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perhaps not as depleted as suggested by the
Greenland data (7, 17, 19). As a result, the cal-
culated “*Nd depleted-mantle model ages ( Tpn)
for the faux-amphibolite, except PC-129, range
from 4.1 to 44 Ga, consistent with the age sug-
gested by "*Nd systematics and in contrast to the
32 to 3.6 Ga Tpyy values of the gabbros and
sample PC-129 (1able S2).

Whether or not the faux-amphibolite is 4.28
Gy old, its compositional characteristics may pro-
vide clues to the process of crust formation in the
Hadean (>4.0 Ga). The basaltic major and
compatible (e.g., Ni) trace element composition
of the faux-amphibolite is consistent with deri-
vation from a peridotitic mantle. Compared to the
gabbros and to modem mid-ocean ridge basalts,
the most unusual compositional characteristic of
the faux-amphibolite is its low Ca content, high
K and Rb contents, and LREE enrichment. Be-
cause elements like K and Rb are easily affected
by alteration, however, it is unclear whether these
are magmatic features of the faux-amphibolite.
The LREE enrichment could reflect relatively
low degrees of mantle melting, but this explana-
tion is not supported by the relatively low con-
centration of elements such as Ti and Nb in the
faux-amphibolite. The high LREE to Nb ratios of
the faux amphibolite, however, is similar to that of
modern cale-alkaline melts produced in convergent
margin settings. The Hadean crust, represented by
the faux-amphibolite, was intruded a1 4.0 and 3.8
Ga by gabbro and wltramafic sills that have the
1Nd and “*Nd isotopic composition of the de-
pleted mantle at the time of their intrusion. The low
1Nd/***Nd ratios of tonalites and felsic bands that
were emplaced between 3.8 and 3.6 Ga, well after
46Sm was extinet (9-11), suggest that they formed
by the partial melting of the faux-amphibolite.
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Infants’ Perseverative Search

Errors Are Induced

by

Pragmatic Misinterpretation

Jazsef Topal,™* Gyédrgy Gergely,“? Adam Mikidsi,” Agnes Erdhegyi,® Gergely Csibra®*

Having repeatedly retrieved an object from a location, human infants tend to search the same place even
when they observe the object being hidden at another location. This perseverative error is usually
explained by infants’ inability to inhibit a previously rewarded search response or to recall the new
location. We show that the tendency to commit this error is substantially reduced (from 81 to 41%)
when the object is hidden in front of 10-month-old infants without the experimenter using the
communicative cues that normally accompany object hiding in this task. We suggest that this
improvement is due to an interpretive bias that normally helps infants learn from demonstrations but
misleads them in the context of a hiding game. Our finding provides an alternative theoretical perspective

on the nature of infants’ perseverative search errors.

uman infants’ abilities for understanding
the physical world are ofien tested in hide-
and-search tasks. First demonstrated by
Piaget (1), the perseverative search error (some-
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times called the A-not-B error) is a well-known
and robust mistake that infants close to 1 year of
age normally commit. In the standard A-not-B
task, a demonstrator repeatedly places an object
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under one (A) of two opaque containers (A and
B) in full view of the infant. After each hiding
event, the infant is allowed to retrieve the object.
This is followed by test trials where the demon-
strator places the object under container B and
allows the infant to search for it Despite just
having seen the object being hidden at the new B
location, infants between 8 and 12 months of age
frequently look for it under container Awhm it

but are due 1o an atientional bias to the location
where the previously observed manua! responses
have been directed (/). A more recent explana-
tion suggests that observing repeated hiding events
at location A leads to automatic motor simulation
(covert imitation) of the action through the activa-
tion of the mirror neuron system (12).

In contrast to the focus of such accounts on
infants’ repeated responses directed at container A,

had been previously hidden. This p
search error continues 1o be of theoretical interest
for researchers of cognitive development (2-6).
A wide range of explanations have been pro-
posed to account for this response bias, According
to Piaget’s original hypothesis (I}, the A-not-B
error reflects young infanis” as yet incomplete
comprehension of object permanence. Piaget
believed that the infant conceives the appearance
of the object under container A to be an inherent
consequence of the search response itself. More
recent accounis of the perseverative bias have
focused on the motor response involved in search-
ing at location A, which has been primed during
its repeated execution afier the initial hiding trials.
In these accounts, the A-not-B error is usually
ascribed to a deficit in inhibitory control over a
previously rewarded motor response (7) or 1o con-
straints on short-term memory (&), or both (9).
Altemnatively, the perseverative response has been
as driven by a response bias established in the
visuomotor response execution system during
repeated A-trials (70). Others point out that sim-
ply observing another person reaching to location
A repeatedly is in itself sufficient to elicit the
A-not-B error. In this view, infanis’ errors do not
reflect their difficulty with response inhibition,

Research Institute far Psychology, Hungarian Academy of
Sciences, Budapest H-1132, Hungary. “Department of
Philosophy, (emrai European  University, Budapest H-
1051, Hungary. “Department of Ethology, Edtvds Uni-
versity, Budapest H-1117, Hungary. *Scheel ef Psycholagy,
Birkbeck, University of Landon, Londan WC1 E7HX, UK.
“Ta whom correspandence should be addressed. E-mail:
topaljozsel@gmail.com

Fig. 1. Experimental arrange-
ment in the three hiding contexts:
(A) ostensive-communicative task,
(B} noncommunicative task, and
(€) nonsocial task.

Ostensive-communicative
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we have d the perseverative error from a
different perspective by exploring the potential
role of the communicative demonstration context
of the task. The A-not-B task normally mvolves
face-to-face interaction, in which object hiding is
accompanied by the demonstrator’s ostensive and
referential signals [such as eye contact, infant-
directed speech, addressing the baby by name,
and pointing at and/or looking back and forth
between the hiding location and the infant (13)].
Recent findings indicate that ostensive-referential
communicative signals can play an interpretation-
modulating role, leading to selective encoding of
different aspects of action demonstrations in soctal
learning tasks [e.g., (/4-17)). Csibra and Gclgcly
(13, 18) hypothesized that ostensive signals in-
duce a receptive “pedagogical leaming stance” in
the infant, involving a built-in inferpretive bias of
generalizability. This bias assumes that ostensive-
ly communicated manifestations are more lkely
10 convey semantic or generic information about
the referent than episodic information that obtains
only in the here-and-now.

The hiding events in the standard A-notB
task can be interpreted both as indicating episodic
information about the referent’s current location
(“the target object is now under container A™)
and as communicating information about some
generalizable property of the referent kind (e.g.,
“this type of object is usually found in container
A”). We hypothesized that in the A-not-B
paradigm, the interpretive bias of generalizability
‘may result in a pragmatic misinterpretation of the
object-hiding actions as potential teaching dem-
onstrations. As a result, the infant would tend to

A B

Noncommunicative

infer and learn some generalizable information,
such as “this kind of object is to be found in
container A” or “we keep toys in container A.”
According to this hypothesis, misinterpretation of
the ostensively communicated hiding events
leads infants to commit the perseverative search
error during B test trials. We therefore predicted
that in a noncommunicative action observation
condition, which lacks ostensive signals but pro-
vides experience with repeated motor search re-
sponses directed at container A, the perseverative
search error should be reduced.

To test this hypothesis, we examined infants’
object search behavior in the A-not-B task while
varying the presence or ahsence of the social-
communicative context of the hiding events. Three
groups of 10-month-old infants {14 in each) were
tested. In the ostensive-communicative context
{OC) (Fig. 1A), the demonstrator established eve
contact with the baby, smiling at and address-
ing him or her in infant-directed speech (saying
“Hello baby, look here!™). Then she repeatedly
hid a toy object under container A while shifting
her eye gaze back and forth between the infant
and the container to direct and share the infant’s
attention toward the object-hiding action. In the
nencommunicative context (NC) (Fig. 1B}, the
demonstrator’s face and torso were oriented 90°
away from the infant and, while her hands were
just as visible during the repeated hiding actions
as in the OC condition, she never looked at or
communicated with the infant in any way while
hiding the object. In the nonsocial context (NS)
(Fig. 1C), the demonstrator acted from behind a
curtain and only the object’s movements were
wvisible to the infant. In each condition, after a 4-s
delay following the hiding events, the demon-
strator slid the cardboard sheet with the two con-
tainers closer to the infant and then waited until a
search response was executed. The toy was hidden
four times at the first location (A-trials), then three
times at the other location (B-trials) (19).

‘We analyzed the proportion of correct re-
sponses in both the A- and B-trials, as well as the

C

Nonsocial
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Fig. 2. Proportion of correct searches
(mean + SE) in A- and B-trials as a function
of the hiding context. The 10-month-old in-
fants received four A-trials followed by three
B-trials. ***P < 0.0001, *P < 0.05.

s = o
P

a
9

Propartion of correct searches (meansSE)
o

Table 1. Number of infants in the three different
hiding contexts (14 in each group) committing at
most one or more search errors (searching at
location A) in the three B-trials.

Context Qorl 20r3
error errors
Ostensive-communicative 2 12
Noncommunicative 8 6
Nonsecial 9 5

number of infants who commitied the A-not-B
error (searched more than once at location A in
the B-trials) as a function of the hiding context.
We found that the magnitude of the A-not-B error
was considerably smaller in the noncommunica-
tive and nonsocial conditions than in the tradi-
tional ostensive-communicative context (Fig. 2
and fig. S1). A two-way analysis of variance on
the proportion of correct responses, with phase
(A- versus B-tfals) and hiding context (OC, NC,
NS) as factors, showed more correct responses
in the A-trials than in the B-trials (F; 19 = 49.376,
P<0.0001) and a significant interaction between
these factors (F339 = 8.041, P=0.001). This in-
teraction was because the change of the propor-
tion of correct searches from the A- to the B-trials
differed across contexts. Whereas in the OC context
the initial success rate of 0.88 in the A-trals
dropped to 0.19 in the B-trials (£, = 8.917, P<
0.0001), the drop was much smaller in the NC
context (0.80 10 0.52, 113 =2.536, P=0.025) and
was not statistically i
(0.78 10 0.59, £3 = 1.96, P=0.072). In addition,
although the infants were similarly successful
during the A-trials in all contexts (F3 35 = 1.525,
P=0.23), their search performance differed sig-
nificantly across contexts in the B-trials (£ 55 =
6.660, P = 0.005). In this latter case, post hoe
pairwise comparisons (Tukey-Cramer test) showed
that infants searched the least comrectly in the OC
context (OC versus NO, P < 0.05; OC versus NS,
P<001).

Comparison of the number of infants com-
mitting the A-not-B error (Table 1) indicated a
significant difference between demonstration
conditions (¢ = 8,265, P=0,016). Afier hav-
ing d ostensive- ive hid-
ing demonstrations during the A-trials, 86% of
the infants displayed the perseverative error
during the B-trials. In contrast, the majority of
infants in the other two contexts (NC, 57%;

www.sciencemag.org SCIENCE
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NS, 64%) did not show a perseverative response
pattern.

These results are not compatible with the
currently widely accepted explanations for the
A-not-B perseverative response bias, which attri-
bute this robust developmental phenomenon to the
dominance (and lack of inhibition) of the prepo-
tent motor search response. Our results also chal-
lenge recent proposals that the motor priming of
the prepotent response can be induced by simply
observing the manual hiding actions directed at
location A, mediated by the mirror neuron system
{12), because the NC and OC contexts provided
the same amount of visual (as well as motor) ex-
perience of the repeated mamual hiding actions
directed at container A.

Rather, we suggest that our results can be
explained by the theory of natural pedagogy
(13, 14), which proposes a special interpretation-
modulating role for ostensive-referential signals
in early social leaming. The action demonstra-
tions of the A-not-B paradigm can be interpreted
cither as a hide-and-search game, presenting the
infant with episodic (here-and-now) information
about the whereabouts of the object (correct in-
terpretation), or as a kind of teaching session that
conveys generalizable information about proper-
ties of the objects (toys or containers) for the infant
o leam {incorrect interpretation). We propose that
it is this latter kind of interpretation—mistakenly
established during the ostensively demonstrated
A-trials—that remains dominant during the B-
trials, leading to the erroneous perseverative
search responses.

This conclusion does not invalidate the con-
tribution of other cognitive factors to the A-not B
emor identified by earlier studies. In our study, the
perseverative error was reduced but did not com-
pletely disappear in the NCand NS contexts, which
suggests that infants® search behavior also de-
pends on their inhibitory, information processing,
and memory skills (20-27). Had we not inserted
a4-s delay between hiding and searching, infants
would have been likely to search for the toy at the
correct location (22, 23). Thus, the decay of the
accessibility of the short-term memory of target
location for search actions is a necessary com-
ponent of the search error. Similarly, the osten-
sive hiding d may have
higher cognitive load to be overcome in search
behavior than did the NC and NS contexts (22).
Although these accounts could explain why in-
fants did not search at the correct location, they
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predict random search rather than perseveration.
However, it was only in the NS and NC con-
ditions that infants” search pattem was close to
50%; in the OC condition, they tended to search
more ofien at location A. The theory of natural
pedagogy offers an explanation for this baffling
tendency to perseverate: The communicative dem-
onstration during the A-trials generates a semantic
(and potentially long-term) memory trace that
‘biases infants to search at the old location when
they no longer have access to the decayed mem-
ory trace of the current location or when their
information-processing capacity is overloaded.
In addition, the primacy effect of semantic learn-
ing (as opposed 1o the recency effect on episodic
memory}) made it difficult for the infants to re-
learn the new location in B-trials.

Human infants are highly social creatures (24)
‘who cannot help but interpret the ostensive com-
municative signals directed to them. Although
such a disposition prepares them to efficiently
learn from adults, in cerain situations (e.g., the
A-not-B task) it can also misguide their p:rfonn—
ance. Our d of the social
cative determinants of infants” early Lm]dml:y
for perseveration in motor search tasks pro-
vides independent support for our general pro-
posal (/3) that sensitivity to ostensive referential
communication is a basic evolutionary adaptation
that is fundamental to the emergence of human
social cognition.
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Antigen Recognition by Variable
Lymphocyte Receptors

Byung Woo Han,»? Brantley R. Herrin,® Max D. Cooper,® lan A. Wilson™?*

Variable lymphocyte receptors (VLRs) rather than antibodies play the primary role in recognition of
antigens in the adaptive immune system of jawless vertebrates. Combinatorial assembly of leucine-rich
repeat (LRR) gene segments achieves the required repertoire for antigen recognition. We have
determined a crystal structure for a VLR-antigen complex, VLR RBC36 in complex with the H-antigen
trisaccharide from human blood type O erythrocytes, at 1.67 angstrom resolution. RBC36 binds the
H-trisaccharide on the concave surface of the LRR madules of the solenaid structure where three key
hydrophilic residues, multiple van der Waals interactions, and the highly variable insert of the
carboxyl-terminal LRR module determine antigen recognition and specificity. The concave surface
assembled from the most highly variable regions of the LRRs, along with diversity in the sequence and
length of the highly variable insert, can account for the recognition of diverse antigens by VLRs.

Jjawless vertebrates, variable lymphocyte re-

ceptors (VLRs) play the major role in recog-
nition of foreign antigens (J, 2). In contrast to the
variable, diverse, and joining gene segments
(VDJs) of ir bulins in jawed b
the jawless vertebrates have solved the receptor
diversity problem by somatic DNA rearrange-
ment of diverse leucine-rich repeat (LRR) mod-
ules into incomplete vir genes. The resulting
mature vir genes encode an N-terminal LRR
capping region (LRRNT), the first LRR (LRR1}),
up to seven 24-residue variable LRRs (LRRVs)
(3), a terminal or end LRRV (LRRVe}, a con-
necting peptide (CP), a C-terminal LRR capping
region (LRRCT), and a threonine/proline-rich
stalk region that connects the protein to a glyco-
sylphosphatidylinositol (GPI) anchor and a hy-
drophobic tail (Fig. 1A) ({1, 2, 4).

From these somatic gene rearrangements, a
potential repertoire of about 10™ unique VLRs
has heen estimated (2), which compares favorably
with the equivalent diversity attainable through
VDJ recombination in antibodies. Different num-
bers and combinations of LRR modules, coupled
with amino acid sequence variation in the LRR
segments, therehy contribute to VLR diversity.
The LRR repeats form a curved solenoid, as in
TollHike receptors (TLRs) (5, 6), and its concave
surface has been suggested as the antigen-binding
site from evolutionary, sequence, and mutational
analyses (2, 7, §). Crystal structures of three un-

In the lamprey and hagfish, the only surviving
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liganded hagfish VLRs with different munbers of
LRRV modules have been determined (7),
whereas antigen-binding specificity [erythrocyte
H-trisaccharide (9) and Bacillus collagen-like pro-
tein of B. anthracis (BclA) (8)] has been reported
only for lamprey VLRs. However, the mode of

Fig. 1. Overall architec-
ture of the VLR RBC36-
ECD in complex with the
H-trisaccharide. (A) Sche-

LRRNT LRR1 LRRV1
31 18 24

aa

antigen recognition has not yet been detenmined
in either system, nor has it been shown whether
complementarity-determining region (CDR) equiv-
alents are present in VLRs that would endow them
with specificity and affinity for any given antigen,
as for antibodies.

