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Germline P Granules Are Liquid
Droplets That Localize by Controlled
Dissolution/Condensation
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In sexually reproducing organisms, embryos specify germ cells, which ultimately generate sperm
and eggs. In Caenorhabditis elegans, the first germ cell is established when RNA and protein-rich
P granules localize to the posterior of the one-cell embryo. Localization of P granules and their
physical nature remain poorly understood. Here we show that P granules exhibit liquid-like
behaviors, including fusion, dripping, and wetting, which we used to estimate their viscosity and
surface tension. As with other liquids, P granules rapidly dissolved and condensed. Localization
occurred by a biased increase in P granule condensation at the posterior. This process reflects a
classic phase transition, in which polarity proteins vary the condensation point across the cell.
Such phase transitions may represent a fundamental physicochemical mechanism for structuring

the cytoplasm.

tarting from the fertilized egg, the cells of a

developing embryo differentiate to give

rise to somatic tissues, as well as maintain-
ing an immortal germ line that will generate sperm
and oocytes. Germ-cell specification is mediated
in part by ribonucleoprotein granules assembled
from RNA and RNA-binding proteins, although
the precise function of these granules remains un-
known (1, 2). In Caenorhabditis elegans, the germ
granules are called P granules. P granules are ini-
tially distributed uniformly throughout the unpolar-
ized one-cell embryo. Upon symmetry breaking,
the embryo polarizes along the anterior-posterior
(AP) axis: Cortical and cytoplasmic flows devel-
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op (3), the polarity proteins PAR-1 and PAR-2
appear on the posterior cortex, and P granules
become localized to the posterior half of the cell
(Fig. 1A and movie S1; all embryos are ~50 um
long); the embryo then divides, giving rise to a
P granule—containing progenitor germ cell and
anon—P granule—containing somatic sister cell.
Two processes have been proposed to mediate
this posterior localization: (i) P granule migra-
tion by cytoplasmic flow (4-6) and (ii) subse-
quent disassembly or degradation of remaining
anterior P granules (5-8). However, evidence
supporting either of these mechanisms is sparse.
To study P granule localization in the one-cell
embryo, we used three-dimensional (3D) particle
tracking to monitor the movement and fluores-
cence levels of P granules labeled with green
fluorescent protein (GFP)-tagged PGL-1 (9, 10)
or GLH-1 (9, 11), both constitutive P granule com-
ponents. We found that some P granules move into

the embryo posterior; however, close to the cortex
there was a flux of P granules into the anterior that
was of similar magnitude to the posteriorly di-
rected flux (Fig. 1, D to F). This behavior closely
matched the overall flow behavior of cytoplasmic
material such as yolk granules (6), quantified by
particle imaging velocimetry (PIV) (Fig. 1, B and
C) (9). P granules cannot preferentially localize to
the posterior by convection in the surrounding
cytoplasm alone. Thus, flows have little or no role
in P granule localization (9).

