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Selective Transcription and
Modulation of Resting T Cell
Activity by Preintegrated HIV

DNA

Yuntao Wu and Jon W. Marsh*

The quiescent nature of most peripheral T cells poses an effective limitation to
human immunodeficiency virus (HIV) replication and, in particular, to viral
integration into the host chromatin. Two HIV proteins, Nef and Tat, increase
T cell activity, but a requirement of integration for viral gene expression would
preclude a role for these proteins in resting cells. Here, we report that HIV
infection leads to selective transcription of the nef and tat genes before in-
tegration. This preintegration transcription in quiescent cells leads to increased

T cell activation and viral replication.

Replication of HIV predominates in the CD4 T
cell population (/), and the level of replication
is highly prognostic for the development of
acquired immunodeficiency syndrome (AIDS)
(2). However, viral infection is limited by the
quiescence of most circulating T cells, which is
nonsupportive of viral replication. As a retrovi-
rus, the RNA genome of HIV undergoes re-
verse transcription to a DNA intermediate, fol-
lowed by integration into the host chromatin.
Formation of the integrated provirus is essential
for HIV replication (3-5), and yet the most
prevalent form of HIV DNA during the asymp-
tomatic phase of infection is full-length uninte-
grated DNA (6). The barrier to integration seen
in peripheral T cells can be overcome by stim-
ulatory increases in the cellular metabolic state
through either mitogenic (3, 7, 8) or submito-
genic (9, 10) stimulation. Recent findings sug-
gest that HIV may have evolved functions to
overcome this threshold. Expression of the ear-
liest HIV gene products, Nef and Tat, can in-
crease T cell activity (//-15), and in particular,
Nef can lower the activation threshold in T cells
(14). However, it is unclear how these HIV
proteins could promote the early and limiting
steps of infection (and integration) if provirus
formation is required first.

To define the capacity of HIV to affect the
activation state of quiescent primary CD4 T
cells, we explored the earliest events in HIV
infection. Quiescent CD4 T cells were infect-
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ed with the NL4-3 strain of HIV-1 at 0.5
infectious virions per cell. After 5 days of
incubation, during which no measurable viral
replication occurred (/6), cells were stimu-
lated through their T cell receptors with CD3
plus CD28 (CD3-CD28) immobilized anti-
body beads and were measured for interleu-
kin-2 (IL-2) (Fig. 1). IL-2 is the definitive
indicator of CD4 T cell activation, a condi-
tion optimal for viral integration and replica-
tion. The expression of IL-2 is mediated by
transcription factors also responsible for the
HIV long terminal repeat (LTR) promoter
activity (17). We observed a stimulus-depen-
dent increase in IL-2 generation in resting
cells exposed to HIV (Fig. 1).

The binding of the HIV envelope to cellular
receptors (18, 19) or the inclusion of Nef in the
virion (20) could alter the activation state of the
T cell before integration. To distinguish be-
tween activation through these existing virion
components or newly synthesized viral prod-
ucts, we incubated purified resting CD4 T cells
with HIV in the presence or absence of the
reverse transcriptase inhibitor 3'-azido-3'-de-
oxythymidine (AZT). The addition of AZT to
the T cells did not affect the level of IL-2
generated by CD3-CD28 bead activation (21).
However, the HIV-enhanced IL-2 response was
lost in the presence of AZT (Fig. 1, donors 3
and 4). This implies that the reverse transcrip-
tion and its downstream products, and not viri-
on-cellular interactions, were responsible for
the enhancement of T cell activation.

We then examined the state of the HIV
DNA and the transcriptional activity of the
DNA in quiescent cells. Resting T cells were
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infected as above, except at a lower multi-
plicity of infection (MOI = 0.02). To deter-
mine whether full-length viral DNA was syn-
thesized and translocated into the nucleus, we
purified nuclear DNA from infected cells at 5

25"
@ infected  [Juninfected
204 infected + AZT
€151
>
£
N 104
=
54
0= 2 3 4
Donor

Fig. 1. HIV infection of resting T cells enhances
the cellular response to T cell receptor stimu-
lation. Purified CD4 T cells from four represen-
tative healthy donors were infected with HIV-
Tues at @ MOI of 0.5 (27). Five days after
exposure to HIV, 10° cell aliquots were stimu-
lated with CD3-CD28 beads (at five beads per
cell) for 18 hours and IL-2 was measured (74).
The data represent the mean of three indepen-
dent determinations (+SD) for activated cells
either infected (solid bars) or not infected
(open bars). Eleven of 12 donors displayed IL-2
enhancement. To prevent reverse transcription,
50 wM AZT was added (donors 3 and 4,
hatched bars).

