
initiate remodeling in the extragranular lay- 
ers? One candidate is a rapid change in the 
strength of long-range excitatory horizontal 
connections. Horizontal connections, absent 
from layer IV (19), have been proposed to 
mediate subthreshold excitation from outside 
the "classical" receptive field of a cell and, in 
the absence of strong vertical input, may 
become capable of driving suprathreshold ac- 
tivity in their targets (20). Hebbian learning 
rules (21) might change the strength of hori- 
zontal connections between cells dominated 
by the two eyes. Rapid changes in the effica- 
cy of these connections might produce pro- 
nounced shifts in extragranular OD in the 
absence of a change in input from layer IV. 
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Retinal Stem Cells in the Adult 
Mammalian Eye 

Vincent ~ropepe,' Brenda L. K. Coles,' Bernard J. Chiasson,' 
D. Jonathan ~ o r s f o r d , ~ , ~  Andrew J. ELia,5 

Roderick R. ~ c l n n e s , ~ ~ ~ , ~Derek van der Kooyl* 

The mature mammalian retina is thought to lack regenerative capacity. Here, 
we report the identification of a stem cell in the adult mouse eye, which 
represents a possible substrate for retinal regeneration. Single pigmented ciliary 
margin cells clonally proliferate in vitro to form sphere colonies of cells that 
can differentiate into retinal-specific cell types, including rod photoreceptors, 
bipolar neurons, and Miiller glia. Adult retinal stem cells are localized to the 
pigmented ciliary margin and not to the central and peripheral retinal pig- 
mented epithelium, indicating that these cells may be homologous to those 
found in the eye germinal zone of other nonmammalian vertebrates. 

The two functional components of the rodent 
retina, the inner neural retina (NR) and the 
outer retinal pigmented epithelium (WE), are 
largely developed by the early postnatal pe- 
riod and show no evidence for adult regener- 
ation (1-3). These developmental character- 
istics differ from other vertebrate species in 
which NR cells are produced throughout life 
(4) and show a remarkable regenerative ca- 
pacity following injury (5).Thus, it has been 
generally assumed that the adult mammalian 
eye is devoid of retinal stem cells (self-re- 
newing and multipotential cells) (6, 7) and is 
incapable of substantial neural regeneration. 
To determine if a stem cell exists in the 

mouse eye, we examined the ability of single 
NR cells and single pigmented cells from the 
entire W E  layer (including pigmented cells 
from the ciliary margin) (Fig. 1A) to clonally 
proliferate in vitro using a neural stem cell 
colony-forming assay (6, 8). Dissociated 
cells from the RPE and the NR were obtained 
from adult (2 to 3 months old) and embryonic 
day 14 (E14) mouse eyes and were cultured 
independently in serum-free media either 
without exogenous growth factors or in the 
presence of epidermal growth factor (EGF) or 
basic fibroblast growth factor (FGF2) (6, 8).  
A small number of individually identified 
single adult W E  cells (8) clonally proliferat- 
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ed in 1 to 2 days to initially form small sphere 
colonies composed of darkly pigmented cells, 
independent of exogenous growth factors 
(Fig. 1B). These small colonies continued to 
proliferate with or without exogenous growth 
factors; this is in contrast with the isolation of 
forebrain stem cell colonies, which require 
exogenous growth factors (6, 7). After 5 to 7 
days, each colony was composed of a mixture 
of cells ranging from darkly pigmented to 
nonpigmented (Fig. 1C). To confirm that the 
increase in colony size was due to prolifera- 
tion, we added bromodeoxyuridine (BrdU), a 
thymidine analog, between days 2 and 3 of 
the culture period (8). After 7 days, many 
cells within the expanded colony were immu- 
nolabeled for BrdU, indicating that cells were 
dividing in the colonies. The single sphere 
colonies consisted of -13,000 cells (8), in- 
dicating that cells within the colony could 
sustain extended cell division in our culture 
conditions. 