We next examined intensity changes of in-
dividual P granules during localization. We found
that P granule size is spatiotemporally controlled
(Fig. 2A). We determined the average rate of rel-
ative intensity change of a population of P granules,
&, at different points in space and time (9); neg-
ative & indicates P granule dissolution (i.e., shrink-
age) and positive & indicates P granule condensation
(i.e., growth). Before symmetry breaking, & was
negative across the entire embryo, indicating over-
all P granule dissolution (fig. S1). After the onset
of symmetry breaking, & stayed negative in the
anterior but became positive in the posterior of the
embryo, indicating posterior condensation [Fig. 2,
B (WT, wild type) and C]. As predicted from this
analysis, if we delayed symmetry breaking using
RNA interference (RNAI) to deplete the centro-
somal protein SPD-5 (12), & stayed negative across
the whole embryo, and P granules appeared to
dissolve completely [Fig. 2B, spd-5(RNAi)]. When
these embryos eventually broke symmetry, P gran-
ules appeared to form de novo, in the vicinity of
posterior PAR proteins (Fig. 2D and figs. S5 and
S6). This occurred concomitant with a depletion
of soluble P granule components from the an-
terior cytoplasm (Fig. 2E), and in the absence of
notable cytoplasmic flows (movie S3). As with
WT embryos, the rate of P granule condensation
peaked before leveling off. The maximum of the
posterior growth rate in spd-5(RNAZ) embryos was
three times as high as that in WT embryos, which
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Fig. 1. P granule localization is not due to cytoplas-
mic flow. (A) Fluorescent images of GFP::PGL-1 (green)
superimposed on differential interference contrast
(DIQ) (red). Time relative to pronuclear meeting (pnm).
A, anterior; P, posterior. (B and C) The movement of P
granules is similar to the movement of yolk granules.
(B) Cytoplasmic flow field from PIV analysis of a single
embryo (blue DIC image) during symmetry breaking.
Yellow arrows indicate flow direction and magnitude.
(C) Maximum-intensity projection of confocal stacks of
GFP::PGL-1 P granules in the one-cell embryo during
symmetry breaking; first frame, —8 min, 7 s pnm; last
frame, —3 min, 30 s pnm; P granules in center of em-
bryo move posteriorly (red arrow), and P granules near
cortex move anteriorly (green arrows). (D) Overlay of P
granule trajectories (white) from five GFP::PGL-1 em-
bryos. Trajectories crossing into the posterior are shown
in red, and those crossing into the anterior are in green.
(E) Probability distribution of the location perpendicular
to the AP axis of P granules crossing the midpoint
[yellow line in (D)] into anterior (green) versus posterior
(red). (F) The average flux per embryo (mean + SEM,
n = 5) indicates negligible net flux.
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Fig. 2. Spatiotemporal
changes in P granule size.
(M) P granules through-
out the one-cell embryo
are initially dissolving;
blue and red traces are
intensities of individual
GFP::PGL-1—labeled P
granules in the anterior
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may reflect a higher concentration of soluble compo-
nents due to complete dissolution (Fig. 2F) (9). These
observations suggest a localization mechanism in
which the condensation point is lowered in the pos-
terior, causing condensation of components released
by dissolved anterior P granules (see below).

A clue to the molecular control of this behavior
comes from the proteins MEX-5 and PAR-1, which
are implicated in the degradation of P granule
components and P granule stability (6-8). The
MEX-5 concentration is high throughout the em-
bryo before symmetry breaking (13, 14), when

Size [um]

Fig. 3. P granules behave like liquids. (A) Jetting P granule (red outline) from a dissected GFP::PGL-1 germ-
line nucleus (lower left, not visible). Shear direction, white arrows. (B) Dripping P granules (red
outline) from a dissected GFP::PGL-1 germ line. Nucleus (N), white line. (C) Time scale of drop
breakup and fusion events in dissected germline and early embryos, as a function of droplet size. The

black line is a linear fit, yielding a ratio of viscosity to surface tension (n/y) =

2 s/um. (D) Fluorescence

recovery after photobleaching (FRAP) of a large nuclear-associated GFP::PGL-1—labeled P granule
from an eight-cell embryo (upper left sequence; top to bottom = 20 s). Kymograph is along the black
line in left sequence. Red denotes high intensity and blue, background intensity. The intensity
decreases in the unbleached region (fluorescence loss in photobleaching, FLIP) as the bleached region
recovers. From exponential fits, in the bleached region trrap = 4.7 s, and in the unbleached region

TELIp = 5.7s.
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Fig. 4. Proposed mechanism of P granule localization. (A) Concentration of soluble components
versus position along AP axis (posterior to right). Before symmetry breaking, the condensation point C
(dashed black line) is high across the embryo. The cytoplasmic concentration of P granule components
Cqyt (green line) is much lower than Cg, and the embryo is undersaturated with P granule components
everywhere. (B) Undersaturation leads to dissolution of P granules (large green spheres) into diffusing
components (small green circles). (C) Symmetry breaking decreases C, in the posterior, below C. (D)
Consequently, posterior P granules condense from soluble components, whereas anterior P granules
continue dissolving. The spatial dependence of C;; arises from gradients in polarity proteins, including