Fig. 2. Unintegrated A
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days after infection and then amplified the
nuclear DNA by polymerase chain reaction
(PCR) with primers targeting the late product
of the reverse transcription (F1/B1, Fig. 2A).
Full-length HIV-1 DNA was easily detect-
able from as few as 1 X 10° to 2 X 10°
infected resting T cells (Fig. 2B).

To detect HIV integration into the host
genome, we used an Alu sequence—based
PCR strategy. The Alu sequence is a ubiqui-
tous repeat element found in the human ge-
nome but absent in HIV. Thus, by amplifying
the junction between the nearest Alu se-
quence and the HIV LTR (Alw/L1, Fig. 2A),
proviral DNA was specifically demonstrated.
With a sensitivity capable of detecting less
than five cells with a single integrated HIV
genome (8ES cells, Fig. 2C), no HIV integra-
tion was seen in 5 X 10* resting CD4 T cells
5 days after infection (Fig. 2C).

Under conditions where integration was un-
detectable, we looked for viral transcription. All
HIV transcripts are derived from a common
full-length precursor, which also serves as the
mRNA for the gag-pol genes and the viral
genomic RNA. By alternative splicing, this full-
length precursor generates about 30 different
messages, including singly spliced transcripts
coding for Env, Vpu, Vpr, and Vif, and multi-
ply spliced transcripts coding for Nef, Tat, and
Rev (22). We took advantage of variable re-
gions in splicing donors and acceptors to am-

Resting Activated

plify a specific set of transcripts with reverse
transcriptase PCR (RT-PCR) (Fig. 2A). Among
the multiply spliced transcripts, nef was prom-
inent in quiescent cells, along with lesser levels
of fat message (Fig. 2D, lane 1). No other
multiply spliced transcripts were evident. By
comparison, activated cells generated abundant
levels of nef, tat, and rev transcripts (Fig. 2D,
lane 2). Our data are consistent with previous
work by Spina et al. (23), who found that nefis
the predominant transcript in HIV-infected rest-
ing T cells. Of singly and unspliced transcripts,
only one transcript was detected. This transcript
is one of the predicted singly spliced env tran-
scripts, which share the splice acceptor with nef
(Fig. 2D, lane 4). Activated cells generated all
the predicted products, including the full-length
unspliced transcript (Fig. 2D, lane 5).

To ensure that the transcriptional activity
in resting cells was not the result of undetec-
ted integration, we also examined the activity
of a nonintegrating mutant of the NL4-3
strain, HIV-1,,,,15,16n» Which carries the point
mutation Asp''® — Asn (D116N) in the viral
integrase catalytic domain (24). This point
mutation disables the viral integrase activity
and renders this virus nonreplicative. The
incubation of equivalent viral levels of wild-
type HIV-1,,,; and HIV-1,,;5, 6 With
resting CD4 T cells resulted in similar levels
of full-length viral DNA (Fig. 3A) and an
identical pattern of transcription, including a

Resting Activated
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parentheses indicate the locations of these primers. Splice donors and
acceptors are marked by vertical numbers. The probes used for hybrid-
ization of the PCR products are indicated by P1 to P4. (B) Viral DNA
synthesis was detected by PCR amplification of serially diluted nuclear
DNA from infected resting CD4 T cells (MOl = 0.02; S days after
infection). (C) Infected resting T cells lack integrated HIV DNA. Resting
CD4 T cells were infected (MOl = 0.02) and incubated further for 5
days in aresting state. PCR amplifications {Alu/L1) of existing Alu-HIV
LTR junctions were subjected to a second round of PCR with HIV-1
LTR-specific primers (L2/L3) (27). 8E5 cells [obtained through the
AIDS Research and Reference Reagent Program from T. Folks (33)],
used here as a positive control, possess a single integrated HIV
genome. (D) nef and tat genes are transcribed in resting T cells.