To identify the origin of the adult pig- 
mented colony-forming cells more precisely, 
we cultured separately the RPE cells (central 
and peripheral) and pigmented cells from the 
ciliary margin (PCM) (Fig. 1A). Only PCM 
cells (and not RPE cells proper) proliferated 
to form sphere colonies. In preliminary ex- 
periments, a low frequency of sphere colony- 
forming PCM cells was similarly isolated 
from postmortem adult bovine and human 
ciliary margin tissue, indicating that the col- 
ony-forming ability of PCM cells is con- 
served across mammalian species. In addi- 
tion, colonies did not arise from cells of the 
adult iris, ciliary muscle, or NR or from 
nonpigmented ciliary process cells in any of 
the species tested. A similar rate of sphere 
colony formation was observed from pig- 
mented cells isolated from the entire mouse 
El4 RPE (including the presumptive PCM 
region at the peripheral RPE margin). How- 
ever, adult PCM cells generated -10 times 
more sphere colonies per eye than did the 
cells isolated from the entire El4 RPE (Fig. 
2A) (9). Thus, cells capable of forming 
sphere colonies expand between El4 and 
adulthood. Nonetheless, the adult colony- 
forming PCM cell is rare. In cultures with a 
single cell per well, we observed six sphere 
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colonies out of 960 wells (-0.6%). To esti- 
mate the frequency of colony-forming PCM 
cells, we performed a limiting dilution anal- 
ysis (8, lo), which revealed that the minimum 
frequency of the PCM sphere-forming cells 
in the adult eye was -0.2% of pigmented 
cells in the ciliary margin (Fig. 2B). To doc- 
ument further that PCM sphere colonies were 
generated by the proliferation of a single 
PCM cell in low-density cultures, we exam- 
ined colonies generated from mixtures of dis- 
sociated PCM cells from green fluorescent 
protein (GFP)-expressing mice and from 
mice lacking the GFP transgene (11). Sepa- 
rate GFP-positive and non-GFP PCM sphere 
colonies were observed with no evidence of 
cell mixing (a), demonstrating that the colo- 
nies were not derived by cell aggregation but 
arose clonally at low cell densities, as they do 
in single-cell cultures. 

Stem cells are capable of self-renewal (7, 
12). To demonstrate that the colony-forming 
PCM cells exhibit this property, we dissoci- 
ated and then recultured individual PCM col- 
onies in the presence of FGF2 or in the 
absence of exogenous growth factors (8). A 
small number of pigmented cells from disso- 
ciated primary PCM colonies generated new 
secondary sphere colonies regardless of 
growth factor condition, indicating that the 
initial colony-forming PCM cell had the ca- 
pacity to self-renew (Fig. 2C). Although adult 
PCM stem cells can proliferate in the absence 
of exogenous growth factors, the release of 
endogenous growth factors may facilitate col- 
ony formation. Consistent with this notion, 
antibodies to FGF2, known to block the for- 
mation of FGF-dependent sphere colonies 

Fig. 1. (A) Schematic rep- 
resentation of a sagittal 
section of the ciliary mar- 
gin region of the adult 
mouse eye. The boxed area 
on the left is magnified on 
the right. The ciliary mar- 
gin consists of pigmented 
cells (thick black line) over- 
lying the smooth ciliary 
muscle (light gray) of the 
inner eye -facing -the lens. 
(B) A clonally derived PCM 
$here colony after 2 days 
in vitro from low-densitv B 

from embryonic forebrain neural stem cells 
(lo), caused a 50% reduction in the number 
of PCM colonies in the absence of exogenous 
growth factors. The second and third sub- 
cloning of single PCM sphere colonies re- 
vealed that they generated an average of two 
new sphere colonies in the absence of growth 
factors. In contrast, colonies generated in 
FGF2 and subcloned in FGF2 produced an 
average of six to eight new sphere colonies 
(Fig. 2C). Sphere colonies could be sub- 
cloned for at least six generations (longest 
passage attempted). Thus, the ability of PCM 
stem cells to repeatedly generate a sphere 
colony is partially dependent on endogenous 
FGF2, and exogenous FGF2 can influence 
the proliferation or survival of the retinal 
stem cell or its progeny. Sphere colonies from 
each generation invariably arose from single 
pigmented cells and then proliferated to con- 
tain similar proportions of pigmented and 
nonpigmented cells after 7 days in culture, 
indicating that the colony-forming stem cells 
did not lose their pigmentation. Nonpigment- 
ed colony-forming stem cells, however, could 
be isolated from the ciliary margin of adult 
albino CD1 mice, suggesting that the bio- 
chemical components of pigment formation 
are not required for stem cell function. 

