
and J. Köhler, personal communication).
Midwifing may therefore constitute a more
general adaptation of existing chemotactic
mechanisms6,7, enabling flaws in reproduc-
tion to be overcome through cooperation.
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Inflammatory response 

Pathway across the
blood–brain barrier

Inflammatory reactions against invaders in
the body call upon cytokine molecules that
elicit systemic responses, such as fever,

fatigue, increased pain sensitivity and
appetite loss, mediated by the central ner-
vous system. But how cytokines can induce
these effects has been a mystery as they are
unlikely to cross the blood–brain barrier1–3.
Here we show that cerebral vascular cells
express components enabling a blood-borne
cytokine to stimulate the production of
prostaglandin E2, an inflammatory mediator
whose small size and lipophilic properties
allow it to diffuse into the brain parenchyma.
As receptors for this prostaglandin are found
on responsive deep neural structures4–6, we
propose that the activated immune system
controls central reactions to peripheral
inflammation through a prostaglandin-
dependent, cytokine-mediated pathway.

The final step in the biosynthesis of
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Asexual reproduction

‘Midwives’ assist
dividing amoebae 

A sexual cells are normally able to repro-
duce entirely by themselves. But we
have discovered that in about one-

third of the dividing cells of Entamoeba
invadens contraction of the cleavage furrow1

may stop before separation is complete. We
show here that the connected daughter cells
overcome this problem by calling upon a
neighbouring amoeba to help them achieve
the final stage of division. The ‘midwife’ cell
is chemotactically recruited for this mechan-
ical intervention in what is a surprising
example of primitive cooperation.

When an amoeba divides, the two
daughter cells stay attached by a tubular
tether which remains intact unless mechan-
ically severed. If called upon, the neigh-
bouring amoeba midwife (green cell in Fig.
1) travels up to 200 mm towards the divid-
ing amoeba (see movie in supplementary
information), usually advancing in a
straight trajectory with an average velocity
of 0.5450.08 mm s–1. The midwife then
proceeds to rupture the connection, after
which all three amoebae move on.

Using four different samples, each at
amoeba densities of about 32104 cells cm–2,
we recorded 106 divisions, of which 32
(3057%) were involved in cooperative
reproduction (statistics were averaged over
samples to give a 95% confidence level). In
11 cases (1055%), the division was abort-
ed, and the amoebae continued to live as
multinucleated cells. The multinuclear cells
may resume their attempt to divide, some-
times producing three or four viable daugh-
ter cells2,3.

In most cases (63 divisions, or 6058%),
however, separation eventually occurred4,
with both daughter cells resuming motility
and using traction force to move away from
each other, tugging at their connection so
that it lengthened and narrowed until it
finally broke. The incidence of abortions
and tripolar divisions rises significantly
(2055% aborted of 82 divisions) at low cell
densities, when midwifing is rare.

To test whether the midwife is attracted
chemotactically to the labouring division
site, we aspirated fluid from the vicinity of
the cleavage furrow of a dividing amoeba
with a micropipette, then carefully dis-
charged it near a distant amoeba. Of 41
such experiments, 15 (37%) revealed a pos-
itive chemotactic response (see movie in
supplementary information; amoebae
extended a directed pseudopod and fol-
lowed a retracting pipette for a distance of
over three times their own length); in 12
(30%), no response was seen; and in the
remainder, cells moved in the general direc-
tion of the stimulus but resumed random

motion before traversing 100 mm.
Amoebae showing positive chemotactic

responses pursued the pipette over dis-
tances of a few hundred micrometres, per-
sistently following the tip when we changed
the direction of the pipette’s trajectory.
Controls consisting of fluid aspirated from
the vicinity of a non-dividing amoeba or of
fresh medium alone elicited no response
from neighbouring cells.

Identifying the chemical attractant in a
volume of only 10 picolitres is difficult, so
we sampled a mature culture of cells at the
peak of their division cycle, reasoning that
the concentration of chemoattractant would
be higher than in a young culture. We found
that fluid drawn from a confluent culture
(3–4 days old, undergoing over a million
divisions per flask per day) and transferred
into a culture of only a few hours old,
induced a strong chemotactic response in
the younger cells (see movie). These amoe-
bae followed retreating pipettes for over 30
min at an average linear velocity of
0.7350.09 mm s–1 and flocked towards a
stationary pipette at an average radial veloci-
ty of 0.3450.04 mm s–1. Control solutions of
cell-free three-day-old medium elicited no
response; to control for any possible effect of
starvation, fresh medium was changed 18
hours before collecting the fluid.

As we sampled fluid from cultures
before the cells started clustering, we con-
sider it most likely that the factor responsi-
ble for attracting midwives is the one
secreted by cytokinesing cells, although it
could be an entirely different chemoattrac-
tant. We have established that its relative
molecular mass is between 50K and 100K
and that it is still active after heating for 20
min at 95 7C, but it is sensitive to oxidation
by 0.24 M metaperiodate. Glycoconjugates,
particularly membrane lipophosphoglycan-
like molecules5, have these properties and
are therefore likely candidates for the mid-
wife-recruiting chemoattractant molecule.