We determined the crystal structure of the
VLR RBC36 ectodomain (ECD) in complex with
the H-trisaccharide derived from the H-antigen of
human blood group O erythroeytes at 1.67 A re-
solution by molecular replacement, using our lam-
prey VLR2913 crystal structure [Protein Data
Bank (PDB} I 2R9U]. Lampreys were previous-
Iy shown to produce high-titer agglutinins against
the H-antigens of human O erythrocytes (10, £1).
‘When lampreys were immmmized with human
blood group O erythrocytes, they elicited VLRs
that recognize the dominant H-trisaccharide anti-
gen on Chinese hamster ovary cells transfected
with 1,2-fucosyltransferase (). H-antigens contain
the characteristic disaccharide a-1-Fuep-(1—2)-p-
D-Galp-OR, where R is glycoprotein or glycolipid
(12). The type Il H-antigen trisaccharide, at-1-Fugp-
(1=2)--0-Galp-{1—4)-->-GleNacp-OH, was

LRRV2
24
aa

LRRV3 LRRVe CP LRRCT
2 24 13 60

o 98 83 s

matic diagram of RBC36.
Regions from left to right
signal peptide (SP), N-
terminal LRR (LRRNT), five
variable LRRs (LRR1, LRRVS),
connecting peptide (CF),
C-terminal LRR (LRRCT),
threonine/proline-rich
stalk region, GP! anchor,
and hydrophobic tail.
(B) Ribbon diagram of
RBC36-ECD in complex
with H-trisaccharide.
LRRNT, LRRs, and LRRCT
are colored blue, green,
and red, respectively. Car-
bons, nitrogens, and oxy-
gens of the H-trisaccharide
are colored yellow, blue,
and red, respectively. Di-
sulfide bridges are shown
in orange. Green dotted
lines represent hydrogen
bonds; black dotted lines
indicate hydrophobic ef-
fects. (O View rotated 90°
from (B) that highlights
the continuous B sheet

and the H-trisaccharide binding site on the concave surface.
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used as the antigen in the crystal structure with
the RBC36-ECD (Fig. 1, Fig. 2, A and B, and
fig. S1)(13).

Lamprey RBC36-ECD (residues 22 to 238,
lacking the N-terminal signal sequence) forms a
horseshoe-shaped assembly that is more abbre-
viated and crescent-shaped relative to TLRs. This
assembly consists of an LRRNT, an 18-residue
LRRI, three LRRVs, an LRRVe, a CP, and an
LRRCT, all of which adopt a right-handed sole-
noidal structure, except for LRRCT. The inner,
concave surface is formed from eight p strands
(two from LRRNT, five from LRRs, and one
from CP), which assemble into a continuous p
sheet. The convex (outer) surface is composed of

the more diverse secondary structure elements,
including loops of varying length, one a helix,
and six 3, helices (Fig. I). Lamprey RBC36-ECD
contains five canonical LRR-si, ure motifs,
XL Sl S N QML o 9P ok G
VEFEDM [where L represents obligate hydropho-
bic residues—which, for RBC36-ECD, include
leucine (most prevalent), isoleucine, or methionine—
and N, Q, P. G, F, and D are conserved asparagine,
glutamine, proline, glycine, phenylalanine, and as-
partic acid residues, respectively] (Fig. 2D)(4, I4).
The side chains of nine conserved residues in each
LRR (at relative positions 2, 5, 8, 10, 13, 15, 18,
22, and 23) assemble within the solenoidal struc-
ture and form a tight hydrophobic core that lat-

(2]

LRRNT :LRR1! LRRVi: LRRV2 !

o variabilty

chaenaus L

2 XL PGV

D:

1FmiAg
4

WDCECHRD IH

Fig. 2. The H-trisaccharide binding site of RBC36. (A) VIR residues involved in recognizing the H-
trisaccharide. After refinement, a 2F i — Fea, €lectron density map was calculated and contoured at 26 as
a blue mesh around the H-trisaccharide. Colors are as in Fig. 1. (B) H-trisaccharide interaction with RBC36
including solvent molecules, modified from the ligand interaction calculation by the program MOE
(33). O in a circle represents waters. Hydrogen bonds with RBC36 residues and solvent molecules are
drawn with green and pale green lines, respectively. Trp®®*, which is important for stabilizing the
galactose via hydrophobic and stacking effects, is shown in a green circle beside the galactose sugar ring
(14). (€) Sequence variability plot for amino acid residues from LRRNT to LRRCT of known VLRs. Green
bars on the bottom represent residues on the concave surface; the red bar in the LRRCT shows the location
of the highly variable insert. (D) Sequence alignment of LRR modules of RBC36 (14). The green bar shows
the residues on the concave surface. Blue and red asterisks represent residues forming the 8 sheet and
side chains that face the concave surface, respectively. Letters on yellow, blue, and red backgrounds show
conserved hydrophobic residues, asparagine residues, and residues in the highly variable insert, respec-
tively. Key residues on the concave surface (Asp'®, Asp'®2, and GIn'*®) for the H-trisaccharide interaction
are shown as red letters; Trp?®* in the highly variable insert is indicated by a black asterisk at the left. (E)
The conformation of the LRRVe module highlights the tight packing of the conserved hydrophobic
residues, with their van der Waals radii outlined in dots. The seven residues that form the concave surface
are numbered from the N terminus to the C terminus of the LRR.
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erally stabilizes the repeating LRR modules (Fig.
2E). In RBC36-ECD, LRRNT comprises residues
22 0 52, in which Thr'?, Val™*, and Asp™ initiate
an antiparallel f strand that extends the continuous
parallel B sheet, and TRRNT and TRRCT cover
the exposed edges of the hydrophobic core of the
solencidal LRR structure, as observed in other
LRR proteins, including TLRs (5, 6). In LRRNT,
the characteristic four-cysteine motif {Cx,CxCx,C)
forms two sets of disulfides (Cys™ to Cys™ and
Cys™ to Cys™), whereas in LRRCT, a similar
motif (CxCx,Cx,C) gives rise to disulfides
Cys*® 10 Cy<®' and Cys'™ 1o Cys (Fig. 1).
After accounting for the protein, extra elec-
tron density on the concave surface remained,
which corresponded to the H-trisaccharide anti-
gen (fig. S2). Specificity between RBC36 and H-

No insert
to concave
surface

>

p-hairpin

toop

BC36

Fig. 3. Highly variable inserts of VLRs. (A) Crystal
structures of lamprey RBC36 and three hagfish VLRs
are superposed. Ca trace for different VLRs: RBC36
in green, VLRA.29 in blue (PDB ID 206Q), VLRB.59
in orange (PDB ID 2065), and VLRB.61 in magenta
(PDB ID 206R), respectively. Highly variable inserts
are drawn in cartoon representation. (B} Superposi-
tion of RBC36—H-trisaccharide complex and Gplba-
VWF Al domain complex (PDB ID 1M10). Overall
RBC36-ECD structure is rotated 180° vertically from
(8) to highlight the comparison of the highly var-
iable insert of RBC36 and the B switch of Gplba.
RBC36 is depicted as a green trace, Gplba as an
orange trace, VWF Al domain as a surface repre-
sentation in cyan, and the H-trisaccharide as in
Fig. 1. The { hairpin of the highly variable insert
of RBC36 and the p switch of Gplba are shown in
cartoon representation.
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trisaccharide is mainly mediated by four hydrogen
bonds (Fig. 2A) on the inmer concave surface:
between Asp'™ O™ and N-acetylglucosamine
0™ hetween Asp'™ O°' and galactose OF,
between Asp'™ 0" and galactose O, and
between Gln'™ N and fucose O (Fig. 2, A
and B). Asp'™ is located on LRRV2, and Asp™
and GIn'* on LRRVe.

With the concave surface of RBC36 firmly
estahlished as the antigen-binding site, we ana-
lyzed the varability in amino acids represented
on this surface in other VLRs. From BLASTP
searches (15) with RBC36, 24 VLR sequences
were found with three TRRVs and sequence
identity of >60%. The amino acid variation was
higher on the concave surface of each LRR
module (Fig. 2C, fig. 83, and table S2) and
hence, to some extent, is analogous to the hy-
pervariable regions (CDRs) in antibodies. In each
canonical 24-residue LRR module, seven resi-
dues, xstmexx, are locaied on the concave
surface and, of these, only the two obligate hy-
drophobic residues (L) face inward to form the
hydrophobic core of the solenoidal structure (Fig.
2, D and E). Consequently, the other five residues
could potentially contribute to antigen recogni-
tion, and correspond to the first, second, fowrth,
sixth, and seventh positions of this seven-residue
segment in each LRR. Asp'”, Asp'™, and GIn'™*,
which contribute significantly to the interaction
between RBC36 and H-trisaccharide, represent
the fourth residue of the LRRV2 and the sixth

e

r=|

A
il

TN
i

NTT NT2

Fig. 4. The Interaction matrix of VLRs. (A) Seven
residues on the concave surface of each LRR mod-
ules are shown as a main-chain stick model in the
same view with Fig. 1C, and the Ca atoms are con-
nected by black lines. Five residues of the seven on
the concave face (1, 2, 4, 6, and 7} are available
for the antigen recognition and are connected lat-
erally by black lines; the third and fifth residues
face inward to the hydrophobic core and are con-
nected by yellow lines. (B) The simplified interac-
tion matrix of (A). Residues involved in hydrogen
bonds orin van der Waals contacts are labeled in a
cirdle or in a square, respectively.
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and seventh residues of the LRRVe concave sur-
faces. Fight ather residues on the concave surface
(His”, TYIN' The'® Phe'?, Cys'™ AL Tyr'™
and Phe'7°) stabilize the H-trisaccharide interac-
tion via 16 van der Waals contacts, as calculated
with CONTACSYM (J6). The carbohydrate
antigen buries ~303 A% on the VLR, whereas
the corresponding buried surface on the antigen
is ~246 A” calculated with a 1.4 A probe radius
(17, 18), which is comparable to buried surfaces
ofhaptens {~150 to 350 A% with antibodies (/9).

Another key interaction with the H-tisaccharide
is between Trp”® and the galactose. The Trp**!
indole is stacked parallel to the sugar ring, as
observed in other sugar-protein complexes (Fig.
1 and Fig. 2A) (20). Trp*™ is located in the
middle of LRRCT, where the VLR sequences
are extremely diverse and a highly variable in-
sert is often present (2/). The variability plot
(Fig. 2C) illustrates that highly variable inserts
of 2 to 12 residues occur in LRRCT (fig. S3).
In RBC36, a 10-residue insert forms a [ hairpin
and Trp™ is located at the end of the first j strand,
prior to the B-hairpin tum (Fig. 1 and Fig. 2A).
Superposition of the crystal structures of lamprey
RBC36 and the three hagfish VIRs reveals not
only high sequence variability, but also secondary
structure variation in their inserts. The VLRB.59
eight-residue insert is a loop, but similar in overall
shape to the RBC36 B hairpin, whereas the VLRA.29
three-residue insert points toward the horseshoe
side rather than its concave surface; VLRB.61
has no insert (Fig. 3A).

The RBC36 insert lies in close proximity to
the concave B sheet, and its overall conformation
is remarkably similar to the § switch in the C-
terminal flank region of human glycoprotein Ihat
{Gplbay) that interacts with von Willebrand factor
(VWF) Al domain (22) (Fig. 3B). A search for
structural homologs of RBC36, using the DALI
server (23), selected Gplba (PDB ID IM10) as
one of the top three hits along with hagfish
VLRB.59 (PDB ID 206S) and human Slit pro-
tein (PDB ID 2V9T), all of which are LRR-
containing proteins. Interestingly, Gplba and Slit
also have crystal structures with their binding
partners, in which their mode of interaction is
very similar to the RBC36-H-trisaccharide com-
plex where the same first, second, fourth, sixth,
and seventh residues on the concave surface in
each TRR module play the key role in ligand
binding, but the insert in the Slit LRRCT does not
contact its ligand (Fig. 3B and fig. $4). Consid-
ering that the secondary structures of the highly
variable inserts of VLRs in the PDB are diverse
(Fig. 3A), and the equivalent p switch of human
Gplboe adopts a loop structure when Gplba is
crystallized by itself (22), these structure differ-
ences may also play an important role in antigen
selection, recognition, and affinity, Conformational
changes or isomerism in the inseris would also
increase possible binding modes i much the same
way as induced fit in the CDR loops of antibodies,
especially for CDR H3 (24), or equivalent loops
(a3, p3) in Tcell receptors (25).

The concave molecular surface area of RBC36
is estimated to be ~1720 A” calculated witha 1.4 A
probe radius (17, 18), compared with a buried sur-
face of ~700 1o 1000 A” on average for the antigen-
binding regions of immunoglobulins for proteins
and other large antigens. Considering that the num-
ber of LRRVS in VLRs can be as many as seven
and the concave surface area of one LRRYV is about
220 A?, the total anfigen-hinding surface could
extend to around 2600 A” and could potentially
accommodate binding sites for multiple antigens.
However, this size could well be an overestimate
as were the corresponding early predictions for the
antigen-binding surfaces of antibodies (26), al-
though the possibility of multiple paratopes in
VIRs is cerfainly an intriguing concept.

With few exceptions, five residues on the
concave surface of each LRR module are avail-
able for antigen binding (Fig. 2E and Fig. 4A).
Hence, we mapped these key residues for antigen
recognition onto a coordinate system that cor-
responds to the LRR modules along the x axis
and key residue positions on the concave surface
along the y axis (Fig. 4B). This interaction matrix
should also be useful when other VLR-antigen
complexes are determined.

Antigen recognition by antibodies in the ver-
tebrate immune system is well documented and
has revealed how the immunoglobulin (Ig) fold
with its CDR loops can form a high-affinity bind-
ing site for virtually any antigen it encounters,
whether natural or synthetic (24). Similarities and
differences can now be assessed for antigen recog-
nition by the Ig fold and the LRRs of VLRs, as
well as TLRs. High sequence variability in the Ig
fold is concentrated m CDRs H1, H2, H3, 1.1, 1.2,
and L3, whereas that of VLRs is confined to the
concave surface of each LRR module (Fig. 2C). In
the Ig fold, a wide range of specificities and affin-
ities for the antihody-combining sites is ensured
not only by variability in amino acid composition,
but also by insertions in the CDRs, especially in
CDR H3 (27). However, VLRs contain few inser-
tions on the concave surface of each LRR module,
although diversity is atiained by variation in the
number (up to seven) and amino acid composition
of the LRRV modules. The only insertion in
VLRs is observed in the middle of LRRCT, which
shows highly variable amino acid composition,
length, and secondary structure. To what extent
the highly variable insert in LRRCT contributes
to the specificity, affinity, and shape of the
antigen-binding site of VLRs awaits further
VLR-antigen complex structures.

Recently, three crystal structures of TLR-
ligand complexes—TLR4-MD2-Eritoran (28),
TLRI-TLR2-lipopeptide (29, and TLR3-dsRNA
(30)—have been determined. So far, only the
binding mode of the TLR4-MD?2 complex is sim-
ilar to that of antigen recognition by VLRs, in that
residues on the concave surface of the N-terminal
and central domains of TLR4 interact with MD2.
However, no interaction is seen between LRRCT
of TLR4 and MD2 as observed between the
highly variable insert in LRRCT of VLRs and
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antigens. Because we do not yet have sufficient
VLR and TLR complex structures to make sta-
tistically significant conclusions, and the number
of LRR modules in TLRs is much greater than in
VLRs, it may be too early to infer evolutionary
relationships between VLRs and TL.Rs.