To determine if some of the nonpigment- 
ed cells generated within the PCM sphere 
colonies represented undifferentiated retinal 
progenitor cells, we examined the expression 
of CHXlO and nestin (13,14). Irnrnunolabel- 
ing of free-floating PCM sphere colonies har- 
vested after 5 to 7 days in culture (8, 10) 
revealed that many nonpigmented cells with- 
in a PCM colony expressed CHXlO (Fig. 

culture conditions with n; @.. 
exogenous growth factors. 
All cells within the small 
colony are heavily pig- 
mented and derived from a 
single heavily pigmented 
PCM cell from either pri- - 
mary or subcloned cul- 
tures. (C) Cells within the small sphere colony continue to proliferate and, after 7 days, generate 
relatively large colonies containing both pigmented and nonpigmented progeny. The granular appear- 
ance of the extracellular space is due to pigment granules derived primarily from the degradation of 
nonviable PCM cells or the extrusion of pigment The sequence of colony formation was examined in 
cultures with a single cell per well (n = 960 wells from each of two separate experiments), landmarkin 
single hypertrophic cells a 5 cells per microliter (n = 24 wells from each of two separate experimentsf 
and cultures at 20 cells per microliter (Fig. 2). Scale bar, 100 pm. 
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3A). Thus, a single adult PCM cell prolifer- 
ated to produce cells expressing a marker for 
embryonic NR precursors, which is not ex- 
pressed in the RPE or in the ciliary margin 
(13). A similar proportion of cells within a 
PCM colony also expressed nestin, indicating 
that many sphere colony cells remained un- 
differentiated (Fig. 3B). 

Multilineage potential is a hallmark feature 
of stem cells (7, 12). To determine whether the 
PCM stem cells were multipotential, we cul- 
tured single PCM sphere colonies under condi- 
tions known to promote retinal cell differentia- 
tion (6, 8). Imrnunolabeling of PCM colonies 
cultured for up to 21 days revealed that many 
cells that migrated away from the sphere colo- 
nies expressed the pan-neuronal marker micro- 
tubule-associated protein 2, whereas other sep- 
arate cells that differentiated expressed the as- 
trocyhc marker glial fibrillary acidic protein. 
Differentiated sphere colonies contained a 
small number of nestin-positive cells that re- 
mained confmed to the centers of the colonies. 
PCM cells that were cultured as an adherent 
monolayer (not in the colony-forming assay) 
for the same 21-day period in identical condi- 
tions did not express any neural markers and 
remained as large, flattened pigmented cells. 
Thus, PCM cells do not directly transdifferen- 

tiate into neurons; proliferation of PCM stem 
cells is correlated with CHXlO and nestin ex- 
pression and the development of neuronal and 
glial phenotypes. In peripherally localized cells 
of PCM colonies, we were able to demonstrate 
the presence of markers for different differen- 
tiated retinal cells (13, 15). These included 
309L (rod cyclic guanosine 3',5'-monophos- 
phate-gated channel), RholD4 (rhodopsin), 
D2P4 beripherin), ROM-1 (rod outer disk pro- 
tein), CHXlO and protein kinase C (PKC) (bi- 
polar neurons), and 10E4 (Miiller glia) (Fig. 3, 
C through I). The morphological profiles of the 
immunolabeled cells observed after 21 days 
were cell type specific. For example, CHX10- 
and PKC-labeled bipolar neurons (Fig. 3, G and 
H) had a relatively small soma that contained 
very little perinuclear cytoplasm, with short 
leading and trailing processes. Cells labeled 
with rod photoreceptor markers (Fig. 3, C 
through F) were also small and often had a 
slightly flattened appearance (some with small 
numbers of processes) resembling rod morphol- 
ogy in low cell density cultures (16). In con-
trast, 10E4-labeled Miiller glia (Fig. 31) were 
relatively large cells resembling protoplasmic 
astrocytes. To further examine photoreceptor 
differentiation, we analyzed RNA from differ- 
entiated PCM colonies for the presence of tran-