Resting (lanes 1 and 4) or activated {lanes 2 and 5) CD4 T cells were
infected (MOl = 0.02) and harvested at 5 days after infection.
Messenger RNA from 10* cells was treated with deoxyribonuclease |
and subjected to RT-PCR amplification with primers F2/B4 (lanes 1
and 2). Products were hybridized with digoxingenin-labeled probes
specific for tat (P1), tat/rev (P2), tat/rev/nef (P3), or multiple viral
transcripts (P4). The human B-actin transcript was coamplified for
relative quantification (B-actin). Lane 3 is a short exposure of lane 2.
The same reverse-transcribed mRNA was further amplified by primers
F2/B3, F2/B2, or F2/B1 to detect singly spliced and unspliced tran-
scripts (lanes 4 and 5). The lack of product when the mRNA was
directly amplified with F2/B1 in the absence of reverse transcriptase
(-RT) indicated that there was no DNA contamination.
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predominant nef transcript, along with the tat
and singly spliced env message (Fig. 3B). No
full-length viral transcript was detected.
These data support the earlier conclusion that
in resting T cells, where integration of viral

Fig. 3. HIV DNA syn-
thesis, RNA transcrip-

REPORTS

DNA does not occur, viral gene transcription
is initiated.

Given the presence of the transcripts, we
then looked for the Nef protein. Immediately
after the infection of resting T cells, Nef

B wt D116N

1:2 dilution

was not detected by Western analysis (Fig.
3C, lane 2). However, 5 days after infection
with wild-type (wt) virus (Fig. 3C, lane 3),
Nef protein synthesis became evident. Ad-
ditionally, Nef protein was detected in
HIV-1,\,p11¢n—infected quiescent T cells
(Fig. 3C, lane 4), and the protein level of
Nef appeared to be comparable to that gen-

tion, Nef synthesis, and ~  (Probe) erated by wt virus. Although tar transcrip-

ynthe y p
T cell activation en- tat  (P1) tion was present in all infections of quies-
hangernten?atre ';‘.dej S cent cells, we were unable to detect Tat
pendent ol Integration; protein by these methods. This is consistent
a comparison of wt nef (P3) ith th P £ W
HIV-T,.4 5 (Wt) and in- & % with the poor sensitivity o Tat Western
tegrase mutant HIV- £ 3 - analysis.

1 (D116N). (A 2 0d s5d Z *9 Thus, the absence of integrase activity did
D116N, : g 25 2 AtV o
Detection of viral DNA 5 5 “wt wioren <05ng not affect patterns of gene expression in viral
syntt;esn;c ‘é"as Cf,';f'ed e T . infection of resting T cells. As shown in Fig.
?}'t ); . lfmg.; |ca& net 3D, the enhancements in T cell activation
ion of serially dilute ) ffected by the int ¢
nuclear DNA from in- 36«‘ o —— |- actin Bl 5-octin were also unatfected Dy the integrase muta-
fected resting CD4 T tion. This finding establishes that the infec-
cells (equal virion lev- 12 234%5 &6 (Primer)  tion of quiescent CD4 T cells with HIV can
els,’wtdo; Dd116N: ;x- D, EW [ uninfected +RT (F2-B1) affect !he response of that cell to stimuli

gr;nng \a/ys la er D116N N 9a¥'ﬂ°' before integration of viral DNA.
::?ﬁeca'?q)/'m ':'i:wi?'; a2 1 § e Because nef is a prominent transcript, but
and cellular P-actin %15. § § vit (r2-g2y  dispensable for viral rgpligation, we then direct-
primers (B-actin) were & % § ly evaluated the contribution of nef to cell ac-
used (27). (B) Quanti- = 107 § ‘% (F2-B3)  tivity by infecting resting T cells with a Nef-
tative RT-PCR analysis s § § negative virus. The preparation of viral stocks
&f HIV-1 t';iln:c?pts. § % in the absence of nef diminishes the virion
essenger from 0 = = infectivity (25-27), but this can be corrected for
10% infected resting T 5 6 7 . . . . .
cells was serially dilut- Donor single-cycle infection by expression of Nef in

ed (1:2), then subject-

ed to RT-PCR amplification as in Fig. 2D. (C) Detection of Nef protein in resting T cells. Quiescent
T cells were infected as in Fig. 1 with wt or D116N, and the equivalence of 106 cells was examined
by Western blot for Nef protein (27). Uninfected cells (Uninfected), cells harvested immediately
after infection (O days), and activated infected cells (Activated) were examined. Cellular B-actin
protein and 0.5 ng of recombinant Nef protein were also measured on the same blot. (D) IL-2
secretion by cells infected with an equivalent virion level of HIV-1,, 5 (wt, solid bars) or the
integrase mutant (D116N, hatched bars). Infection of resting T cells, activation, and IL-2 measure-
ment were done as in Fig. 1.

trans in the cell generating the virus (20, 28,
29). Quiescent CD4 T cells were infected with
equivalent doses of either wt or Nef-negative
[nef/DS (double stop mutant; two stop codons
in nef open reading frame); Nef in trans] HIV
(21). Five days later, the infected resting T cells
were activated by CD3-CD28 beads and IL-2
was measured. As in the previous activation