The crystal structure of RBC36-ECD in com-
plex with the H-trisaccharide has provided struc-
tural insight into how VLRs recognize their
antigens and provides a basis for rational design
and modification of other antigen-specific VLRs.
This VLR-antigen structure sheds light on the
adaptation and evolution of primordial LRR pro-
teins into their more specialized roles in pathogen
recognition (e.g., TLRs) by the mammalian in-
nate immune system.
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Disruption of the CFTR Gene Produces
a Model of Cystic Fibrosis in

Newborn Pigs

Christopher S. Rogers,* David A. Stoltz,** David K. Meyerholz,** Lynda 5. Osted

g1

Tatiana Rokhlina,* Peter ). Taft,” Mark P. Rogan,” Alejandro A. Pezzulo, Philip H. Karp,**
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Almost two decades after CFTR was identified as the gene responsible for cystic fibrosis (CF), we still
lack answers to many questions about the pathogenesis of the disease, and it remains incurable.
Mice with a disrupted CFTR gene have greatly facilitated CF studies, but the mutant mice do not
develop the characteristic manifestations of human CF, including abnormalities of the pancreas,
lung, intestine, liver, and other organs. Because pigs share many anatomical and physiological
features with humans, we generated pigs with a targeted disruption of both CFTR alleles. Newborn
pigs lacking CFTR exhibited defective chloride transport and developed meconium ileus, exocrine
pancreatic destruction, and focal biliary cirrhosis, replicating abnormalities seen in newborn
humans with CF. The pig model may provide opportunities to address persistent questions about CF
pathogenesis and accelerate discovery of strategies for prevention and treatment.

nderstanding human disease often re-
l l quires the use of animal models. Mice

have been the overwhelming species of
choice because methods for specifically altering
their genome have been readily available. How-
ever, in many cases, mice with targeted gene
manipulations fail to replicate phenotypes ob-

served in humans—one example is cystic
fibrosis (CF).

In 1938, Dorothy Andersen coined the term
“cystic fibrosis of the pancreas” (f). Over the
ensuing years, investigators learned that CF in-
volved many other organs, including the intes-
tine, lung, sweat gland, liver, gallbladder, and male

genital tract (24). We now know CF to be a com-
mon, autosomal recessive disease with a carfer
rate of ~5% in Caucasians. In 1989, the gene
mutated in CF was identified, and its product was
named cystic fibrosis ransmembrane conductance
regulator (CFTR) (5). Scon thereafier, it was dis-
covered that CFTR is a regulated anion channel
that may also affect other transport processes (3).

Despite many advances, our understanding of
CF pathogenesis remains incomplete, thus hin-
dering the development of new therapies. This
begs the question: Why have we not made mare
progress? Whereas superb clinical research has
guided thoughts about CF, interpretations about
pathogenesis are often based on observations ob-
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tained long after the disease onset, and many
studies cannot be carried out in humans. Cell-
based models have also proven valuable for re-
search (6) but are limited because the disease
involves a whole organism. Gene-targeted mouse
models have likewise been mstructive about CF,
yet the mutant mice do not develop the pancre-
atic, airway, intestinal, or liver disease typically
found in humans (7-9).

To develop a new CF model, we chose pigs
because in tenms of anatomy, biochemistry,
physiclogy, size, life span, and genetics, they are
more similar to humans than are mice (0, 11).
We used homologous recombination in fibroblasts
of outbred domestic pigs to disrupt the CFTR
gene and somatic cell nuelear transfer to generate
CFIR™ pigs (12).

Fig. 1. CFIR™ piglets appear normal at A == B
birth. (A} Upper panel depicts insertion into ‘-'F" R probe
parcine CFTR exon 10 of a phosphaglycer- exons 8 9 010 p 1

At sexual maturity (~6 to 7 months), female
CFTR" pigs were bred to CFTR™ males. Six lit-
ters produced 64 piglets. Genotyping (Fig. 1A) re-
vealed 18 CFTR™, 26 CFTR™ ,and 20 CFTR
animals, a ratio not significantly different from
the expected ratio of 1:2:1 (/3). Figure 1B shows
the first litter. Birth weights varied but did not
segregate by genotype (Fig. 1C). The piglets
looked normal at birth, and their genotype could
not be discemned by appearance. A normal appear-
ance is consistent with findings in humans.

Northern blot analysis and quantitative re-
verse transcription polymerase chain reaction
(RT-PCR) did not detect normal CFTR tran-
scripts (Fig. 1A). Immunoprecipitation de-
tected no normal CFTR protein. Like human
CFTR (i4, 15), in wild-type (WT) tissue the

ate kinase (PGK) promoter (yellow) driving
a neomycin resistance cDNA (orange), and
an engineered stop codon. Position of
probe (green), PCR primers (arrowheads),
and Bglll sites (B} is indicated. The second
and third panels show genotyping by PCR
and Southern blot analysis of genomic
DNA. Lanes €1, C2, and C3 contain
controls of CAIR™, ™, and ™ DNA,
respectively. The fourth panel shows
Northern blot analysis of ileal CFTR and
GAPDH mRNA. Consistent with the North-
ern blot, quantitative RT-PCR of exon 10
(the targeted site) detected <0.1% of CFTR
transcripts in CFIR ™ ileum, relative to CFTR™

(n = 6 and 4 piglets, respectively). The
bottom panel shows immunoprecipitation
(IP) and phosphorylation of CFTR plus recomt-
binant CFTR in baby hamster kidney cells.
(B) First litter containing piglets of all three
genotypes. (C) Birth weights. Mean + 5D
of weights: 1.31 + 0.24 kg for CFTR™™
(orange), 1.35 + 0.28 kg for CFIR™"
(green), and 1.31 + 0.23 kg for CFTR™"
(blue) animals. (D) Immunocytochemistry
of CFTR in airway epithelia (top) and ileum
(bottom). Figures are differential interfer-
ence contrast with staining for Z0-1 (a
component of tight junctions, red), CFTR
(green), and nuclei (47,6 -diamidino-2-
phenylindole, blue). See also fig. 51. Scale
bars, 10 um. (E} Tracings of in vivo nasal Vt
measured in newborn pigs. After baseline
measurements, the following agents/solu-
tions were sequentially added to the
epithelial perfusate: amiloride (100 p),
Cl-free solution, isoproterenol (10 uM),
ATP (100 M), and GlyH-101 (100 uM).
(F) Average nasal Vt measurements as
indicated in (E). Data from four C

and four CFIR™" piglets (gray squares)
were not statistically different and were
combined and compared with data from
five CFIR™ piglets (blue circles). Values of
baseline nasal Vt for CFTR™ piglets

m

Birth weight (kg) <
o = =i A
g4 a8

2
kS

o

CFTR

Amiloride

porcine protein localized apically in airway
epithelia and ileal crypts (Fig. 1D).

‘We assessed CFTR function in vivo by mea-
suring transepithelial voltage (Vi) across nasal
epithelia (/6) (Fig. 1, Eand F). As in humans with
CF, baseline Vt was hyperpolarized in CFTR
piglets. Amiloride, which inhibits ENaC Na” chan-
nels, reduced Vi in all genotypes. To test for CFTR
channel activity, we perfused the apical surface
with a C! -free solution and added isoproterenol to
merease cellular levels of cyclic adenosine mono-
phosphate; these interventions hyperpolarized
nasal Vit in WT and heterozygous pigs, but not
CFTR’ animals. Perfusion with adenosine tri-
phosphate to activate P2Y?2 receptors and Ca™-
activated C1 channels (77) further hyperpolarized
Vi, and the response did not differ significantly

F

Cl-free

101

differed from the controls, as did the changes in Vt induced by adding amiloride, a C["-free solution, and GlyH-101 (all P < 0.05). Data are mean + SEM.
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between genotypes. Perfusion with the CFTR
inhibitor GlyH-101 (18) depolarized Vi in
controls animals, but not in CFTR ” piglets.
These data reveal the loss of CFTR C1 channel
activity in newbom CF7R’ pigs. Whereas the
lack of data from newborn humans precludes a
direct compari our data qualitatively match
those from adults and children with CF (16).

What phenotypes would be expected if new-
bom CFTR ' piglets mode! human disease? Figure
2A shows some human CF phenotypes and the
time spans when they become clinically apparent
(3, 19). The earliest manifestation (hours to 2
days) is meconium ileus, an intestinal obstruction
oceurring in ~15% of CF infants (2, 3, 19, 20).
Obstruction can occur throughout the small
intestine or colon, but it is most often observed
near the ileocecal junction. Distal to the obstruc-
tion, the bowel is small and atretic {microcolon).
Intestinal perforation in utero or postnatally
occurs in some infants.

A Pathology
at birth
B

Clinical manilestations.
male infer S

Newbom CFTR * piglets failed to pass feces
or gain weight (Fig. 2B). By 24 to 40 hours of
age, they stopped eating, developed abdominal
distension, and had bile-stained emesis, which
are clinical signs of intestinal obstruction, We ex-
amined histopathology between birth and 12 hours
in piglets that had not eaten and between 24 and
40 hours in piglets that were fed colostrum and
milk replacer. Except as noted, the pathologic
changes refer to the carlier time period. Afier 30
1040 hours, the stomachs of CFTR 7 piglets con-
tained small amounts of green, bile-stained milk
(Fig. 20). The proximal small intestine was di-
lated by small amounts of milk and abundant gas.

REPORTS I

(Fig. 2D). Distal to the meconium, luminal diam-
eter was reduced with mild-to-severe mucinous
hyperplasia, including mucoid luminal “plugs”
(Fig. 2E). These changes replicate those seen in
‘humans with CF (3, 19).

The penetrance of meconium ileus was 100%
in CFIR * piglets versus ~15% in human CF.
Potential explanations for this difference in-
clude a restricted genetic background in our pig
‘model versus that in humans, a null mutation in
the pigs versus mutations in humans that might
vield tiny amounts of protein function, and ana-
tomical or physiological differences [see footnote
Flin (/3]

The site of ob ion ranged from mid-distal

I ic insufficiency afflicts 90

small intestine to proximal spiral colon, the ana-
tomical equivalent of the human ascending colon.
Perforation and peritonitis occurred i some piglets.
Dark green meconium distended the CFTR  in-

10 95% of patients with CF ({4, 19, 21, 22). The
porcine CFTR” pancreas was small (Fig. 3A),
and microscopic examination revealed small, de-
generative lobules with increased loose adipose

testine, and adjacent villi showed d jon and

and us tissue, as well as scattered-to-

atrophy, whereas CFTR™ ileum had long villi

o8
0 10 20 0 &
Time following birth ()

CFTR—~-

Spiral Colon

Fig. 2. CFTR™ piglets develop meconium ileus. (A) Schematic shows some clinical and histopathological
CF manifestations. Pathological abnormalities are present before clinical disease becomes apparent. (B)
Weight after birth. Animals were fed colostrum and milk-replacer. n = 7 CFTR™™ and 4 CFTR™ piglets.
Data are mean + SEM. *P < 0.05. (C) Gross appearance of gastrointestinal tract. Piglets were fed colostrum
and milk-replacer for 30 to 40 hours and then euthanized. Stomach, black asterisk; small intestine, arrow-
heads; pancreas, white arrow; rectum, white asterisk; and spiral colon, black arrow. Of 16 CFTR™ piglets,
the obstruction occurred in the small intestine in 7 animals and in spiral colon in 9. {D and E) Microscopic
appearance of the ileum (D) and colon (E). Hematoxylin and eosin (H&E) stain. Scale bars, 1 mm. Images
are representative of severe meconium ileus occurring in 16 out of 16 (16/16) CFTR™ piglets.

www.sciencemag.org SCIENCE

VOL 321

‘moderate cellular inflammation (Fig. 3, B and C).
Residual acini had diminished amounts of eosin-
ophilic zZymogen granules (Fig. 3D). Centroacinar
spaces, ductules, and ducts were variably dilated
and ohstructed by eosinophilic material plus infre-

«quent neutrophils and ‘mixed with cel-
lular debris (Fig. 3E). Ducts and ductules had foci
of muck plasia. Pancreatic endocrine tis-

sue was spared (Fig. 3C). These changes are sim-
ilar to those originally described by Andersen and
others (1, 19, 2I) in their studies of human CF.
Humans often require surgery to relieve meco-
nium ileus (3). We performed an ileostomy on
one CFTR™ piglet and three CFTR” piglets.
Because of technical problems in postoperative care,
only one piglet (genotype CFTR /) out of the four
recovered. Once newborn infams recover from me-
conium ileus, the course of their disease resembles
that in ather patients. Likewise, the piglet grew and
went on to develop pancreatic insufficiency. At 10
weeks, the piglet had an episode resambling “distal
intestinal obstruction syndrome,” which was suc-
cessfully treated as in humans (3) [also see foomote
F2 in (13)]. Although these observations were
based on a single animal, they bore a marked
resemblance to clinical observations of human CF.
Focal biliary cirthosis is the second most com-
mon cause of CF mortality (3, 20, 23). The por-
cine CFTR’ liver revealed infrequent, mild-to-
‘moderate hepatic lesions (Fig. 3F). Chronic cel-
lular inflammation, ductular hyperplasia, and mild
fibrosis were typical of focal biliary cirthosis,
Gallbladder abnormalities, including gallstones,
occur in 15 1o 30% of patients, and a small gall-
‘bladder is a common autopsy finding (3). Similar-
ly, porcine CFTR ’ gallbladders were small and
often filled with congealed bile and mucus (Fig.
3, G and H). Epithelia showed diffuse mucinous
changes with folds extending into the lumen.
Approximately 97% of males with CF are
infertile (3); the vas deferens is ofien nommnal at
‘birth, and obstruction is thought to cause progres-
sive deterioration [see footnote F3 in (13)]. Inall
piglets, the vas deferens appeared to be intact.
Paranasal sinus abnormalities occur in most chil-
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Fig. 3. CFTR™" piglets have exocrine pancreatic destruction and
liver and gallbladder abnormalities. (A) Gross appearance of
pancreas. Scale bar, 0.5 cm. {B) Loss of parenchyma in the
CFTR” pancreas. HBE stain. Scale bars, 500 pm. ()
Pancreatic ducts and islets of langerhans (arrowheads).
Scale bars, 100 pm. (D) CFIR™ ductules and acini dilated by
eosinophilic inspissated material that formed concentrically
lamellar concretions (arrows and inset). H&E stain. Scale bars,
33 um. (E) Ducts within the CFTR™ pancreas. H&E stain, left;
periodic acid-Schiff (PAS) stain, right. Scale bars, 50 um. (F)
Microscopic appearance of liver. H&E stain. Arrows indicate focal
expansion of portal areas by chronic cellular inflammation.
Scale bars, 100 um. (G) Gross appearance of gallbladder. When
the gallbladder was sectioned, bile drained away rapidly
with collapse of the mucosal wall. CFTR™ bile was congealed
(arrow) and retained in the lumen of a smaller gallbladder. Scale
bar, 0.5 em. (H} Mxmscuplc appearance of gallbladder.

liblad had issated bile (asterisk) with
variable mucus production (armws, H&E stain) highlighted as
a magenta color in PAS stained tissue. Scale bars, 500 um.
Images are representative of severe pancreatic lesions (15/15
CFTR™ piglets), mild-to-moderate liver lesions (3/15), and
mild-to-severe gallbladder/duct lesions {15/15).

Fig. 4. The lungs of newbom CFIR™
and piglets appear normal.
(A) Microscopic appearance of lung
from piglets <12 hours old. H&E
staining. Scale bars, 1 mm {left) and
50 um (right). (B) Bronchial epithe-
lia and submucosal glands. H&E stain-
ing. Scale bars, 50 um. Images are
representative of the lack of lesions
in 15 out of 15

CFTR+/+ CFTR—J—
—1 i —_—

CFTR-/-, HRE CFTR+i+, H&E

CFTR-/~, PAS

dren and adults with CF (3). Although CFTR
porcine paranasal sinuses showed no abnonmal-
ities, this negative result is difficult to interpret
because it is unclear when sinus disease develops
in humans. The salivary glands, nasal cavity,
esophageal glands, kidney, heart, striated muscle,
spleen, adrenals, eyes, brain, skin, and eccrine
sweal glands on the snout revealed no abnor-
malities in CFTR ' piglets. In all tissues, we
observed no differences between WT and
heterozygous CFTR™ animals.