E l 4  Adult E l 4  Adult E l 4  Adult # cells 
No GF EG F  FG F2 c 

123
Fig. 2. Adult and E l 4  PCM sphere colonies are 
generated at a very low frequency. (A) Number 
of colonies [mean 2 S.E.M (error bars)] gener- = 
ated from either E l4  or adult PCM cells in no 
exogenous growth factors, EGF. or FGF2 after 7 $
days in vitro. There is no significant difference 
between growth factor condition within an age a 
group. However, a greater number of sphere 
colonies per eye can be isolated from adult 
PCM cells in comparison to  the entire E l 4  RPE 
in all growth factor conditions. The graph rep- 
resents the average from four t o  six seDarate 
experiments. (0)  Lmiting dilution analysis (8) 2' 3' 2' 3' 

revealed a linear relation between the number passage passage passage passage 

of PCM cells dated (no exonenous growth fac- NOGF Derived FGF2 Derived 
tor) and the'format'ion of colony [mean as 
percent control 2 SEM (error bars)], indicating that a single cell type caused the formation of a 
colony with a frequency of -1 in 600 cells (-0.2%) (dashed lines). The graph represents the 
average from three separate experiments. (C) Primary PCM sphere colonies can be subcloned, and 
in the presence of FCFZ, the number of secondary and tertiary sphere colonies [mean 2 SEM (error 
bars)] generated is greater than the number generated in the absence of exogenous growth factor. 
Subcloned sphere colonies have a similar appearance t o  primary sphere colonies. The graph 
represents the average of at least four sphere colonies per group from three separate experiments. 

scripts for the photoreceptor-specific homeobox 
gene Crx (17). Using reverse transcriptase 
polymerase chain reaction (RT-PCR) (4, we 
detected Crx in differentiated sphere colonies 
(Fig. 4A). In situ hybridization of Crx (8)also 
was performed on differentiated sphere colo- 
nies. Expression of Crx mRNA was detected in 
37.7 ? 22.5% of cells (resembling those that 
were immunoreactive for rod-specific antibod- 
ies), whereas other nearby cells exposed to the 
antisense probe remained unlabeled (Fig. 4C). 
Differentiation of ganglion, horizontal, and am- 
acrine cells was not observed under the condi- 
tions described above. However, in preliminary 
experiments with high-density differentiation 
pellet cultures (centrifugation of multiple-PCM 
sphere colonies, which maximizes cell contact), 
the amacrine-specific expression of syntaxin 
was detected with the HPC-1 antibody (15). 
Thus, differentiation of all retinal cell types will 
likely require conditions that are more compa- 
rable to the in vivo environment. These diverse 
retinal cell types that were observed could be 
differentiated from both primary and sub-
cloned PCM colonies, which suggests that 
self-renewing retinal stem cells maintain their 
multipotentiality. Furthermore, although most 
cells extrude or stop producing pigment and 
differentiate (as described above), a few heavily 
pigmented cells in PCM colonies maintain pig- 
mentation, even after 2 1 davs of differentiation. 
Thus, a proportion of cells may be differentiat- 
ed PCM or RPE cells or self-renewing retinal 
stem cells (that also maintain pigmentation). 

To determine whether the multilineage po- 
tential of PCM-derived colonies was distinct 
from forebrain-derived colonies in similar cul- 
ture conditions, we irnmunolabeled cells from 
forebrain-derived colonies with retinal-specific 
antibodies. No (or very infrequent) immunore- 
activity was observed. Although 04-positive 
oligodendrocytes differentiated from El4 fore- 
brain-derived colonies (9.8 i 1.6% of differen- 
tiating cells), oligodendrocytes were not ob- 
served from adult or El4 PCM colonies. Oli- 
godendrocytes are not generated from within 
the embryonic or adult eye in vivo; thus, retinal 
stem cells may be specified to generate only 
retinal cells. Alternatively, distinct culture en- 
vironments may determine the extent of oligo- 
dendrocyte differentiation. 

The NR was similarly tested for the pres- 
ence of a stem cell. In culture conditions 
including EGF or FGF2, only E l 4  (but not 
adult) NR cells generated nonpigmented 
sphere colonies. In contrast to the PCM stem 
cells, the E l 4  colony-forming NR cells did 
not demonstrate the ability to self-renew, 
strongly suggesting that the NR does not 
contain a stem cell and that NR-derived col- 
onies have been formed by the well-described 
multipotential progenitor found during retinal 
development (1). NR sphere colonies could 
not be isolated from the adult eye, indicating 
that retinal progenitors have a limited life- 
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span, unlike the PCM stem cells (9). Longev- 
ity is suggested to be an important criterion 
for stem cells (12), and forebrain neural stem 
cells have been shown to exist in senescent 
mice (18). 