MEX-5 (gray) and PAR-1 (blue).
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we found negative values of & across the AP axis
[Fig. 2B, spd-5(RNAi)]. Upon symmetry breaking,
PAR-1 reduces the concentration of MEX-5 in the
posterior (1/3—15); the resulting MEX-5 concen-
tration gradient was opposite to the dissolution/
condensation gradient, & (fig. S3). Thus, high MEX-5
levels correlate in space and time with P granule
dissolution. Consistent with this, when we de-
pleted embryos of MEX-5, the value of & ap-
proached zero across the embryo, indicating
weakened P granule dissolution [Fig. 2B, mex-
5/6(RNAi)]. In embryos depleted of PAR-1, which
have uniform, high levels of MEX-5 (13—15), the
value of & was strongly negative across the AP
axis [Fig. 2B, par-1(RNAi)], and P granules dis-
solved throughout (6) (movie S6). Thus, PAR-1 and
MEX-5 may localize P granules mainly by con-
trolling their dissolution and condensation, rather
than by spatially regulating degradation.

Our results thus far imply that localization of
P granules depends on the ability of subunits to
transition between a soluble form and a condensed
phase, which appears to be spherical. P granules
became nonspherical when they reattached to the
nucleus at the four-cell stage, when they appeared
similar to liquid drops wetting a surface (fig. S8
and movie S9). Together with the observation that
P granules occasionally fused with one another, this
suggests that the protein/RNA mixture comprising
P granules may behave as a liquid. Indeed, the
modularity and weak RNA affinity exhibited by
RNA-binding proteins (/6) would enable rapid
molecular rearrangements that could give rise to
liquid-like behavior.

For a simple liquid (e.g., water), applied shear
stresses induce flows, unlike an elastic solid, which
maintains a constant deformed shape under stress
(17). We induced shear stresses across the large
nuclear-associated P granules within the tube-like
worm gonad (fig. S2) (9). P granules flowed off
nuclei, dripped, and often fused into one larger
drop; these are classic liquid behaviors (Fig. 3, A
and B, and movies S7 to S9). Germ granules in
zebrafish may show similar behaviors (18).

Liquids exhibit such flow behavior owing to
fast internal molecular rearrangements. Consistent
with this, when we selectively bleached half of
large GFP::PGL-1 P granules at the eight-cell
stage, we observed fluorescence recovery on a
rapid time scale, T =5.9 £ 0.6 s (SEM, n =5
GFP::PGL-1 P granules); concomitantly, the
adjacent unbleached region decreased in fluo-
rescence intensity, suggesting rapid diffusion
within the granule (Fig. 3D). Similar observa-
tions were made with GFP::GLH-1 embryos
(movie S12). Using the length scale of these
large granules, L ~ 4 um, we obtained a dif-
fusion coefficient on the order of D ~ L%/t ~
1 um?/s. By making the simplifying assump-
tion that they behave as equilibrium Newtonian
liquids, we could use the Stokes-Einstein
relation to obtain a rough estimate of P granule
viscosity, n =~ 1 Pa-s (9). This is ~1000 times as
large as the viscosity of water, similar to that of
glycerol, and comparable to values seen in
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colloidal liquids (79). Bleaching experiments
in early one-cell embryos revealed that compo-
nents of these P granules (<1 pm diameter) typ-
ically turned over in less than 30 s (fig. S7),
suggesting that P granule droplets exist in dy-
namic equilibrium with soluble components, much
as conventional liquids do.

Surface tension is another important param-
eter controlling the behavior of liquid drops. To
quantify P granule surface tension, we measured
the time scale of P granules undergoing both
fusion and droplet breakup events (Fig. 3, A and
B). This time scale increased approximately
linearly with the droplet size, as expected for
liquids (Fig. 3C). The slope of this line estab-
lishes the ratio of viscosity to surface tension, n/y
(9). Thus, together with our estimate of P granule
viscosity (n = 1 Pas), we could make an order of
magnitude estimate of the surface tension, v, be-
tween P granules and the cytoplasm, y ~ 1 uN/m,
which is smaller than the air-water surface ten-
sion by a factor of ~10°. Such small values are
expected for macromolecular liquids (9); for exam-
ple, colloidal liquids typically have y ~ 0.1 uN/m
and below (79, 20). The surface energetic barrier
to P granule formation thus should be small,
which may explain their ability to rapidly form
upon symmetry breaking (9).