Lung disease is the major cause of CF mor-
bidity and mortality (2—). The onset of clinical
respiratory manifestations varies, with some pa-
tients developing symptoms a few months after
birth and others after several years. Eventually,
most patients develop chronic airway infection
and inflammation that destroy the lung. The lungs
of neonatal CFTR / piglets appeared similar to
those of their WT littermates. CF7R * lungs lacked

26 SEPTEMBER 2008 VOL 321

evidence of cellular inflammation in airways or
parenchyma (Fig. 4A). Airway epithelia and sub-
‘mucosal glands appeared similar in all three geno-
types, and we found no evidence of dilated or
plugged submucosal gland ducts [see footnote F4
in (/3)] (Fig. 4B). Bronchoalveolar lavage 6 to
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12 hours after birth showed no evidence of in-
fection, and there were no significant differences
between cell counts or levels of interleukin-8
(IL-8) across genotypes (figs. S2 and S3) (13).
Whether airway inflammation precedes infec-
tion in CF patients or vice versa has been a per-
sistent question. Studies of bronchoalveolar lavage
in infants and young children have both supported
and argued against the presence of inflammation
(increased IL-8 and neutrophilia) without infec-
tion (24, 25). In vitro airway epithelial models
have also given conflicting results (26, 27). Studies
of human fetal trachea transplanted into mice sug-
gested inflammation might occur in developing
CF airways (28). Although our data do not resolve
this controversy, we had the advantage of studying
lungs between birth and 12 hours of age, and we
found no evidence of abnormal infection or in-
flammation. Tracking the lungs as CFTR  piglets
are exposed to additional environmental challenges
may inform our understanding of how respiratory
disease develops in children and young adults.
The clinical, electrophysiological, and patho-
logical findings in newborn CFIR /' pigs were
markedly similar to those in human neonates with
CF (table S1) (13). Abdominal lesions dominate
the initial presentation in both, with identical ap-
pearance of meconium ileus and exocrine pan-
creatic destruction. In addition, as in humans, the
piglets have hepatic changes consistent with early
focal biliary cirrhosis and abnormalities of the
gallbladder and bile ducts. The lack of abnormal-
ities in the vas deferens and lungs at birth is an-
other similarity. Overall, these encouraging results

suggest that the pig model may provide inves-
tigators with further opportunities to study CF and
develop strategies for pi ion and
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Seeding and Propagation of
Untransformed Mouse Mammary

Cells in the Lung

Katrina Podsypanina,* Yi-Chieh Nancy Du, Martin Jechlinger, Levi ]. Beverly,

Dolores Hambardzumyan, Harold Varmus

The acquisition of metastatic ability by tumor cells is considered a L

inth | of mali

tumors. We report that untransformed mouse mammary cells that have been engineered to express the
inducible oncogenic transgenes MYC and Kras®'?, or polyoma middle T, and introduced into the systemic
circulation of a mouse can bypass transformation at the primary site and develop into metastatic
pulmonary lesions upon immediate or delayed oncogene induction. Therefore, previously untransformed
mammary cells may establish residence in the lung once they have entered the bloodstream and may
assume malignant growth upon oncogene activation. Mammary cells lacking oncogenic transgenes
displayed a similar capacity for long-term residence in the lungs but did not form ectopic tumors.

etastatic dissemination of cancer cells,
the major cause of cancer mortality, is
traditionally viewed as a latestage
event (1), although mammary epithelial cells have
been shown 1o disseminate systemically from ear-
Iy neoplastic lesions in transgenic mice and from
ductal carcinoma in situ in women (2). There is
ample evidence that the ability of fully transformed
tumor cells to metastasize depends on the regu-

www.sciencemag.org SCIENCE

lation of developmental programs and external
environmental cues (3-/7), but to what extent the
seeding or growth of tumor cells at the ectopic site
is dependent on the initiating transforming event(s)
is a subject of debate (12). We have developed a
systemn that separates the process of seeding cells in
the lung from the process of malignant growth at an
ectopic site by using animals engineered to express
potent oncogenes in a doxyeycline-dependent

VOL 321

mammary-specific manner. After intravenous
{IV) injection of marked mammary cells that have
different genetic potentials [no oncogenes, or on-
cogenes that will be expressed only affer cells have
taken up residence in an ectopic site (the lungs)],
normal mammary cells can lodge in the lungs,
grow slowly, and become frank metastatic ma-
lignancies once potent oncogenes are turned on.
‘We recently described tri-transgenic TerO-
MYC; TetO-Kras®" :MMTV-r(TA (TOM; TOR;
MTB) mice that coordinately express MYC and
mutant Kras oncogenes in mammary epithelial
cells when fed doxycycline (J3). Doxycycline-
naive animals do not express the transgenic
oncogenes and have morphologically and func-
tionally normal mammary glands, but they de-
velop diffuse autochthonous tumors within 3 to 4
weeks after doxycyceline exposure. Tumors that
form because of the expression of these onco-
genes display malignant characteristics, such as
transplantability and metastasis (fig. S1). There-
fore, this mode! provides primary mammary cells
that can be switched from anormal to aneoplastic
state with simple experimental manipulation.

Pragram In Cancer Biology and Genetics, Memarial Slaan-
Kettering Cancer Center, New Yerk, NY 10021, USA.

*To whem correspondence should be addressed. E-mail:
podsypak@mskec.org
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Fig. 1. Untransformed mouse mammary cells A
form lung metastases after IV injection and
induction of oncogenes. (A to D} Lung metastases
develop from intravenously injected phenotypically
normal mammary cells upon activation of A1¥C and
Kras®? (A were | d
by MRI in Rag ™~ mice after IV delivery of 1 x 10°

dissociated primary mammary cells from doxycycline-
naive TOM;TOR;MTB mice. Recipient mice were
fed doxycycline for 6 weeks starting 1 day before
injection. Representative axial (top) and coronal
(bottom) images obtained from the same animal
4 and 6 weeks after injection show development
of a solid nodule (arrowheads) in the lung. (B) Foci
of hematoxylin-easin (H/E}-stained mammary ade-

2

nocarcinoma (arrowheads) in paraffin-embedded
lung sections of the same RagZ ™~ mouse as in (A).

Scale bars indicate 1 mm (left) and 0.1 mm (right).
(€) No tumors were observed in lung sections of
Rag1™~ mice that dld not receive doxycycline after
IV delivery of 1 x 10° primary mammarycells from
doxycycline-naive TOMTOR:/TB mice. Scale bar,
1 mm. (D) Tumor cells from the same animal as in
(A), but not the surrounding lung tissue, stained
with anti-MYC antisera. Scale bar, 0.1 mm. (E and
F} Lung develop from i ly in-

jected phenotypically normal mammary cells upon

Relative luminescence units m
2 =2

10*

pressing their transgene were detected by biolumi-

1
activation of a PyidT transgene. (E) Donor cells ex- Waeeks post-injection

3 4 6 N

nescence imaging after 5 x 10° primary mammary cells from doxycycline-naive TOMT:/RES:Luc;TB mice were injected intravenously into Rag2 ™~ mice that
were placed on doxycycline 1 day before injection. Representative images at day 10 and day 24 after injection show the presence of signal-emitting cells in the
thorax (right); temporal increases in bioluminescence (14) were quantified in relative luminescence units (left; n = 5 mice; error bars represent SD). (F) Axial (top)
and coronal (bottam) MRI images of a mouse from (E) maintained on doxycycline for 12 weeks show solid nodules in the lung. A corresponding bioluminescence

image is shown on the right.

Fig. 2. Delay in oncogene activation does not preclude the
development of ectopic mammary tumors. (A) Bio-
luminescence in Rag1~~ mice after IV delivery of 1 x 10°
mammary cells from doxycycline-naive TOMTIRES:Luc;MTB
mice is undetectable before doxycycline exposure but can be
induced at various times after placing mice on doxycycline
1.5 (&, n = 7 mice), 8 (m, n = 3 mice), or 17 weeks (@, n=2
mice) after IV injection. Downward arrows indicate times of
addition of doxycycline to the diet. Error bars represent SD.
Representative bioluminescence images (right) obtained 10
days after injection in the absence of doxycycline (top right)
and after 2 additional weeks on doxycycline {bottom right). (B)
Histologically similar metastatic tumors in lungs of Rag1™~
mice after IV delivery of 1 x 10° mammary cells from
doxycycline-naive TOMT:IRES:Lug:MTB mice exposed to doxy-
cycline for 8 weeks starting 10 days after (left) or 1 day before
(right) IV injection. Scale bars, 1 mm (top) and 0.1 mm
(bottom). (€) Mitotic activity in tumor foci in lung sections from
Rag1 ™~ recipient of TOM;TOR:MTB cells (left; stained with anti-
pH3) or from Ragl™" recipient of TOMTIRES:Luc;MTB cells
(right; stained with anti-BrdU serum after BrdU labeling) (24).
Scale bar, 0.1 mm. (D) Angiogenic proficiency demonstrated
by perfusion of the ectopic tumor with biotinylated lectin (left)
(14) and by staining endothelial cells within tumor foci with
anti-CD31 serum in a Rag™" recipient of the TOMTARES Luc;
MTB cells (right). Scale bar, 0.1 mm.
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To investigate whether mammary cells from
these mice can be induced to form metastasis in
the absence of transformation at the primary site,
we modified the traditional experimental metasta-
sis assay (/4). In the modified approach, instead
of IV delivery of tumor cells from doxycycline-
treated animals into new recipients, we injected
dissociated morphologically normal mammary
cells from mature TOM; TOR,; MTE animals never
exposed to doxycycline into the tail veins of
Ragl™ (I5) females on a doxycycline diet. In
this way, the injected cells can become trans-
formed only in the bloodstream or tissues of the
recipient mouse, an experimental situation that
has not been previously examined. Magnetic res-
onance imaging (MRI) was used to survey Rag/
recipients for evidence of tumor foci in the lungs.
Solitary nodules were ohserved i four out of
four recipients & weeks afier injection (Fig. 1A),
and histological sections showed foci of mam-

>
S
1wk 16 wks
A
-~

mary adenocarcinoma in the lung (Fig. 1B); in
contrast, no tumors were found in control mice
that did not receive doxycycline (Fig. 1C and
table S1). The experimental metastases were his-
tologically identical to the spontanecus metastases
observed in tumor-bearing TOM; TOR; MTB mice
(fig. S1) as well as to the primary mammary tu-
mors arising in doner animals ({3), and pulmo-
nary nodules contained cells positive for MYC
(Fig. 1D}, keratin 8 (K8), smooth-muscle actin
(SMA), and keratin 6 (K6) (fig. 82). These find-
ings demonstrated that the tumarigenic capacity
conferred on mouse cells by coex-
pression of MYC and Kras™" can be realized in
the ectopic environment of the lung.

We confirmed this observation in a different
mouse model, TeO-PyMTIRES: Luc MMTV-rtTA
(TOMT IRES:Luc; MTB), recently generated in
our lab (/4). Expression of the polyoma middle T
(PyMT)oncogene in this line is mammary gland-

_AbKE g

=1

; b
§

®

8

<

g

E virgin __lactatin

—

repopulaled mammary gland

Fig. 3. Mammary cells without an oncogenic transgene can persist in the lung. (A) Focus of green cells
observed under excitation light (14) in a whole fresh lung of a Ragl™" recipient 3 weeks after IV
injection of 5 x 10° dissociated mammary cells from a P-actin-GFP mouse. Scale bar, 0.1 mm. (B)
Representative size and distribution of the H/E-stained ectopic foci in lung sections from Rag1 ™~ mice
injected intravenously with 3 x 10° mammary cells from a B-actin-GFP donor at 3 weeks after injection
(top left). Inset shows a representative H/E—stained focus at high magnification. A consecutive section
(top right) was stained with rat antiserum against K8. No foci were detected by H/E (bottom left) or K8
staining (bottom right) of lung sections from uninjected Rag1 ™ mice. Scale bar, 1 mm. Inset scale bar,
0.2 mm. () Mitotic activity in ectopic epithelial outgrowths (outlined in red) demonstrated by BrdU-
labeling detected with rat anti-BrdU serum (arrowheads, top) or by staining with anti-pH3 (arrowheads,
left). Scale bar, 0.2 mm. (D} Larger foci of green fluorescent cells were observed by whole-lung imaging
under excitation light (14) at 16 weeks after injection (right) as compared with 1 week after injection
(left). Rag2™" recipients were injected with 3 x 10° dissociated mammary cells from a [i-actin-GFP
mouse, Scale bar, 1 mm. (E} Mammary gland repopulation in secondary Rag1 ™" recipients produces a
green fluorescent mammary tree detectable under excitation light in the whole-mount preparations 4 or
7 weeks after transplantation (14). Glands were harvested from virgin recipients (left), or host animals
were mated and the transplanted glands harvested 1 day postpartum (right). Scale bar, 1 mm.

www.sciencemag.org SCIENCE  VOL 321

REPORTS I

specific and doxycycline-dependent and can be
‘monitored through the coordinaie expression of
the reporter gene (Luc) encoding firefly luciferase
(fig. S3). When dissociated mammary cells from
‘mature TOMTIRES Luc;MTR animals never ex-
posed to doxycycline were injected intravenously
in Ragl™ females on a doxycycline diet, a bio-
luminescence signal was apparent over the
thorax of recipient mice within 2 weeks (Fig. 1E).
The development of mammary tumors in the
lungs of injected mice was documented by MRI
imaging (Fig. 1F) and by histology (Fig. 2B}. Ec-
topic mammary tumor foci derived from either
TOM; TOR:MTB or TOMTARES:Luc;MTB trans-
genic lines displayed characteristics associated
with oncogene activation at the primary site, in-
cluding robust proliferation (Fig. 2C) and dense
vasculature (Fig. 2D). Therefore, upon activation
of potent previously med
‘mouse mammary cells delivered to the systemic
circulation produce metastatic-like disease in the
pulmonary parenchyma without having under-
gone transformation at the primary site.

To explore whether untransformed mammary
cells can survive in the bloodstream and in the
ectopic environment of the lung without oncogene
expression yet still be induced 1o develop tumors
at a later time, we injected dissociated mammary
cells from TOMTIRES:Luc;MTB animals never
exposed to doxycycline into the lateral tail veins
of Ragl™" females on a doxycycline-free diet.
No bioluminescence signal was observed in the
lungs of recipient mice in up to 4 months of
‘monitaring on this diet (Fig. 2A). When recipients
were instead placed on doxycycline 1.5, 8, or 17
weeks after IV injection of transgenic mammary
cells, we detected bioluminescence in the chest
within 2 weeks of the start of doxycycline ex-
posure (Fig. 2A). The histological appearance
and the total number of foci in the lungs were
similar in animals placed on a doxycycline diet
1 day before TV injection and 10 days after the
mjection [32 # 6 (SD), n= 5 miceand 26 + 6 (SD),
1= 4 mice, respectively] (Fig. 2B). Conversion to
‘malignancy at later times of induction was not
measured because expression of the MMTV-r1T4
transgene in the MTB line becomes non-uniform
with age ({6). These observations show that cells
responsible for development of the ectopic mam-
‘mary tumors can persist in the lung for up to 17
weeks in the absence of oncogene expression.

To rule out the possibility that low-level or
transient expression of the transgenic oncogene(s)
occurs in the absence of doxycycline, we car-
tied out the modified experimental metastasis
assay with mammary gland preparations from ani-
‘mals lacking any transgenic oncogenes (CSTBL6/
mice) or from those expressing a gene encoding
the “enhanced” green fluorescent protein (GFP)
from the chicken f-actin promoter (f-actin-GFP)
(17). Three weeks after the injection of mammary
cells from P-uectin-GFP mice, green foci were ob-
served with fluorescent microscopy of the whole
lungs in all recipients (Fig. 3A). These foci lacked
the nodular appearance of metasiatic tumors and
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were inconspicuous on routine histological in-
spection (Fig. 3B, top lefi). Staining with anti-
body to K8 facilitated the detection of the ectopic
foci and confirmed their epithelial origin, where-
as in the lungs of uninjected mice only the
bronchial epithelium was stained (Fig. 3B, right),

To determine whether the ectopic foci of
normal epithelial cells persist and grow in the
foreign environment of the lung, we counted the
total number of discrete foci in lung sections at
different times after injection and looked at pro-
liferation markers in these foci. The total number
of foci found in lung sections from CS7BL6/1
recipients injected with 4 % 10° syngeneic mam-
mary cells was similar in the animals surveyed at
3 weeks (2 = 3 mice) and those surveyed at 10
weeks (n = 3 mice) afler injection (42 £ 7and 56 £
22 in 10 paraffin lung sections, respectively).
Moreover, the efficiency with which the wild-
type cells were able to form these small epithelial
clusters was similar to the efficiency with which
we were able to induce ectopic tumors after infect-
ing cells from doxycycline-naive TOM; TOR;MTB
donors [1.2 + 0.4 (SD) versus 1.7 + 1.4 (SD) per
10,000 cells injected, n = 6 and 8 mice, respec-
tively; measured as described in (/4)] This result
strongly argues that most or all of the mammary
cells that are capable of surviving in the lung are
able to respond to the initiating oncogene ex-
pression by forming an ectopic mammary tumaor,

In both nontransgenic CS7BLE/- and p-actin-
GFP—derived foci, occasional cells displayed
mitotic activity (Fig. 3C). Consistent with this
result, the green foci found under excitation light in
the lungs of animals injected with mammary cells
from f-actin-GEP mice 16 weeks after mjection
were larger in size than those found in recipients of
the same preparation 1 week after injection (Fig.
3D). Ectopic epithelial outgrowths contained K8-
and SMA-positive cells, such as observed in intact
mammary glands (fig. S4A), and the cutgrowths
occasionally displayed a glandular appearance.
Despite prolonged residence in the lung (up to 4
months), the green cells recovered from the re-
cipients’ lungs were competent to form hollow
acinar structures in three-dimensional morphogen-
esis assays (fig. S4B) and secondary mammary
outgrowths in cleared fat pads of Ragl/ " females
(Fig. 3E). These findings establish that the ectopic
cells residing in the lungs are indeed of mammary
origin, that they are viable and mitotically active,
and that at least some of them are multipotent and
able to support full mammary development.