Genes that regulate the proliferation of 
retinal progenitor cells in vivo might be ex- 
pected to influence the proliferation of pro- 
genitor cells derived from retinal stem cells, 
and the number of retinal progenitor cells 
may regulate the number of adult retinal stem 
cells. For example, a complete loss of func- 
tion of the ChxlO homeobox gene in mice, 
which is expressed in NR progenitors but not 
in the RPE or PCM during development, is 
associated with a greatly reduced prolifera- 
tion of retinal progenitors (13). To test the 
hypothesis that the number of adult retinal 
stem cells in vivo is regulated by the number 
of NR progenitors produced during develop- 
ment, we examined PCM colony formation in 
homozygous ChxlO null (orJlorJ) mice. 
Consistent with previous reports (13), the 
PCM of the adult orJlorJ eye was expanded 
compared to the wild type, whereas the cen- 

tral and peripheral RPE layer appeared rela- 
tively unperturbed (9). There was an approx- 
imate fivefold increase in the number of pri- 
mary orJlorJ PCM colonies (per eye) com- 
pared to wild-type (mouse strain 129lsv) 
PCM colonies [orJlorJ, 195.7 + 11.1 (n = 
9); wild type, 42.5 + 5.6 (n = 6); data are 
from two separate experiments in the pres- 
ence of FGF21. No colonies were generated 
from orJlorJ NR cells. The average diameter 
of primary orJlorJ sphere colonies was 36% 
smaller than primary wild-type colonies [orJ/ 
orJ, 225 + 2.9 pm (n = 3); wild type, 350 + 
17.3 pm (n = 3)], confirming that ChxlO is 
required for full progenitor cell proliferation 
(13). Single orJlorJ PCM colonies generated 
similar numbers of secondary sphere colonies 
as controls and contained both neurons and glia 
when differentiated. Thus, the ultimate size of 
the retinal stem cell population in the ciliary 
margin of the adult eye may be determined by 
the numbers of NR progenitor cells, which 
inhibit the in vivo expansion (through symmet- 
ric division) of the stem cell population. 

Important differences exist between this 

ted were negative. 

study and earlier work in nonmammalian ver- 
tebrate species demonstrating regeneration of 
the NR through transdifferentiation of the RPE 
(5, 19). First, the mammalian retinal stem cell is 
relatively rare and localized to the ciliary mar- 
gin. Previous studies on transdifferentiation 
show that most or all of the RPE cells differ- 
entiate into neurons (5, 19). Second, transdif- 
ferentiation is thought to entail a direct pheno- 
typic change from RPE cell to neuron without 
cell division. Retinal stem cells divide to pro- 
duce their neuronal and glial progeny. Finally, 
the ciliary margin iil some nonmamrnalian ver- 
tebrate species is thought to harbor stem cells 
that facilitate neurogenesis throughout life (20). 
Thus, the mammalian ciliary margin may rep- 
resent an evolutionarily homologous region that 

- Crx 

-9 

Fig. 4. Expression of the homeobox gene Crx in 
21-day differentiated PCM sphere colonies. (A) 
RT-PCR analysis of total RNA isolated from 
adult mouse retina control samples (lane 1) and 
differentiated adult PCM colonies (lane 21. 
Nested Crx RT-PCR resulted in a 207- base pair 
product (arrow). No product was seen in an 
adult liver control sample (lane 3) or in adult 
retinal RNA with RT omitted (lane 4). Data are 
representative of -75 ng of adult retinal or 
liver RNA (controls). We used one differentiat- 
ed PCM colony (-13,000 cells) isolated from 
two separate cultures; we estimate that less 
RNA (more than one order of magnitude) was 
used from the PCM colony in comparison with 
the adult retinal and liver controls. (B and C) In 
situ hybridization analysis of Crx on differenti- 
ated PCM colonies exposed t o  antisense Crx 
probes. Cells expressing Crx mRNA [arrow- 
heads, top panel in (B)] and cells with no Crx 
mRNA expression [arrowheads, top panel in 
(C)] could be identified in the same culture well 
exposed to  antisense Crx probes using phase 
(Ph3) contrast and focusing specifically on the 
silver grains in the emulsion layer. Bottom pan- 
els in (B) and (C) show the position of the same 
cells indicated by arrowheads under phase 
(Ph2) contrast focusing specifically on cell mor- 
phology. Culture wells exposed to  sense Crx 
probes were identical in appearance to  (C). 
Data are representative of four adult PCM col- 
onies exposed t o  antisense Crx probes and 
three adult PCM colonies exposed to  sense 
probes from two separate cultures. The same 
probes detected Crx mRNA in sections of the 
adult mouse eye. Scale bar, 20 pm. 
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has independently acquired a mechanism for 
repressing stem cell division. Because isolated 
stem cells can proliferate in the absence of 
exogenous growth factors and the size of the 
stem cell population may be regulated in vivo 
by the number of NR progenitor cells during 
development, this quiescence is llkely due to an 
inhibitory environment in the adult eye. Once 
freed from the uhbition (or if inhibitory factors 
can be overcome in vivo), the stem cells have 
the potential to generate new retinal cells. 
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Motion Integration and 
Postdiction in Visual Awareness 