A similar phenomenon has recently
been observed in dividing cells of the amoe-
ba Dictyostelium discoideum (G. Gerisch

Figure 1 A typical ‘midwifing’ event,

with the participants coloured for

clarification. Frame times (a–i) are 0,

13, 30, 36, 41, 43, 49, 59 and 84 s,

respectively. a–c, The midwife

(green) aligns itself against the cleav-

age furrow; d–f, it puts out a

pseudopod perpendicular to the fur-

row; g–i, then forcibly moves into the

gap to disconnect the two daughter

cells (blue). Although a few midwife

amoebae may respond to the

chemoattractant, only one, usually

the nearest neighbour, is involved in

completing the division. The midwife

begins to move towards the dividing cell 2–3 min after division begins; this timing is compatible with an attractant with a diffusion coeffi-

cient of 1016–1017 cm2 s11 diffusing over a distance of 100 mm. Scale bar, 10 mm.

a b c

d e f

g h i
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prostaglandin E2 involves the enzyme
prostaglandin E synthase7. We cloned the
microsomal form of this synthase (mPGES)
from rat, expressed it in a bacterial system,
and confirmed that the protein was of the
expected size (16K–17K) by western blot-
ting and that it was fully functional in an
enzyme assay.

We used in situ hybridization histo-
chemistry to investigate the temporal and
spatial expression of the mPGES gene in rat
brain after intravenous injection of the pro-
inflammatory cytokine interleukin-1b.
Expression of mPGES messenger RNA was
detected in the cerebral blood vessels after
one hour, peaked at 3 hours, and by 5 hours
had returned almost to background levels
(Fig. 1a–d). The kinetics of induction of
mPGES expression in cerebral blood vessels
thus matches the time course for biosynth-
esis of prostaglandin E2 in the cerebral vas-

culature following immune stimulation8.
This induction of mPGES was accompa-

nied by a rapid but more transient upregu-
lation of mRNA encoding cyclooxygenase-2
(the inducible form of the enzyme
catalysing the first step in the biosynthesis
pathway), which peaked one hour after
injection of interleukin-1 (Fig. 1e–g). This
temporal difference between the induction
of mPGES mRNA and cyclooxygenase-2
mRNA expression fits with the order in
which these two enzymes are engaged in
prostaglandin E2 synthesis.

We characterized the cells expressing
interleukin-1-induced mPGES mRNA by
combining these results from in situ
hybridization with radioactively labelled
mPGES (‘antisense’) RNA probes with
immunohistochemical staining with GSA
B4 isolectin, which labels endothelial cells,
microglia and perivascular macrophages.
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Doubly labelled cells were abundant, with
most being flat like endothelial cells (Fig.
1h) and some being more rounded like
perivascular macrophages.

As cyclooxygenase-2 is associated with
mPGES in vitro9,10, we tested whether these
enzymes co-localized inside the same cell by
using a dual in situ hybridization technique
that simultaneously detects radioactively
labelled and non-radiolabelled antisense-
RNA probes. We found that almost all 
vascular cells expressing mRNA for
cyclooxygenase-2 also showed an inter-
leukin-1-induced upregulation of mPGES
mRNA (Fig. 1i), indicating that these cells
have a coupled system for producing
prostaglandin E2 from arachidonic acid.
Most of the cells expressing mPGES mRNA
also co-expressed mRNA encoding the 
type-1 receptor for interleukin-1 (Fig. 1j).

We conclude that circulating interleukin-
1 induces the synthesis of prostaglandin E2

by signalling through the cell-surface inter-
leukin-1 receptor to the interior of endo-
thelial cells and possibly of perivascular
macrophages in the brain vasculature. Our
results indicate that the distinct distribution
of different receptor subtypes for prosta-
glandin E2 within the brain parenchyma4–6

may account for the specificity of the cellu-
lar responses triggered by interleukin-1 in
discrete brain structures11. Microsomal
prostaglandin E2 synthase could present a
new target for developing drugs that will not
only treat inflammatory conditions and
their accompanying acute-phase reactions
controlled by the central nervous system,
but which might also be free of the systemic
side effects associated with cyclooxygenase
inhibitors.
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Figure 1 Kinetics and localization of

cytokine-induced microsomal prosta-

glandin E synthase (PGES), determined

by in situ hybridization. a–c, Expression

of microsomal PGES messenger RNA

and e–g, of cyclooxygenase-2 (Cox-2)

messenger RNA in the lower brainstem

of the rat following intravenous injection

of interleukin-1b (2 mg per kg body

weight). The expression of microsomal

PGES messenger RNA peaks at 3 hours

after injection, whereas Cox-2 messen-

ger RNA expression is maximal at 1

hour and almost undetectable later on.

d, No microsomal PGES messenger

RNA was induced in control animals

injected with saline (at 3 hours post-

injection). Method specificity was con-

firmed by the absence of radiolabelling

after hybridization with microsomal

PGES and Cox-2 sense-RNA probes

(data not shown). AP, area postrema;

NTS, nucleus of the solitary tract; X,

dorsal motor nucleus of the vagus

nerve. Scale bar, 200 mm. h, Doubly

labelled endothelial-like cells (arrows)

stained for GSA B4 isolectin (brown) and

microsomal PGES messenger RNA (sil-

ver grains). i, j, Co-localization (arrows)

of microsomal PGES messenger RNA

(brown) with i, Cox-2 messenger RNA,

or j, type-1 interleukin-1 receptor (IL-

1R) messenger RNA (silver grains),

respectively. Scale bars, 15 mm.
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