The experiments described here show that, in
the absence of an active oncogene, dissociated
cells from an untransformed mouse mammary
gland can establish residence in the ectopic envi-
ronment of the lung, grow slowly, and remain
clinically undetectable afier IV injection. The same
cells can give rise to metastatic malignancies upon
activation of oncogenes that can produce mam-
mary tumors in an intact gland. It is widely ac-
knowledged that multiple steps are required to
establish metastases, including intravasion of cells
from primary tumors into blood vessels or lym-
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phatics; survival in the circulation, extravasation,
and establishment of cells at ectopic sites; and
‘malignant growth. Because we have injected mam-
mary cells from transgenic mouse donors into tail
veins of recipient mice, we have not examined the
requirements for intravasation. We have, however,
demonstrated that activated oncogenes and cellular
transformation are not required for any of the
subsequent steps, save for malignant growth at
ectopic sites. These findings indicate that properties
inherent in normal cells are sufficient for negotiat-
ing a substantial portion of the metastatic cascade
Considerable experimental and clinical evidence
favors the idea that cells from small cancers may
spread to distant sites early in tumorigenesis and
account for domancy and late relapse in human
breast cancer (2, /8). Although we do not know
whether premalignant cells can enter the systemic
circulation during these early stages and become
sources of later metastatic tumors, our observations
argue that this hypothesis should be tested. The
finding that metastatic disease can arise from un-
transformed mammary cells in the circulation re-
fines our conception of cancer progression, and
suggests that each step in the metastatic cascade
should be examined to establish its functional
requirements, including those performed by nor-
mal cells. Such finctions might be susceptible to
inhibitory strategies that can ablate disseminated
pre-malignant or malignant cells and thereby
diminish the mortality caused by cancer.
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The Coevolution of Cultural
Groups and Ingroup Favoritism

Charles Efferson,** Rafael Lalive,’ Ernst Fehr'!

Cultural boundaries have often been the basis for discrimination, nationalism, religious wars,
and genocide. Little is known, however, about how cultural groups form or the evolutionary forces
behind group affiliation and ingroup faveritism. Hence, we examine these forces experimentally and

show that arbitrary symbolic markers, though

initially meaningless, evolve to play a key role in cultural

group formation and ingroup favoritism because they enable a population of heterogeneous
individuals to solve important coordination problems. This process requires that individuals differ in
some critical but unobservable way and that their markers be freely and flexibly chosen. If these
conditions are met, markers become accurate predictors of behavior. The resulting social environment
includes strong incentives to bias interactions toward others with the same marker, and subjects
accordingly show strong ingroup faveritism. When markers do not acquire meaning as accurate
predictors of behavior, players show a markedly reduced taste for ingroup favoritism. Our results
support the prominent evelutionary hypothesis that cultural processes can reshape the selective
pressures facing individuals and so favor the evolution of behavioral traits not previously advantaged.

cultural group is a group of people who
share a set of beliefs, behavioral norms,
and behavioral expectations that is rec-
ognizably different from those of other groups (/).
Beliefs, norms, and expectations, however, are
often not directly observable, and so by them-
selves they do not provide a practical basis for
identifying cultural groups in everyday social in-

teractions. Nonetheless, cultural groups are fre-
quently identifiable through ethnic markers, which
are arbitrary but observable traits like dress,
dialect, and body modification that symbolically
and conspicuously signal group affiliation (/-5).
Symbolic traits of this sort can be crucial to so-
cial and economic outcomnes. When ethnic markers
covary with other cultural traits, individuals can

SCIENCE www.sciencemag.org



potentially use markers to everyone’s mutual ad-
vantage as indicators of what would otherwise be
unobservable variation in beliefs, norms, and ex-
pectations. More nefariously, ethnic markers can
lead to segregation, ethnic discrimination, and per-
sistent inequality, even in the paradoxical cases
when everyone prefers integration (6-8) or when
ethnicity indicates nothing about competence in a
given domain (9, /0. Indeed, parochialism and prej-
udice ofien mar intergroup relations. People show
favoritism toward ingroup members and indiffer-
ence, hostility, or mistrust toward outgroup mem-
bers (J/-19). They do so even when groups are
transient and group boundaries rest on the flimsiest
of distinctions among individuals (/5, 20-22).
These findings have potentially broad significance
because recent theoretical research has closely and
surprisingly tied outgroup hostility to the evolution
of human prosociality within groups (23, 24).

None of this, however, explains how a group
gets to be a group and why. The long tradition
of empirical research on intergroup relations
(11-22, 25) includes two basic approaches to
defining groups. Studies have either used pre-
existing cultural groups, which formed beyond
the ken of the studies in question, or subjects
were assigned to groups exogenously as part of
an experiment involving the effects of social
categorization. These methods can be powerful
for many questions (/2, /6), but they cannot
expose the mechanisms behind the formation of
cultural groups. These mechanisms also repre-
sent a gap in evolutionary theories of human
prosociality. Although the initial evolution of
cultural groups may have little to do with co-
operation, much of the theory on the evolution of
human prosociality relies heavily on the obser-
vation that human populations are subdivided
into cultural groups (23, 24, 26). This theoretical
work, however, simply imposes the required pop-
ulation structure exogenously. The endogenous
formation of cultural groups represents a plausi-
ble route to the required population structure that
figures prominently but remains unexplained in
evolutionary theories of human prosociality.

We conducted a set of experiments to identify
the conditions required for cultural groups to form
endogenously and for subjects to show ingroup
favoritism in their subsequent social interactions.
We used neither preexisting cultural groups nor
groups created exogenously by the experimenter.
Our task instead was to see if and when sym-
bolically marked groups form endogenously and
whether their formation can lead to a preference
for interactions with others having the same
symbolic marker. This preference was our oper-
ational measure of ingroup favoritism in the ex-
periment, and more generally such preferences
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can limit social interactions across cultural bound-
arles and potentially play a key role in the devel-
opment of ethnocentric attitudes (27). If such a
preference were 1o emerge endogenously in our
setting, the result would support a central hypoth-
esis in evolutionary social science (27-31). This
hypothesis posits that a cultural evolutionary pro-
cess can modify the selective environment facing
individuals and so lead to the evolution, whether
cultural or genetic, of traits that were not previ-
ously advantageous. In our case, the question is
whether the evolution of cultural groups during an
ex] can reconstitute the social environ-
ment to benefit ingroup favoritism in a way that
did not obtain at the beginning of the experiment.
In theory, cultural groups form when variation
in an unobservable but socially critical varable be-
comes manifest. Consider a population of players
playing a simultaneous, two-person coordination
game with multiple equilibria. Players can choose
behavior A or B. If two players meet and choose
the same behavior, a large payoff results. If they
choose different behaviors (32), a small payoff’
results. Some players expect to coordinate on A,
others on B. If players with different expectations
meet, an information problem results. One simply
has to play the odds and risk miscoordinating with
someone who has incompatible expectations. This
kind of problem is general. Variation in behavioral
norms and expectations is widespread (1, 33, 34),
and the mixing of people with different expec-
tations occurs frequently (J, 35, 36). This mixing,
however, creates the potential for people with dis-
cordant social expectations to meet, inferact, and
miscoordinate. Variation in expectations, however,
is not enough for the existence of cultural groups
because this variation is not directly observable.
Symbolic markers can change matters greatly,
‘but only if they covary with expectations and by
extension behavior. To illustrate, let players in
our coordination game wear shirts with either

M o] co

Fig. 1. Summary of linked choices for the marker-

domized (gray) and marker-maintained (black)
treatments. The behavior and marker chosen in
stage 1 are coded as either linked or unlinked rel-
ative to the behavior and marker chosen in stage
1 of the previous period. Proportions are plotted for
the cases in which the player miscoordinated (M) in
the previous period, coordinated on the suboptimal
(T/S) behavior (ie, A in subpopulation 2 or B in
subpopulation 1), and coordinated on the optimal
(C/0) behavior (ie., A in subpopulation 1 or B in
subpopulation 2).

1
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triangles or circles. The shape on one’s shirt does
not affect payoffs, and so it fills the theoretical
role of asymbolic marker. Consider ahypothetical
population of 100 people, 50 of whom expect to
coordinate on A and 50 on B. In addition, the 50
players who expect to coordinate on A have
triangles on their shirts, and the 50 plavers who
expect to coordinate on B have circles. The dis-
tribution of behavior-marker types in the popu-
lation is consequently 50 (A, A) individuals, O
(A, #) individuals, 0 (B, &) individuals, and 50
(B, ®) individuals. The covariation between be-
havior and marker is at its maximum possible
value in this example, and the markers perfectly
reveal expectations and their assoctated behav-
iors in the coordination game. More generally,
when covariation characterizes the distribution of
‘behavior-marker types, the observable markers
allow one to draw statistical inferences about
what is unobservable but really important, namely,
behavioral expectations in a social seting with
multiple equilibria. When this is true, interacting
preferentially with others having the same marker
reduces the probability of miscoordination and

Meaan abs{cov), % max >
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Fig. 2. (A) The informational content of the
marker. The graph shows the mean magnitude of
the covariance between behavior and marker in a
subpopulation relative to the theoretical maximum
for the marker-randomized (line with filled circles}
and the mark intained {(solid line)

The period trend for marker-randomized is not
significant [Newey-West (40) regression, maximal
lag of 10, t test, P = 0.368], whereas it is highly
significant for the marker-maintained treatment
(Newey-West, lag of 10, t test, P < 0.001). (B)
Ingroup favoritism, as indicated by the proportion
of players requesting a partner with the same
shape. The marker-randomized period trend is not
significant (Newey-West, lag of 10, ¢ test, P = 0.868).
The marker-maintained period trend is highly
significant (Newey-West, lag of 10, ¢ test, P < 0.001),
leading to large differences in ingroup favoritism
across treatments.
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increases expected payoffs. The puzzle, however,
is how to get strong covariation endogenously in
decentralized societies under limited information
about the distribution of behavior-marker combi-
nations. How does symbolic meaning emerge in
the absence of fial? Interestingly, mixing players
with different expectations, which creates the orig-
inal problem, also creates a potential solution. It
does so by producing small amounts of covariation
(37) that can feed back into the system and accu-
mulate dynamically (38, 39).

The accumulation of covariation requires more
than mixing, however, because mixing by itself
ofien creates only a small amount of covariation
between behavior and marker (38). During our
experiment, individuals did not have infonmation
about the aggregate distibution of behavior-marker
combinations, and thus it would have been difficult
or impossible to recognize an initially weak rela-
tion between behavior and marker, Covariation
can increase, however, if individuals link behav-
fors and markers in specific ways. Linkage refers
to a tendency for an individual either to retain both
her current behavior and marker or to change both
her behavior and marker; what an individual does
not do is change one trait but not the other. Link-
age is crucial because it preserves the covariation
created by earlier mixing, while continued mixing
creates additional covariation that feeds back into
the system and gets added fo existing covariation.
The result is that the total covariation accumulates,
and this increases the economic incentives ©
interact with others having the same marker. For
covariation to accumulate, however, linkage should
not be indiscriminate. Rather, theory suggests it
should be more prevalent in specific situations
like those in which individuals acquire information
about economically successful behavior-marker
combinations (38, 39). If individuals, however,
never link under any circumstances because they
choose behaviors and markers independently,
covariation is constantly destroyed, and markers
cannot become strongly associated with behavior.

We conducted the following 1t 10 See
if players would show a preference for (i) linking
behaviors and markers and for (if) interacting with
partners displaying the same marker. In addition,
we wanted to know (i) whether linkage, if present,
would generate sizable covariation between behav-
ior and marker, which would then enable subjects
1o increase coordination via ingroup favoritism.
Players were assigned 1o one of muitiple populations
of 10. We randomly subdivided these 10 players
into two subpopulations of 5. Players within a
subpopulation played one of two coordination
games (table S1). Each game had two pure-strategy
equilibria, and thus players had to solve a co-
ordination problem. Both games had two behaviors
to choose from, A and B, but in subpopulation 1,
coordinating on A (41 points for each player
paired with another playing A) was better than
coordinating on B (21 points for each player
paired with another playing B), whereas in sub-
population 2, coordinating on B (41 points) was
better than coordinating on A (21 poinis). Mis-
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coordinating in either subpopulation brought a
small payoff (1 point). Payoffs were designed to
draw plavers in different subpopulations toward
different behaviors and so mimic the variation in
nommns, preferences, and expectations that often
exists because of historical separation or impor-
tant but unobservable environmental diff

population 2 switched subpopulations. All players
Imew this would happen, but no one knew which
two players had switched. In sum, each player had
a strong incentive to develop accurate expectations
about her current subpopulation, but from time to
time she found herself in a new situation where
her social exp ran askew of local norms.

To create a persistent coordination problem,
players from the different subpopulations were
mixed, and they were never told to which sub-
population they were assigned. If players had re-
mained in their initial subpopulations, the game
would have posed litle problem. Players would
have soon figured out their respective situations,
and presumably players in subpopulation 1 would
have only chosen A, whereas players in subpopu-
lation 2 would have only chosen B. Each period,
however, a randomly selected player from subpop-
ulation | and a randomly selected player from sub-

A

Payoff proportions 1

0

Payoft proportions

Fig. 4. Ingroup favoritism for the

Players could also condition social interactions
on symbolic markers, In each period, each player
chose ane of two shapes, A or e, A player’s payoff’
did not direetly depend on her shape, but players
could use shapes to influence with whom they would
play the coordmation game (39). The experment
lasted 80 periods. Each period proceeded as follows

Stage 1. Each player chose a payoff-relevant
behavior, A or B, for the coordination game and
a payoff-imelevant shape, A or e

Stage 2. An unidentified plaver from each

it lation switched subpopulation

Fig. 3. Payoff proportions in the marker-
maintained treatment (A) and the marker-
randomized treatment (B). The graphs
show the distribution of players by period
coordinating on the optimal behavior (black)
given the subpopulation (A in 1, B in 2),
coordinating on the suboptimal behavior
{gray) given the subpopulation (A in 2, B
in 1), or miscoordinating (white). See
supporting online text for a multinomial
regression analysis.

modified marker-maintained (solid
line), payoff-equivalent (dashed line),
and fixed-marker (line with open
circles) treatments. Newey-West (40)
regressions indicate that the modified
marker-maintained treatment began
with more assortment than the other
two treatments, and the differences
acress treatments increased through
time. Comparison of regression results
for the modified marker-maintained
and payoff-equivalenttreatments shows

02 03 04 05 06

Proportion assorting

01

that the intercepts are significantly 0

different (z test, P < 0.001), as are
the period trends (z test, P < 0.001).
Comparison of results for modified

Period

marker-maintained and fixed-marker shows that both the intercepts (z test, P < 0.001) and peried trends

(z test, P = 0.019) are significantly different.
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Stage 3. Bach player indicated whether she
wanted to play the coordination game with (1) a
randomly selected player with the same shape
from her subpopulation or (ii) any randomly
selected player from her subpopulation.

Stage 4. Each player was paired using her choice
in stage 3 and received a payoff hased on her behav-
ior, her parmer’s behavior, and their subpopulation.