The dissolution and condensation behavior we
observed, together with the liquid-like nature
of P granules, supports a simple physical picture
for P granule localization based on the theory of
demixing phase transitions in fluids (27). Before
symmetry breaking, the concentration at which
soluble P granule components are saturated, Cgy,
is uniform and high; the concentration of soluble
P granule components, Cy,, is lower than this;
P granules are thus undersaturated, causing dis-
solution throughout the embryo, similar to evapora-

tion of water droplets at high temperature (Fig. 4,
A and B). Symmetry breaking causes the pos-
terior value of Cy to decrease below Cy, and the
posterior becomes supersaturated with P granule
components; thus, P granule droplets begin con-
densing, much as air becomes supersaturated
with water vapor as temperature is decreased, and
water droplets condense. This posterior conden-
sation occurs even while the anterior remains
undersaturated, and anterior P granules continue
dissolving. This gives rise to a diffusive flux of
P granule components into the posterior, thereby
clearing out anterior components. The gradient in
the condensation point, C,, along the AP axis
appears to be set by gradients in polarity proteins,
including MEX-5 and PAR-1 (Fig. 4, C and D).
Although protein degradation may also play a role,
it appears here that polarity proteins function large-
ly by spatially regulating the P granule “dew point.”

We propose that P granule localization exem-
plifies a general mechanism for organizing the
cytoplasm that arises from collections of weakly
“sticky” molecules, including other ribonucleo-
protein assemblies (e.g., P bodies, Cajal bodies,
or stress granules) (/6, 22). Such phase structur-
ing may represent a primordial mechanism for
functional self-assembly of relatively unevolved
molecular assemblies in the early stages of the
evolution of life.
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Ventral Tegmental Area BDNF Induces
an Opiate-Dependent-Like Reward

State in Naive Rats
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The neural mechanisms underlying the transition from a drug-nondependent to a drug-dependent state
remain elusive. Chronic exposure to drugs has been shown to increase brain-derived neurotrophic factor
(BDNF) levels in ventral tegmental area (VTA) neurons. BDNF infusions into the VTA potentiate several
behavioral effects of drugs, including psychomotor sensitization and cue-induced drug seeking. We found
that a single infusion of BDNF into the VTA promotes a shift from a dopamine-independent to a
dopamine-dependent opiate reward system, identical to that seen when an opiate-naive rat becomes
dependent and withdrawn. This shift involves a switch in the y-aminobutyric acid type A (GABA,) receptors
of VTA GABAergic neurons, from inhibitory to excitatory signaling.

as an anatomical locus controlling the
switch from an opiate-nondependent to
an opiate-dependent state (/, 2). In nonde-

The ventral tegmental area (VTA) serves

pendent rats, opiate reward is mediated by a
dopamine-independent neural system, involving
the brainstem tegmental pedunculopontine nucle-
us (TPP) (3). Once chronically exposed to opiates

and in a state of withdrawal, opiate reward switches
to a dopamine-dependent system (3). It has been
observed that the switch between the two motiva-
tional systems is due to a switch in y-aminobutyric
acid type A (GABA,) receptor functioning in
VTA GABAergic neurons, from an inhibitory to
an excitatory signaling state (fig. S1) (2).
Brain-derived neurotrophic factor (BDNF) is
capable of producing this change in GABAergic
response, from inhibitory to excitatory, as has
been observed in the hippocampus during epi-
leptic seizures (4) and in the spinal cord during
neuropathic pain (5). BDNF is present in the
VTA (6), and its TrkB receptors are present on
both GABA (fig. S2) and dopamine VTA
neurons (7, 8). Chronic exposure to drugs of
abuse increase BDNF levels in VTA neurons
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