David M. Eagle~nan'-~*~*and Terrence J. S e j n o w ~ k i ~ . ~ ~ ~  

In  the flash-lag illusion, a flash and a moving object i n  the same location appear 
t o  be offset. A series of psychophysical experiments yields data inconsistent 
w i th  two  previously proposed explanations: motion extrapolation (a predictive 
model) and latency difference (an online model). We propose an alternative in 
which visual awareness is neither predictive nor online but is postdictive, so that 
the percept attributed to  the time of the flash is a function of events that 
happen i n  the -80 milliseconds after the flash. The results here show how 
interpolation of the past is the only framework of the three models that  
provides a unified explanation for the flash-lag phenomenon. 

the frame following the flash, the ring took one 
of three randomly interleaved trajectories: con- 
tinuing, stopping, or reversing direction (Fig 
1A). The initial trajectory of the ring (up to and 
including the frame with the flash) was identi- 
cal in all three conditions; thus, if motion ex- 
trapolation were occuning, the predicted trajec- 
tory should be the same. Contrary to that hy- 
pothesis, the perceived position of the flash 
relative to the ring was independent of the 
initial trajectory. In the case of the uninterrupted 
trajectory, participants perceived the flash to be 
in the middle of the ring when the flash was 
physically displaced 5.39" f0.9" in front of the 
moving ring, as expected from previous studies 
of the flash-lag effect. However, in the present- 
tations wherein the moving ring stopped, par- 
ticipants reported the ring and flash co-local- 
ized when there was no displacement 
(-0.36" t 0.27"), indicating that movement 
preceding the flash does not by itself engen- 
der the flash-lag illusion. When the ring re- 
versed direction immediately after the flash 
participants reported colocalization of the 
ring and the flash only when the flash was 
physically displaced by an average of -6.47" 
2 0.8". The direction of the flash-lag effect is 
opposite in the continuous and reversing con- 
ditions, but the magnitude of the effect is the 
same ( t  test, P > 0.398, t = -0.89). On the 
other hand, those two conditions are signifi- 
cantly different from the stopping condition 
(P < 0.0017, t = 6.1 I) ,  wherein no illusion is 
seen (7). 

These results indicate that the perceived po- 
sition of the flash relative to the ring is not 
dictated by the initial trajectory because if vi- 
sual awareness were predictive, the same initial 
trajectory would lead to the same extrapolation 
Our results are consistent with a rccent demon- 
stration by Whitney and Murakami in which the 
perceived displacement of a flash was influ-

The flash-lag effect is a robust visual illusion 
wherein a flash and a moving object that appear 
in the same location are perceived to be dis- 
placed from one another (1, 2). Two explana- 
tions have been suggested in recent years: The 
first proposal is that the visual system is predic- 
tive, accounting for neural delays by extrapo- 
lating the trajectory of a moving stimulus into 
the future (2). The second is that the visual 
system processes moving objects more quickly 
than flashed objects. This "latency difference" 
hypothesis asserts that by the time the flashed 
object is processed, the moving object has al- 
ready moved to a new position (3, 4). The latter 
proposal tacitly rests on the assumption that 
awareness (what the participant reports) is an 
online, or real-time, phenomenon, coming 
about as soon as a stimulus reaches its "percep- 
tual end point" (5).We have designed a series 
of psychophysical experiments to directly test 
these two frameworks. Our results are inconsis- 
tent with both models. Here we propose that 
visual awareness is postdictive, so that the per- 
cept attributed to the time of an event is a 
fimction of what happens in the -80 ms fol- 
lowing the event. 

To directly test extrapolation into the future 
against interpolation of the past, we designed a 
series of psychophysical experiments. Five par- 
ticipants sat in front of a computer screen and 
were instructed to indicate whether a flashed 
white disk occurred above or below the center 
of a moving ring (Fig. 1A) (6). Beginning with 
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