To clarify our discussion of the results, when
there was litile or no covariation between behav-
1or and marker, we will call a set of individuals
who shared the same marker a “trivial” group.
These groups were trivial in the sense that the
markers partitioned the population into circles
and triangles, but these markers did not reliably
reflect any underlying varables affecting pay-
offs. We will call a group “cultural,” in contrast,
only when a set of individuals shared the same
marker afier a sustained increase in the aggregate
covariation between behavior and marker. Groups
were cultural in this case because markers did not
simply partition the population into circles and
triangles; they also, on average, partitioned the pop-
ulation into those who expected to coordinate on
A versus those who mcpaclﬂi to coordinate on B.

i isted of two In
the markcx mndonuzod treatment, each player
was randomly assigned a shape after stage 2 re-
gardless of the shape chosen in stage 1. In the
marker-maintained treatment, each player retained
her chosen shape. The marker-randomized treat-
ment was a control treatment in which marker
randomization precluded the possibility of the
marker becoming an accurate predictor of behavior.

dimensions. We coded behavior-marker choices
from stage 1 of periods 2 to 80 as “linked” or
“unlinked.” A linked choice was one in which a
player either retained her behavior and chosen
marker from the previous period or changed
both. An unlinked choice was when she changed
her behavior or marker but not both. A strong
preference toward linked choices was present in
general (Fig. 1), but it was significantly stronger
in the specific case when a player received the
optimal coordination payoff in the previous
period (conditional logit, P < 0.001, table S3).
These linked choices consisted almost exclusively
of choices in which the player retained her be-
‘havior and marker from the previous period (figs.
S1 and 82). In addition, although the preference
for linked choices afier coordinating on the opti-
'mal behavior was present in both treatments, it
was significantly stronger in the marker-maintained
treatment (conditional logit, P < 0.001, table $3).
These results indicate that players showed a gen-
eral tendency to couple behaviors and markers.
This tendency, however, was strongest when a
player hit upon a successful behavior-marker com-
‘bination, and it was further reinforced and ampli-
fied in the marker-maintained treatment when the
‘marker was not prevented fiom acquiring meaning.

Substantial linkage at the individual level
produces covariation between behavior and marker
at the aggregate level. If strong enough and
specific enough, the linkage exhibited in the
experiment should have produced a significant
increase in covariation in the marker-maintained
treatment, when it was possible, but not in the

The comparison between the two shows
() how much informational content the marker
acquired in the marker-maintained treatment
beyond the baseline when markers were randomly
assigned and (ii) whether any differences in
informational content translated Lnlc differences

marker-randomized when it was not.
Even though linkage was present, however,
covariation should have been similar in the two
treatments at the beginning of the experiment,
before covariation had time to accurmulate. Only
m Jau:r periods should the covariation have been

in the preference for ingroup

Subpopulations were not equivalent to sym-
bolically marked groups, whether trivial or cultural
In a given period, a player’s subpopulation was the
pool of players available for social interaction. A
symbolically marked group, in contrast, was the set.
of players from the entire population with the same
marker. In short, the division of players mto two
subpopulations, one favering behavior A and the
other behavior B, sustained variation in norms and
expectations. This variation, however, was not ch-
servable, and so it could not by itself serve as a
means of distinguishing one group from another.
Symbolic markers, in contrast, were observable
traits, and they could serve as a means of distin-
guishing one group from another. Markers, how-
ever, did not bear any necessary relation to behavior
and subpopulation. The significance of markers, in
essence, could only emerge during the experiment
as a result of player choices. Markers had the poten-
tial 10 become the basis for determining cultural
group affiliation ex post, and indeed that was our
question, but they were devoid of content ex ante.

For a sustained increase in covariation, indi-
viduals have to link the behavioral and marker
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ly higher in the marker-maintained
treatment. '[11: aggregate covariation between
behavior and marker indeed followed this dy-
namical pattemn. During the first five periods, the
covariation was not different in the two treatments
{(Welch two-sample ¢ test, df = 7.01, two-sided P=
0.68, Fig. 2A), whereas in the final five periods,
the covariation was significantly higher in the
marker-maintained case (Welch two-sample 7 test,
df = 12,107, twosided P < 0.001, Fig. 24).
Covariation thus strongly and significantly increased
in the marker-maintained treatment but not in the
marker-randomized case. This led to a strong
overall treatment difference in the accumulation
of the markers™ predictive power [Newey-West
regression (40), P < 0.001, Fig. 2A].

The presence of covariation does not mean
that players will exploit it by assorting into groups
characterized by shared markers. Players could
simply fail o recognize the association between
‘behavior and marker as it developed, or they could
fail to recognize its usefulness. Nonetheless, play-
ers exhibited an increasing inclination to request
partners with the same shape as covariation accu-
mulated. Throughout the marker-randomized treat-

REPORTS I

‘ment, players requested same-shape partners roughly
50% of the time (Fig. 2B), a result consistent with
indifference conceming the two interaction poli-
cies. In the marker-maintained treatment, however,
players increasingly requested partmers having the
same shape as time passed. This increase was
highly signi (Newey-West P<
0.001), and the vast majority of players (87%) re-
quested pariners with the same shape in the final
five periods (Fig. 2B), indicating that ingroup favor-
itism became an almost universal phenomenon.
In the presence of covariation, this kind of
ingroup favoritism should lead to more coordina-
tion and improved payoffs, but the strength of the
effect will vary with the degree of covariation and
preferential assortment. A calculation of the mean
payoff over periods for each subject shows that
payoffs were significantly different across the
two treatments. The mean payoff in the marker-
randomized treatment was 20.819 points, and it
was 27454 in the marker-maintained treatment
(Welch two-sample r-test, df = 88.912, two-sided
P<0001). This difference, however, depended spe-
cifically on the dynamical increase in the markers’
prediciive content in the marker-maintained treat-
‘ment, and this fact is central to our finding that the
evalution of cultural groups changed the incentives
associated with ingroup favoritism. Specifically,
for those players who requested a partner with the
same shape, the mean payoff per period was not
significantly different between the two treatments
in the first five periods (Welch two-sample r-test,
df =123.139, two-sided P = 0.1638), whereas it
was highly significant in the final five periods
(Welch two-sample ¢ test, df = 105,733, two-sided
P < 0.001). The higher overall payoffs in the
marker-maintained weatment stemmed from an
increase m coordinating on the optimal behaviar
in each of the two subpopulations (Fig. 3). A de-
tailed analysis formally confirms the substantial and
tobust payoff effect that resulted from assorting on
‘markers in the marker-maintained treatment (37).
These results show how the evolution of cul-
‘tural groups can reconstitute the social environment
and produce selection for an ingroup bias that
‘was not initially advantageous. If selective pressures
of this sort were common in past human societies,
a plaustble outcome would arguably be a rel-
atively inflexible bias leading individuals to prefer
others similar in some symbolic dimension. This
idea is consistent with much research showing an
astonishing willingness for subjects 10 exhibit in-
group favoritism when groups are based on trivial,
short-lived distinctions (/2, 15, 16, 21, 22). For
our study, this could mean that the marker-based
assortment we documented largely reflected a
readiness to favor the ingroup that was already in
place when the subjects came to the lab, and itdid
not stem from the endogenous formation of cul-
tural groups during the experiment. In particular,
although we found a pronounced difference in
assortment dynamics in our two treatments, we
still found astrong tendency to assort in the marker-
randomized treatment. This assortment was rel-
atively meaningless with respect to payoffs, but
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because requesting a partner with the same shape
was free, it is consistent with two different motives
on the part of plavers. Players could have simply
been indifferent between two largely meaningless,
cost-free social interaction policies, or they could
have had a strong residual taste for same-shape
partners even when such pairings did not improve
pavoffs. To distinguish between these two pos-
sibilities, we conducted a second experiment with
three treatments, all of which required subjects to
pay a small cost for ingroup favoritism.

In the three treatments of our second exper-
iment (37), subjects had to pay a cost of 1 point
when they requested and were successfully paired
with a partner having the same shape. To
maximize the salience of the marker, all players
retained their chosen markers in all treatments. In
the payoff equivalent treatment, the pavoff structure
was changed such that coordinating on A or B
yielded the same payoff (21 points) regardless of
the players” subpopulation. Because the payoff
structure in the subpopulations was identical in
this case, players did not differ in terms of some
unobservable variable related to payoffs, and thus
they had no material problem the markers could
help them solve. They could, of course, continue
1o bias their interactions toward those having the
same marker if willing to pay the cost. In the
fixed-marker treatment, players only chose a
marker in the first period. This marker was then
retained for all 80 periods. In this treatment,
markers were ostensibly similar to traits like race
that are often perceived as immutable. Because of
this perceived immutability, which may or may
not be an accurate perception, such traits are espe-
clally prone to essentialist generalizations and are
thus prime candidates for generating ingroup favor-
itism and outgroup hostility (41). A truly immutable
marker, however, like the one we implemented,
should not evolve to be a stable predictor of be-
havior because individuals cannot adjust their
markers to reflect changing social circumstances.
In the fixed-marker treatment, for example, players
could benefit from changing their expectations
about where to coordinate when they changed
subpopulations, bui they could not change their
markers to signal their shifiing expectations. Players
could nonetheless choose to assort on marker, if
they wished. Lastly, as a new baseline, the modified
marker-maintained treatment was similar to the
original marker-maintained treatment, but it
involved the same assortment cost used in the
payoff-equivalent and fixed-marker cases.

As in the original mark d treat-

mulate through time in the fixed-marker treatment

o 1 to their respective marker-maintained

(Newey-West regression, lag of 10, period trend
est, P = 0.294). The estimated time trend was
slightly negative, and this was significantly dif-
ferent from the positive trend in the modified
marker-maintained treatment (z test on Newey-
‘West estimated period coefficients, P=0.002). In
the payoff-equivalent treatment, covariance was
significantly lower in early periods than it was in
the modified marker-maintained treatment (z-test
on Newey-West estimated intercepts, P < 0.001),
and it declined even further at a significant rate
{(Newey-West regression, lag of 10, period trend
11est, P<0,001). In this case, covariance actually
declined all the way to 0 because all players soon
converged on A in all subpopulations. With no
variation in behavior, covariation between be-
havior and marker is not possible. Shared history
was sufficient to form accurate expectations about
‘where to coordinate, and the marker was not use-
ful in this respect. In sum, trivial groups became
cultural groups in the modified marker-maintained
treatment, but trivial groups remained trivial in the
payoff-equivalent and fixed-marker treatments.
Players, in tumn, responded strongly to the re-
sulting variation in the accumulated predictive
power of markers. In the modified marker-maintained
baseline, roughly 55 to 60% of the players re-
quested partners with the same shape in later
periods (Fig. 4). In the payoff-equivalent and
fixed-marker treatments, however, only 15 to
25% assorted on shape in later periods, and the
differences relative to the baseline were highly
significant (Fig. 4). The payoff-equivalent case is
especially clear because, as mentioned above, all
players eventually played A in both subpopula-
tions, and the predictive value of the markers
went to zero as a result. Correspondingly, the pro-
portion of players requesting same shape partners
unraveled relentlessly as the experiment progressed
(Fig. 4). The fact that assoriment did not disappear
altogether suggests that perhaps a few players had
aweak taste for assortment even when this did not
improve coordination. Altogether, however, our
results show that the preference for interacting
with similarly marked players varied strongly ac-
cording to whether markers became accurate
predictors of behavior in the face of heterogeneous
‘behavioral expectations. In short, ingroup favoritism
had little to do with an unconditional preference
for similarly marked partners and a lot to do with
‘whether trivial groups evolved into cultural groups.
For this cultural evolutionary transition to happen,
two had to be met. First, players had

ment, the covariance between behavior and marker
accumulated at a significant rate through time in
the modified marker-maintained treatment [Newey-
West (40) regression, maximal lag of 10, period
trend ¢ test, P = 0.003]. In early periods, the
covariance in the fixed-marker treatment was lower
than it was in the modified marker-maintained
treatment, and this difference was marginally sig-
nificant (z test on Newey-West estimated intercepts,
P = 0.067). Furthermore, unlike the modified
marker-maintained case, covariation did not accu-
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to differ persistently in some important but un-
observable dimension that could sustain symbolic
representation. Our payoff-equivalent treatment
removed this feature, and assorting on shape stead-
ily declined through time. Second, the symbolic
markers themselves had 1o be freely chosen and
mutable in a way that allowed an association
between markers and unobservables to develop.
Our marker-randomized and fixed-marker treat-
ments removed this feature, and assorting on
shape was relatively low in all periods when

treatments.

The research on intergroup processes indi-
cates that people have a willingness to show
ingroup favoritism, and in particular this holds
even when groups are trivial and evanescent
(12, 13, 16-18, 20-22, 25). This research tradition
has generally examined neither the evolutionary
mechanisms behind group formation nor the
impact of these mechanisms on ingroup favorit-
ism. We implemented an experiment in which
the significance of groups had to arise, if at all,
endogenously, thus providing an evolutionary
foundation for ingroup favoritism. In this setting,
trivial groups remained trivial under certain cir-
cumstances, but under other circumstances they
developed into cultural groups composed of in-
dividuals who shared both behavioral expectations
and symbolic markers signaling group affiliation.
Ingroup favoritism was strongly associated with
cultural groups but not with trivial groups. Our
experiments made exclusive use of coordination
games, which serve as a kind of generic proxy for
strategic settings with multiple equilibda. Many
strategic settings are characterized by multiple
equilibria (42), and thus the dynamical processes
examined here have potentially broad significance.
The mechanisms implicated in the evolution of
human prosociality, for example, often produce
multiple equilibria (43, 44, and so cooperation
is a behavioral domain with considerable scope
for the path-dependent evolution of groups with
different norms and expectations. In this sense,
cooperation can be analogous to coordination.
Even more generally, whenever people have a
shared interest in distinguishing among them-
selves in terms of their unobservable information
(38), whatever that means in a given situation, the
logic behind the evolution of cultural groups holds.
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Understanding Overbidding:
Using the Neural Circuitry of Reward
to Design Economic Auctions

Mauricio R. Delgado,” Andrew Schotter,” Erkut Y. Ozbay,’ Elizabeth A. Phelps™*

We take advantage of our knowledge of the neural circuitry of reward to investigate a puzzling
economic phenomenon: Why do people overbid in auctions? Using functional magnetic resonance
imaging (fMRI), we observed that the social competition inherent in an auction results in a more
pronounced blood oxygen level—dependent (BOLD) response to loss in the striatum, with greater
overbidding correlated with the magnitude of this response. Leveraging these neureimaging results, we
design a behavioral experiment that demonstrates that framing an experimental auction to emphasize loss
increases overbidding. These results highlight a role for the contemplation of loss in understanding the
tendency to bid “too high.” Current economic theories suggest overbidding may result from either “joy of
winning” or risk aversion. By combining neuroeconomic and behavioral economic techniques, we find that
another factor, namely loss contemplation in a social context, may mediate overbidding in auctions.

n unresolved question in the emerging

field of neuroeconomics is whether data

from neurscience can inform economic

theory such that it motivates behavioral economic

institutional design (J—4). In this report, we address

this question by taking advantage of our know!l-

edge of the neural circuitry of reward to investigate

a puzzling economic phenomenon. Specifically,
why do people overbid in auctions? (5, 6).

Auctions are an old and widely used method in

allocating goods (7). Mention of them dates back

to Roman times, when spoils of war were sold on

the block. Although there are many different types
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of auctions, they all share the feature that bidders
must determine a bidding strategy (or bid func-
tion) to be used in submitting their bid. A bid
function for a buyer in an auction is a mapping
from the value that the bidder places on the good
for sale to the bid chosen. A set of bidding func-
tions is considered to be an equilibrium (Nash
equilibrium) if, given the strategy used by one’s
opponents, no bidder has any incentive to change
his or her bidding strategy. One robust finding in
experimental auctions is that bidders tend to bid
above their Nash equilibium risk-neutral bid
function (5); this behavior has been labeled
“overbidding” in the economics literature. In other
words, given the value of the good for sale they
submit bids that are “too high.” Two competing
explanations for this phenomenon exist Many
scholars have assumed that risk aversion is re-
sponsible for this increase in bids, because bidding
above one’s risk-neutral Nash equilibium bid
function is exactly what risk aversion prescribes
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(5, 6, 8). Another explanation stems from the ideas
that bidders enjoy a “joy of winning” the social
competition inherent in an auction (5, 6).

