
mice treated with glucose, the liver regenera-
tion index after 72 hours was 2.67% (£0.3),
which, consistent with slightly delayed regen-
eration in glucose-fed rats (/5, 16), represents
45.3% (£5.1) of the original weight (Fig. 5B)
(in contrast to 52.5% shown by WT mice that
were not treated with glucose, Fig. 1D). Con-
sistent with the decreased mortality of the
cavl™'~ mice, liver regeneration was rescued
by glucose feeding. Glucose-fed cavl ™'~ mice
showed a regeneration index of 2.32% (+0.4),
which similarly to the WT glucose-fed mice
represents 39.3% (+6.8) of the original liver
weight. After partial hepatectomy, the levels of
triacylglycerol in serum were similar to those
shown by animals that were not treated with
glucose. In contrast, in liver homogenate of
glucose-fed animals, the level of triacylglycerol
increased in both WT and cavl '~ mice (Fig.
5D). Although, as expected, no changes were
observed in the expression of caveolin-1 (Fig.
5E), when treated with glucose, the expression
of ADRP in cavl/~/~ animals was similar to
that shown by WT mice (Fig. SE). Treatment
with glucose also rescued the inhibition of the
cell cycle shown by cavl~'~ mice (Fig. 4B). In
that case, 87.5% of cavl '/~ mice treated with
glucose expressed high levels of PCNA 72
hours after partial hepatectomy (Fig. S5E). To
examine the effect of glucose at the cellular
level, hepatocytes from WT and cavl~/~ mice
were isolated and cultured in a glucose-free
medium containing growth factors supple-
mented with a combination of fatty acids (0.5
mM palmitoleic acid and 0.5 mM oleic acid) or
alternatively with glucose (4500 mg/l), and the
number of cells was determined after 48 hours
(number of living cells after 48 hours/number of
living cells 6 hours after isolation) by staining
of cell nuclei with a standard crystal violet mea-
surement. In contrast to WT cells, cavl ™/~
hepatocytes did not survive in the presence of
fatty acids, and a reduction in the number of cells
was observed (Fig. 5F). In the presence of
glucose, both WT and cav/~'~ hepatocytes
showed a similar index. Thus, the increased
mortality and decreased liver regeneration in
mice lacking caveolin-1 can be rescued by
glucose addition, pinpointing the crucial role of

caveolin-1 in lipid regulation during the regen-
eration process.

We have shown that caveolin is essential for
liver regeneration. caveolin-1—deficient mice
showed increased mortality and decreased liver
regeneration after partial hepatectomy. In the
absence of caveolin-1, hepatocytes did not
accumulate lipid droplets, and this has important
effects on other cellular processes such as cell
signaling and cell division. As a result, regener-
ating cavl '~ hepatocytes showed atypical cell
activation and did not entirely advance through
the cell cycle. Because the treatment of cavl '/~
mice with glucose increased mouse survival and
reestablished progression of the cell cycle, we
postulate that caveolin-1 has a crucial role in
lipid regulation during the regeneration process.
Thus, the S phase of the cell cycle may be
metabolically regulated by the availability of
lipid droplets or glucose. Although cavI~'~ ani-
mals show a relatively mild phenotype, suggest-
ing that other proteins may compensate for the
lack of caveolins in certain cellular or functional
contexts, caveolin-1 plays an essential role in the
hepatocyte that becomes apparent only in
response to liver injury.
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C-Terminal Signal Sequence
Promotes Virulence Factor Secretion
in Mycobacterium tuberculosis

Patricia A. DiGiuseppe Champion,*? Sarah A. Stanley,™? Matthew M. Champion,?

Eric ]. Brown,? Jeffery S. Cox*?*

Mycobacterium tuberculosis uses the ESX-1/Snm system [early secreted antigen 6 kilodaltons (ESAT-6)
system 1/secretion in mycobacteria] to deliver virulence factors into host macrophages during infection.
Despite its essential role in virulence, the mechanism of ESX-1 secretion is unclear. We found that
the unstructured C terminus of the CFP-10 substrate was recognized by Rv3871, a cytosolic component
of the ESX-1 system that itself interacts with the membrane protein Rv3870. Point mutations in the
signal that abolished binding of CFP-10 to Rv3871 prevented secretion of the CFP-10 (culture filtrate
protein, 10 kilodaltons)/ESAT-6 virulence factor complex. Attachment of the signal to yeast ubiquitin was
sufficient for secretion from M. tuberculosis cells, demonstrating that this ESX-1 signal is portable.

cellular membranes through recognition

of signal sequences (/, 2). In prokaryotes,

most proteins are secreted through the general

secretion pathway, which recognizes N-terminal

signal peptides (3). Additionally, Gram-negative

pathogenic bacteria use specialized secretion ma-

chines to secrete virulence determinants during
infection (4, 5).

Mycobacterium tuberculosis does not have

recognizable homologs of these specialized

Proteins are sorted for translocation across

secretion systems. Instead, the ESX-1 system
(ESAT-6 system-1) is required for controlling
host-cell response to infection (6-8). ESX-1 is
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