The goal of this study is to provide insight into
the neural circuitry of experimental auctions and to
use this insight to generate and test a behavioral
economic approach to understand overbidding
First, we used functional magnetic resonance imag-
ing (MRI) to examine the neural correlates of
winning and losing an experimental auction, while
‘modulating potentially important variables such as
type of social competition (auction versus lottery)
and type of incentive (money versus points with no
monetary value). On the basis of these brain im-
aging results and our understanding of the neural
circuitry of reward, we generated a hypothesis con-
ceming the mechanisms underlying overbidding
in experimental auctions. We then tested this hy-
pothesis in a behavioral economic experiment

In the fMRI study, 17 participants were in-
structed that they would each be playing two
types of games: a two-person auction and a lot-
tery (52 evenis for each treatment) (9). Before
participants were scanned, they briefly met their
competitor for the auction and were informed that
they would be playing an unknown but fixed
strategy. In the auction game, participants were
assigned a value (¥) at the beginning of each trial
These values were drawn from a finite set with
equal probability. Participants were asked to
choose a bid (&) (the decision phase) and were
then informed if they won or lost the auction (the
outcome phase). There were four possible s
assigned for the good sold (6, 8, 10, 12) and four
options for b (2, 5, 7, 8). The competitor bid
according to the Nash equilibium strategy (Vb
equals 6:2, 8:5, 10:7, 12:8), In the money con-
dition, Vand b represented dollars, and the partic-
ipants were informed they would receive a payoff’
of V minus b if they won that trial and zero if they
lost. They would be paid their total winnings
from one randomly selected block out of the four
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money blocks presented (each encompassing 13
trials) at the end of the study. In the poinis con-
dition, ¥V and b represented points. Participants
were told that the accumulation of points from a
random points block (the sum of ¥ minus b for
win trials) would be a measure of how well they
did relative to other participants, with final anon-
ymous results di: d at the h of

of incentive, only in the right and left striatum
(Fig. 1A). Activation in this region has previous-
ly been shown to be graded according to the
magnitude of monetary gain and loss during
probabilistic games ({2-15), with an increase in
BOLD signal relative to resting baseline for posi-
tive outcomes (wins) and a decrease for negative
(losses) (14-16) that resemble leamning

the study. The auction game used the first-price
sealed-bid rule in which the participant did not
know the Vassigned to the competitor on each
trial and the higher bid won. In case of identical
bids, ties were broken at random. Because losses
yielded zero payoffs, a loss did not signify a mon-
etary or points loss per se, but merely that the par-
ticipant did not win that particular auction (/0).

In the lottery game, subjects plaved against a
computer that used the same fixed Nash equilib-
rium hid strategy as the auction game confeder-
ate. Unlike the auction, participants were not
required to submit a bid for the random value
assigned to them. Rather, they were assigned
both Vand b at the beginning of each trial and
were simply asked to indicate if they wanted 1o
play the lottery for that tral {decision phase). If
their assigned b was greater than the b generated
by the computer’s Nash equilibrium bid, they
waon the lottery, if not, they lost (outcome phase).
As in the auction game, participants played the
lottery for either money or points. Behavioral
measures of reaction time and choice were col-
lected throughout the experiment, along with
postexperimental Likert-scale ratings (9).

As in previous auction studies (3, 6), par-
ticipants overbid with respect to the risk-neutral
Nash equilibrium [(16) = 3.04, P< 0.008], Over-
bidding compared with choosing the equilibri-
um bid was greatest when the incentive was
monetary [#(16) = 3.30 P < 0.005]. Overall, par-
ticipants” chosen b was greater than the equilib-
rium b on 65% of the money trials and 57% of
the point trials (11).

The goal of the fMRI study was to examine
the effects of type of social competition (auction
versus lotiery) and type of incentive (money ver-
sus points) on blood oxygen level-dependent
(BOLD) responses to winning or losing. Given
this, the focus of the analysis was the outcome
phase. Statistical maps contrasting wins and
losses across all conditions were generated (P <
0,001, cluster threshold of 3 mm® contiguous
voxels). Mean beta weights (19) from each re-
gion of interest (ROI) defined by this contrast
were extracted and input into two separate analy-
ses of variance {ANOVAS) to examine main ef
fects of social competition and incentive during
win or loss outcomes separately. Regions identi-
fied during the outcome phase included both left
and right striatum, specifically the ventral caudate
nucleus, previously implicated in monetary out-
come processing and leaming from feedback
(12-18), along with ROIs in the occipital lobe
(table S4). An examination of the BOLD re-
sponse in these ROIs revealed di ial

signals (17, 1&). Within the right striatum ROI
(20), resulis differed across win and loss trials. A
main effect of incentive (F, 15 = 9.67. P < 0.01)
was observed during win trials, driven primarily

by a larger response to monetary reward com-
pared with points reward [£(16) = 3.11, P< 0.01],
but no main effect of social competition was ob-
served. Instead, differences between auction and
lottery trials were apparent only in the context of
losses (F) 16 = 5.29, P < 0.05). Of particular in-
terest, post hoc ¢ tests showed that mean beta
weights for win trials during the auction game
(irrespective of incentive) were not significantly
different from the lottery game [#(16)=-0.60, P=
0.55]. In contrast, mean beta weights for losses
led to a more pronounced decrease from baseline
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Fig. 1. Striatal response to loss is enhanced by social competition in the auction game. (A) Win versus
loss outcome contrast: right striatum, including the ventral caudate nucleus was identified as a region of
interest (peak atx, y, z= 10, 2, 1). (B) Parameter estimates, or mean beta weights, for win and loss trials
from the right ventral caudate ROI for auction and lottery games show differential responses between
auction and lottery only during losses. Error bars are SEM. (C) Across participants, the general tendency to
overbid during auction trials correlated with BOLD signals in the right striatum ROI (depicted by param-
eter estimates) when an auction outcome was a loss (r = —0.493, P < 0.05), but notwhen the outcome was
awin (=-0.059, P = 0.82).

Table 1. Results of two separate regressions on the auction data (cluster analysis by subjects)
(+SEM). First regression analysis: Overbids are regressed on BOLD signals from the right striatal ROI
for individual win-and-loss trials (outcome phase) during the auction game. Second regression
analysis: Overbids are regressed on BOLD signals from the rights striatum ROI and on values (V).
The number of observations (V) for each trial is given.

Regression coefficient

sponses for type of social competition or for type
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Typesit tral " Values BOLD Signal
First regression analysis
Win trials 397 —0.016 + 0.1342
Loss trials 372 —-0.316 + 0.2384"
Second regression analysis

Win trials 397 0.024 + 0.0208 —0.04 + 0.1249
re-  Loss trials 372 0.072 + 0.0816 —0.237 + 0.1836"

P =< 0.05
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during auction compared with lottery trials [{16)=
-2.30, P< 0.05; (Fig. 1B)]. Finally, a correlation
between mean beta weights in the right striatal
ROI and a participant’s tendency to overbid in
general (ie, the total number of times a partic-
ipant chose 10 overbid during auction trials) was
observed for loss (r = —0.493, P < 0.05), but not
win (r =-0.059, P=0.82) outcomes (Fig. 1C).
Given that there was no actual loss of money
or points in either game, it is somewhat surprising
that the response to losses during the auction game
vielded a significant decrease in BOLD signal rel-
ative to the resting baseline and the lottery game.
One possibility is that the social competition in-
herent in the auction game resulted in a loss signal
in the right striatum, mirroring that observed with
actual monetary loss. The importance of social
competition in driving responses m the auction
game is further supported by the data from the
points condition. Notably, the points incentive could
be interpreted as a more relative rewand (with re-
spect to other competitors), whereas the monetary
mcentive is a more abstract reward. A two-way
repeated measures ANOVA, including only the data
from the points condition with type of social com-
petition and type of feedback (win and loss) as fac-
tors, revealed a main effect of competition (F, 16 =
4.44 P < 0.05). This was driven by right striatal
responses to winning versus losing during the auc-

Fig. 2. Estimations of bid 90.00 -
functions for the loss-frame,
bonus-frame, and baseline
control conditions with ref-
erence equilibrium func-
tions. Relative to reference
equilibrium bids (light blue
and purple lines), partici-
pants overbid in all three
treatment conditions. Con-
sistent with increased over-
bidding in the loss-frame
condition (pink line), bids
were higher overall in this
conditien and the slope of
the bidding function was
significantly steeper in the 0.00
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tion [#(16) = 2.01, P= 0.06], rather than the lottery
game [(16) = 0.50, P = 0.63] (see fig. S1). The
finding that social factors can modulate responses in
the striafum to monefary incentives has been pre-
viously demonstrated with other economic games
(21-25). For experimental auctions, it appears that
the social interaction specifically alters the response
10 losses in the striatum, in addition to enhancing
overall responses to a nonmonetary reinforcer.

Alihough the inference of psychological states
from BOLD responses should generally be viewed
with caution {26), our imaging results provide some
mitial hypotheses as to the nature of overbidding in
experimental. auctions. The lack of an enhanced
BOLD response in the striatum to wins {in the auc-
tion compared with the lottery) suggests that the
“joy of winning” may not be mediating overbidding
in experimental auctions. In contrast, the stronger
BOLD response to losses in the auction game sug-
gests that a fiear of losing a social competition may
be linked to overbidding. The fear of losing the so-
cial competition of an auction may lead to a striatal
respanse similar to that observed in loss aversion
(27). However, because no actual losses occurred in
this experiment, it would appear that the “fear of
losing” the social competition was a factor inde-
pendent of pure loss aversion.

To further explore these hypotheses a post hoc
analysis was conducted. For each subject, we ex-

loss treatment than in either 0 10
the bonus-frame (light blue
line} (t = 3.023, P < 0.005)

0 30 40 0 60 0 80 20 100
Values

or the baseline control (yellow line) (f = 11.743, P < 0.005) conditions. In addition, the slope of the bidding
function for the bonus-frame condition was significantly steeper than the baseline control condition (t =

8.283, P < 0.005). See Table 2 for bid functions.

Table 2. Reference equilibrium and estimation of bid strategies for baseline, bonus- and loss-frame
conditions. Regressions were conducted with random effects. For estimation of bid strategies, we
used a linear specification. Bid functions were estimated using higher-order polynomials, but the
coefficients associated with those higher order terms were insignificant.

Condition Bid function N L3
um baseline b=0+ 0.5V
Equilibrium + $15 b =15+ 0.5/
Baseline b=0+ (0.614 £ 0.011V 660 0.805
Bonus-frame b =1(9.74 + 2.547) + (0.702 + 0.017)V 1380 0.733
Loss-frame b =(11.09 £ 2.09) + (0.74 £ 0.017)V 1560 0.761
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tracted beta weights from the right striatal ROT for
wins and losses (outcome phase) for each auction
trial. With these beta values, we ran two separate
Tegressions, with a cluster analysis by subjects, ex-
amining the relation between the overbids (the
difference between the actual bids and the Nash
equilibriumm), the value assigned (77), and the BOLD
response during the outcome phase to a win or
loss. Our results indicate that the BOLD response
coefficient is not significantly different than 0 for
the win trials [1= 025, P> 0.05], but significant
responses are observed for loss trials (1= -2.81, P<
0.05) (Table 1, first regression analysis). The BOLD
response regression coefficient of loss trials is sig-
nificant even when value (V) is included as a
controlling factor {f = -2.74, P < 0.05) (Table 1,
second regression analysis). These results, com-
bined with our cross-subject correlation (see Fig
1), lead to the intriguing conjecture that perhaps
it is the anticipation of a possible loss in experi-
‘mental auctions that is, at least in part, driving the
tendency to bid “wo high.”

If this conjecture is correct, we should be able
to take advantage of this fear of losing to design an
experimental auction that will result in an even
slmngernmdmc) 1o overbid. More prncls?.'ly, if the

i ion of the 1 ) state: i d with
loss led participants to increase their bids to avoid
that state, then manipulating the parameters of a
first-price auction to highlight the potential for loss,
as opposed to gain, should increase bid values, even
if the equilibrium bid function was left unaltered.
Hence, we would expect that the loss-frame auction
would not anly increase bids conditional on value,
‘but also raise more revenue than either a control auc-
tion or one where gains or “wins” are emphasized.

In order to test these assumptions, we ran a be-
havicral economic expedment with three condi-
tions. In all conditions, participants played 30
rounds of an auction game with a randomly as-
sipned single competitor (another participant) on
each trial. The range of ¥ was 0 to 100 experimental
dollars. In each round, participants knew their own
assigned ¥ and the distnbution (28) of their com-
petitor’s assigned values and were asked to submit a
‘bid {A). The participant submitting the highest & won
the good. The payoff was equal to ¥ minus b for the
winner and zero for the loser

There were three experimental groups: baseline,
loss-frame, and bonus-frame. The baseline condi-
tion was a typical first-price auction as described
above. The loss-frame auction was identical 1o the
baseline except that participants were given a sum
of 15 ex ! dollars at the b ing of each
round and were told it was theirs to keep if they
won the auction, but that they would have to give it
back if they lost. As previously discussed, the pur-
pose of the loss-frame was to prime or enhance the
possibility of a loss while hypothesizing, based an
the observed striatum BOLD responses, that such
priming would increase bidding behavior. The
‘bonus-frame auction was again identical to the
baseline, except that participants were told that, in
addition to receiving the payoff (¥ minus #), if they
won the auction, they would also be given a bonus
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). K Goeree, €. A Holt, T. R. Palfrey, J. £con. Theory 104,
R Cassidy, Auctions and Auctioneering (Univ. of Cali.

In auctions. for any given value received, the bidder dhooses
His optimal bid by trading off the probability of winring

Gincreasing with higher bids} with lower profitsif a win ocas.
In the trade-off, risk-averse bidders are wiling to receive less
profitin arder to be more certain of a win, hence, overbidding.

material, available on Sciznce Online,
for further methodological details induding procedures and
arkditional analyses. Each trial was 30 s long, with decisions
Lasting 4 5, followed by 12 5 of fisation and outcomes
lasting 2 s, followed by 12 5 of intertrial interval.

A "loss” refers to losing the bidding phase and nat the actual
Viminus & piayoft, There were a few trials where participants’ b
exceeded the presented Y, which resulted in an auction “win®
but with an assodated cost to this excess overbidding
(negative final profit). These trials fsix overall, across the
experiment} were exduded from neurcimaging anatysis.
See table $3 and supporting anline material (SOM) for
further analysis. Owerbidding was also significant when
the incentive was points [{16) = 2.40, P < 0.05].
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Table 3. Mean revenue by treatment and statistical comparisons (one-tailed t test) of revenues & 247 2002},
across treatments in the behavioral study. Revenue generated in the loss-frame is significantly 7
greater than both the bonus-frame and baseline conditions. In addition, the bonus-frame condition Press, Berkeley, CA, 19673,
resulted in greater revenue than the baseline condition. 3
Revenue
Baseline Bonus treatment
Loss treatment 45.62 + 1.524 #1108) = 3.534 1(1468) = 2.943 ¥
P = 0.0002 P = 0.0017
Bonus treatment 42.41 + 1.495 #1018) = -1.26
P =0.1165 i
Baseline 40.88 & 1.857
of 15 experimental dollars. Note that in both the  If sensitivity to risk alone is mediating overbid-
loss- and bonus-frame conditions, only the winners  ding, then the simple framing manipulation in
get an additional 15 experimental dollars, so the  our behavioral study would not have been eft 11
auctions are strategically identical. The difference s~ fective, because nsk was equivalent in both the
simply the way it is framed (¥). Given this, equi-  loss- and bonus-frame conditions. By emphasiz- 4
librium bid functions are the same in the loss-frame ~ ing the potential loss in the loss-frame auction, )
and bonus-frame treatments for any given form of  we were able to increase overbidding. Our resulis 13,
the utlity function. In the risk-neutral Nash equi-  suggest that lated loss is an imp 1.
libriwm for the two nonbaseline treatments, partic-  factor in experimental auctions. The fear of los-
ipanis’ bids should be the same as the baseline  ing the social competition inherent in an auction
condition plus 15 experimental dollars. However, may lead people to pay too high a price for the 14
if the hypothesis derived from our fMRI results is  good for sale. The results of this report, therefore,
correct and the fear of losing is prompiing over-  highlight an extra component in subject’s behav- /-
bidding, we should observe higher overall bids in  ior, chiefly the social component of competition, ig‘
the loss-frame condition than either the bonus-  which is not captured by models limited to typical d
frame or baseline conditions. economic variables like profits and probabilities.
The bid function for each condition is summar- Recently, there has been significant debate about
ized in Table 2. As expected from previous re-  whether neuroscience techniques can provide novel @ i Tk SELL
search, there was overbidding inall three condifions  insights o econamic questions (7). Although there 31 1) g Owenesn, 56
relative to the risk-neutral Nash equilibrium. In ad-  have been a number of neuroeconomics studies that 22,
dition, there was a constant relative increase in  have utilized economic games to further our under- (2004),
overall bid amount in the two nonbaseline condi-  standing of brain function, the benefits to traditional 2>
tions due to the additional potental profit of 15 behavioral economics as aresultis unclear Aswas  © % Frage 8 fne
experimental dollars. Consistent with our hypothe-  observed in the progression of cognitive newrosci- 2, !
sis, there was also a significant difference in the  ence, using neurcscience models to inform behav- 8, 1611 (2005).
slope of the bid functions across conditions. Ascan  foral or psychological questions requires an initial ;?
be seen in Fig. 2, the bid function for the loss-frame  basic understanding of the neural mechan iy
condition is higher overall than the bid function in  underlying the behavior in question (3, 4, 29). Be- 2
all other conditions. This s true despite the factthat  cause of recent advances in neuroeconomics and
both the bonus- and loss-frame conditions have  our knowledge of the neural circuitry of reward, we probability of being chosenl.
identical equilibrium bid fimctions. If we calculate  were able to leverage our neuroimaging resuls to 2
the actual revenue to a hypothetical auctioneer gen-  develop an auction design that highlights the im- 34,
erated in the experiment, the revenue generated by portance of framing and, specifically, the contem-
the loss-frame (45.62) was significantly higherthan  plated loss, as an explanation for overbidding during - Sunderland, WA, 2004}, p. o,

either the bonus-frame (42.41) or baseline (40.88)
conditions (Table 3). By taking advantage of our
knowledge of the brain’s reward circuitry, we were
able to design a novel auction paradigm that led 1o
greater overbidding

Previous economic investigations of experi-
mental auctions have led to two opposing views
as to the nature of overbidding (5, 6). The combi-
nation of neuroscience and behavioral techniques
provides an interesting perspective on this age-
old question. Both our brain imaging and behav-
ioral results are inconsistent with the suggestion
that the “joy of winning” mediates overbidding.
Although our findings are not inconsistent with a
role for risk aversion in the tendency to bid wo
high, they suggest we should more specifically
consider the fear of losing or social loss aversion.
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experimental auctions. Our results provide evidence
of how an understanding of the neural systems of
economic behavior might inform economic theory.
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FRENCH RESEARCH IN
TRANSITION

Mare funding, more autonomy and a new administrative system: over the past
three years, French scientific research has undergone massive reforms. From
the establishment of the National Research Agency (Agence Nationale de
fa Recherche, ANR) in February 2005 to new laws on research and university
autonomy passed in April 2006 and August 2007, France is now on a road to
modernization which aims both to simplify and rejuvenate what President
Nicolas Sarkozy described last March as “an old moth-eaten system (in vieux
statut mité).” By Michel Leroy, Laurent Passicousset, and Julie Clayton

ntil now, research in France has been divided among five different

types of organizations: universities, elite higher education

institutions (the grandes écoles), national research agencies such

as the National Center for Scientific Research (Centre National de

la Recherche Scientifique, CNRS), foundations such as the Pasteur
Institute, and private labs. The reforms are shaking up research mainly in the
public system, to enhance collaboration and international competitiveness,
pay structures, and recruitment of foreign scientists.

Among the 360,000 researchers in France today, 55 percent work for the private
sector, mainly in four industrial fields: electronics, engineering, computer services,
and pharmaceuticals. The public sector, meanwhile, struggles to attract the best
new researchers, competing both with the private sector and with international
labs. To make matters worse, most of the alumni from the science and engineering
grandes écoles do not move on to graduate training, preferring management
positions in industry to a research career. And research priorities are different, as
public funding focuses on life sciences, social sciences, math/physics/chemistry,
and space exploration.

More Collaboration, More Funding

One of the mast significant measures of the French reforms is the law called
FreedomandResponsibilitiesofthe Universities (also known as the Autonomization
Law), which was adopted three months after Sarkozy's election. This gives
university presidents more freedom to recruit staff, manage their assets and
budgets, create partnerships with industry, and look for additional funding from
private companies.

A key goal of this and other reforms is to enhance collaboration between
different players, including with industry, even though 90 percent of the CNRS’s
1,200 departments are already joint bodies, or units, comprising university and
research agency laboratories.

Public-private partnership is also encouraged as a way to attract both new
funding and industry collaboration, inspired by the se-called American R&D model
of amore industry-oriented approach.

“We need to be clear,” says Gérard Posa, director general of the newly estab-
lished Lyon 1 University Foundation. “France's culture does not allow us to be
copycats of the American system. Nevertheless, we have chosen the closest mod-
el we could, with clear aims and ways to achieve them: a system that works like
industry does.”

Eighteen years ago, Posa established, alongside Lyon 1, a commercial body
called Ezus. Ezus brings together leading chemical and biopharmaceutical
companies to invest in applied research in this city, France’s second continued »
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Focus on France

“There’s no rivalry between
those who want to work

in state-funded research and
those who want to work in
the private sector.”

—Jacques Berger

largest. The venture has doubled its turnover in the past five
years to €14 million ($20.2 million), and has filed several dozen
patents. According to Posa, “The aim of a foundation is to work
as a facilitator on a noncommercial basis. Our strength is to be
on the ground. We know intimately each department and each
laboratory of our university—and thus their potential.”

Despite Lyon 1 University moving slowly initially, the collabo-
ration with Ezus has paved the way for cultural change, creating
a far closer relationship and collaberation with industry.

Otherinstitutes have followed the trend, such as the National
Institute for Agricultural Research (Institut National de la
Recherche Agronomique, INRA), which enjoyed a turnover of
€8.2 million ($11.8 million) in 2007 and an 8 percent rise from
the previous year in industry-funded research.

Competitiveness

Under the 2007 law, French universities can establish foundations
forreceiving donations, The foundationscanthen determine which
research projects, facilities, or positions they wish to support,
including the appointment of new chairs and the provision of
competitive salaries to attract prominent researchers, “A survey
identified foreign research workers who would be interested in
coming to Lyon,” Posa says. “Within the next year, at least two or
three new chairs will be established to welcome them.”

One ofthe Lyon-based investors is vaccine manufacturer Sanofi
Pasteur, whose president, Jacques Berger, sees many benefits
to the changes: “There’s no rivalry between those who want to
work in state-funded research and those who want to work in
the private sector,” he says. As a result, Berger has witnessed
closer cooperation between university and industry researchers,
particularly in areas where university researchers excel.

In the awarding of their funding, the foundations, like the
universities, are giving priority to global competitiveness clusters
identified by the government in 2005, The LyonBioPole is one of
these, dedicated to virology, immunology, and diagnostics.

In mid July, the ministry selected all but one of the 10
campuses that will be revamped with such a global perspective
in mind. These constitute the pilot group of a €5 billion ($7.2
billion) renovation plan, achieved through the amalgamation of
universities. The universities, rather than the ministry, decide
upon their involvement—an illustration of their new autonomy.
For the first time, the French egalitarian system has been
abandoned: the project encompasses just 39 out of the 83
existing universities.

The first nine pilot campuses are in Bordeaux, Grenoble, Lyon,

1858

Montpellier, Strasbourg, Toulouse, Aubervilliers, Aix-Marseille,
and Saclay, the last being a huge and frequently postponed
project, once described as a French MIT, 20 km south of Paris. The
tenth, somewhere in central Paris, will be announced in November.
This list also illustrates another aspect of the French reforms—a
greater devolution of power to the regions. The regions seeing
the highest investment are lle-de-France (Paris), Rhéne-Alpes
(Lyon, Grenable) and Aquitaine (Bordeaux). Trailing behind are
Auvergne (Clermont-Ferrand) and Alsace (Strasbourg).

Not everyone is convinced, however, that the changes will
lead to better results. An American astrophysicist, David A.
Smith, moved to France 15 years ago after a stopover in Pisa,
Italy. He now works for the Nuclear Studies Center (Centre
d’Etudes Nucléaires) in the southwest city of Bordeaux, in a
CNRS laboratory.

“In the USA, everybody cooperates and exchanges. This
is part of a long-lasting tradition. Here in France, everything
is fragmented,” he laments. “I support the desire to make
people work together, but administrative grouping does nat
automatically lead to collaborative groups of people.”

Many in the scientific community point out that they did
not wait for the latest reforms before applying for funds and
developing collaborative projects. “Despite having some deficit
in applied science, some projects already exist,” says Jean
Esterle, a professor at Bordeaux 1 University. “Last January,
we launched a research study with the National Institute for
Research in Computer Science and Control (Institut National de
Recherche en Informatique et en Automatique, INRIA), together
with the neighboring Pau University and various partners
including the oil company, Total.”

Furthermore, France was the third largest beneficiary of the
European Union’s 6th Framework Programme for Research and
Technological Development, winning a 13 percent share of the
overall sum available, i.e., €2.17 billion ($3.13 billion). This
has helped enhance the country’s ability to compete in the
intemational arena and attract foreign talent.

According to Esterle, the scientific community in Bordeaux is
already internationalized. “We have among our permanent staff
mathematicians from Germany, Russia, Bulgaria, the United
States, China, and Iran.”

Nationally, 20 percent of the Ph.D. candidates come from
outside the European Union. But the number of foreign
postdoctoral scientists is dramatically lower. To redress this,
the 2008 state budget has increased by 10 percent the funds
aimed specifically at allowing universities to attract postdocs.

The new trend toward increasing employment of scientists
from abroad is already evident in the universities, where 10
percent of newly appointed associate professors and 15 percent
of full professors now come from abroad.

Attracting Talent

A major attraction for foreign researchers is that the French
national research agencies and universities employ researchers
on permanent civil service contracts. “Probably the most crucial
step at the beginning of a career is to secure civil servant status,”
says Smith of the Nuclear Studies Center. “It gives peace of mind
and the ability to concentrate on one’s research.”

www.sciencecareers.org/businessfeatures
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One research center that is
actively recruiting foreign scien-
tists—into biology, ecology, en-
vironmental science, and other
areas—is INRA, where around
25 percent of candidates for per-
manent positions are foreigners,
INRA is Europe's largest agricul-
tural research center, or rather
collection of centers located
throughout France. Civil servant

“It's really important that
our researchers think
international, and have an
international network.”
—Thierry Boujard

the United States and United
Kingdom. This is where private
foundation-based research cen-
ters such as the Paris-based In-
stitut Curie have an advantage,
according to director Daniel Lou-
vard. On the flip side, French sci-
entists start their career earlier
than their US or UK counterparts,
due in part to the extended post-
doctoral training required in the

salaries are given to those in per-
manent positions, while overheads are provided for those on
short-term contracts. Individual research units seek grants from
various sources, including ANR, the EU, private companies, and
government ministries. To add to the international flavor, most
of the French researchers hired into permanent positions have
worked abroad, according to Thierry Boujard of INRA's human
resources department. “It's really important that our researchers
think international, and have an international network.”

Twa years ago INRA also launched a new scheme of providing
four-year contracts to foreign researchers who propose their
own program of study, with salaries that are higher than those
forcivil servants. Theyare then expected to move onto pasitions
elsewhere, but stay part of a collaborative network. “We expect
that it will open collaborations for much more than the four
years,” says Boujard. The institute also takes special steps to
help newcomers settle in, organizing accommodation and social
security, and providing intensive French language courses.

Starting Out

A prevailing concern in France is the difficulty that early career
scientists have in achieving independence in a hierarchical sys-
tem dominated by experienced heads of labs and departments,
particularly in the universities. Most scientists starting out join
an existing lab, rather than running their own as is common in
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latter countries.

Institut Curie combines a research center and hospital
focusing on the diagnosis and treatment of cancer, and
specializing in breast and gynecologic cancers, and pediatric
tumors. Its ranks will soon swell from 900 to over 1,000 people
with the opening of a new Department of Developmental
Biology in October. Six teams are already in place, and the
recruitment drive is under way to complete the teams for the
opening. Louvard is aiming to hire mostly junior investigators.
“We want to stimulate research by giving a chance to young
investigators starting either from an existing small group or
from scratch, i.e., just finishing their first or second postdoc.”

Louvard is also imposing limits on team size. “We want to
avoid the formation of big empires and stimulate the interactions
between these groups—there’s an incentive to collaborate
because you’re not big enough.” In this way, Louvard believes
the institute will gain most from its mix of research disciplines
and potential for translational research, involving anything
from theoretical physics and pharmacochemistry through cell
biology and radiobiology to imaging and bioinformatics.

The public system is still “too complicated, too centralized,
and too slow,” Louvard asserts. In contrast, “Our attractiveness
is our ability to react quickly, to be adaptable,” including for
the employment of foreign researchers. “A postdoc candidate
can send me a CV at any time during the year, and continued »
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within two weeks | can say yes or no—granting the possibility
of bringing that person in the next day and guaranteeing a 12-
month salary equivalent to a Marie Curie Fellowship.” He is also
providing up to 30 percent extra in salary to scientists who do
additional activities such as teaching, training, and interacting
with clinicians or with industry.

Itis perhaps a testament to this flexibility that the institute has
had over 500 postdocs in the past five years, representing almost
50 nationalities, “which makes good lab parties where everybody
brings the traditional food of their countries,” laughs Louvard.
Joking aside, he believes that it is this level of international
recruitment that has enabled the institute to achieve “real
visibility in biomedical research.”

“We are demanding a true
doctoral contract, a
three-year job contract.”

—Morgane Gorria

Retaining Talent

Meanwhile, at the national research agencies, some relatively
recent initiatives are giving promising early career researchers
their own funds and lab space, to foster their independence.

A 35-year-old specialist in molecular biology, Fabrice Lejeune,
benefits from an Avenir grant from the National Institute for
Health and Medical Research (institut National de la Santé et de
la Recherche Médicale, INSERM). Over five years Lejeune, a newly
tenured scientist, gets €60,000 ($86,400) a year to pay for one
postdoctoral fellow and to buy research equipment for the joint
INSERM-Pasteur Institute unit in Lille, in northern France where
he warks. “But | still have to apply for additional funding from
the ANR, and to patients’ associations like the French Muscular
Dystrophy Association,” Lejeune explains.

Through the Avenir initiative—a program started in 2001
but the effects of which are only now being felt—INSERM
awards 20 grants to tenured early career scientists and 20 to
nontenured ones. The competition is tough and applicants
must have demonstrated academic excellence and capacity for
autonomous research.

Lejeune did his Ph.D. in one of France’s leading research
centers, the Institute of Genetics and Molecular and Cellular
Biology (IGBMC), near Strasbourg, eastern France. Following a
three year postdoc at the University of Rochester in the United
States with professor Lynn Marguat, Lejeune was recruited by
INSERM in 2005.

“I chose to come back to France in spite of the salary gap,”
Lejeune explains. “After three years as a permanent researcher,
| have now reached the same salary | had in the United States
at the end of my postdoc. This question of low salaries remains
difficult even now with my Avenir program. | have hired a
postdoc from Poland who has to accept the job for a gross salary

1860

of €20,400 [around $29,400] a year instead of $40,000 in the
States where living costs are lower.” And even if Lejeune gets
more funding for a postdoc, he will still have to follow the same
salary scale at INSERM,

Fair Compensation

The salary issue remains a challenge in France, and is even more
sensitive for people just starting on the academic ladder. The
Confédération des Jeunes Chercheurs (Young Researchers’ Con-
federation, CJC), an umbrella organization of 35 scientists” asso-
ciations, proposes that Ph.D. candidates should be recognized
more as professionals rather than regarded simply as students.

“We are demanding a true doctoral contract, a three-year job
contract,” says its president, Morgane Gorria, an agronomist
who has a Ph.D. in biology and currently works as a nontenured
assistant professor in Le Havre University in northwestern
France. “Itis a funding issue and also a way to be recognized by
one’s peers.”

Unfil now there has been no single type of contract for a
Ph.D.—candidates entering doctoral programs must apply for an
allocation de recherche (research allowance): a monthly salary
of around €1,658.25 (about $2,400) paid by the government for
up to three years,

Another approach is to join industry through a Convention
Industrielle de Formation par la Recherche (CIFRE), a private
contract partly funded by the government, but which is negotiated
with the employer. The average yearly salary is €24,800
($35,700). Despite the announcement of an increasing number
of private-funded contracts, those in the CIFRE program remain
in the minority: there are currently 70,400 Ph.D. candidates in
France, but only 15,000 contracts have resulted from the launch
of the CIFRE program since 1981.

The most common type of funding, however, is the libéralités
which consist of grants from various bodies and universities, but
do not include the benefits of a pension or medical insurance that
would be provided by a contract. These are supposed to have
been phased out (from 2004 onward), but they still exist for many
researchers. The most controversial issue, however, is the change
in rules on how scientists are recruited and assessed. According
to the new law, universities will have the power to recruit
researchers and professors on a short-term basis, although the
proportion is still unknown. Moreover, the recruitment procedure
has been changed to fight a long-denounced systemic favoritism.
From this September, the first universities willimplement the new
rule that 50 percent of any ad hoc recruitment committee must
comprise external members—another key step in a new era for
science careers in France.

France's road to modernization of research may not be smooth,
and it may be a while before the new funding and autonomy of
the universities leads to greater international competitiveness,
but it is clear among the scientific community that a shake-up
was sorely needed in the old system. Now at least, the reforms do
appear to be taking French science in the right direction,

Michel Leroy and Laurent Passicousset are freelance journalists in
FParis, France. Julie Clayton is a freelance science journalist based
in Bristol, UK.
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