Fig. 4. The HIV nef gene enhances IL-2 secretion and viral output after the 159A  gw nef/DS B

stimulation of infected resting T lymphocytes, a comparison of wt and } =

Nef-negative (nef/DS) virus. (A} IL-2 secretion by CD4 T cells infected with b 0 uninfected s

equivalent p24 levels of HIV-1,, , , (wt, solid bars) or HIV-1__; ¢ (nef/DS, 124 18+ + AZT

hatched bars). The results are the average (=SE) of three independent = | 16 Activated T cells

determinations. Open bars, uninfected T cells. (B) Infectivity is identical for g0 14 01 23

HIV-1,,.; (wt, solid circles) and HIV-1 oo (nef/DS, open triangles) = 8- £ 12 Activation %

generated with Nef expressed in trans in prestimulated [with phytohe- 2 | ® 10

magglutinin (3 pg/ml), and IL-2 (5 U/ml)] T lymphocytes. Equivalent doses 6 3 8

(p24) of virus were used for infection of 10° cells, and at 24 hours after 4 e 6

infection, AZT (50 wM) was added. Results are the average p24 production i 4

from three independent determinations (*+SE). A second set of experi- 2 21

ments with AZT addition at 12 hours yielded equivalent results (76). 0+ 9 10 T 2 s i = &

Infectivity equivalence was also demonstrated by the infection of a Hela Donor Days post infection

CD4 indicator line (27). (C) The HIV nef gene increases viral output from Cc 800 D

infected resting T cells. T cells from three donors were infected as in (B) —e—wt ——nefDS

and stimulated with CD3-CD28 beads at 5 days after infection. AZT (50 —f— nefDS 7001 —$—vt —o—w

uM) was added at this time to limit replication to a single cycle, and 1007 W peting  Activated T celis 600 *Resﬁng+Activanechells

secreted p24 was measured. Results are the mean value (+SE) of p24, g oo T~ . - — 500 sdays & b 2 3

normalized to 100% of the maximal levels at day 6 for infection by wt 2 A0 2 R £ days

virus. The maximal HIV p24 values for the three donors were 82, 347, and g ¢o Activation 2400 vation

544 ng/ml. (D) Enhancement of viral output by nef requires incubation 2 3 300

before T cell stimulation. Purified CD4 T cells were infected as in (B). Cells § 40 <

infected with wt HIV were activated with CD3-CD28 beads either 5 days = 2001

after infection (wt, solid circles) or immediately after infection (wt, open ° 20 4/5/5 100

circles). The nef-negative HIV (nef/DS; triangles) infected cells were acti- o 0

vated after a 5-day incubation. In this experiment, AZT was not added. O 1 bdspostactvation  ° bays pest activaron
Donor (12, 13, 14) (Donor 15)
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studies, the absolute level of IL-2 varied be-
tween donors. For each of the cell populations
from four donors (Fig. 4A), mutation of the nef
gene resulted in diminished T cell sensitization.
There remained a varied viral-mediated sensi-
tization with the Nef-negative virus, presum-
ably because of Tat. Both HIV infection and
either Tat or Nef expression in primary cells
result in increased T cell activity as defined by
IL-2 (12, 14, 15), and these enhancements have
been shown to vary with the donor by yet-
unidentified mechanisms.

The ability of HIV to promote an active
state in quiescent T cells would be expected to
also positively influence viral replication from
infected resting cells. Compared to the wt HIV,
the Nef-negative virus had a similar infectivity
in preactivated T cells for single-cycle viral
production (Fig. 4B). However, the infection of
quiescent cells, followed by a 5-day resting
state before activation, resulted in an increase in
viral replication when a functional nef gene was
present (Fig. 4C). This increase in viral synthe-
sis is due to Nef alone, and unlike the IL-2
study above, the comparison does not include
the effect of Tat expression on viral replication
from resting T cells. It also differs from the IL-2
study in that the generated data do not include
the activity of uninfected cells. We also found
that if the 5-day preactivation incubation, dur-
ing which the viral gene products are synthe-
sized, is eliminated, the enhancement is lost,
with wt and Nef-negative virions yielding sim-
ilar viral production (Fig. 4D).

This Nef-mediated effect is in addition to
the previously characterized increase in viri-
on infectivity (25-27). Whereas the increase
in infectivity is manifest before viral gene
expression in the newly infected cell (20, 28,
29), the positive effect on viral output from
quiescent T cells is dependent on viral gene
activity in the newly infected cell.

Our ability to detect two of the multiply
spliced transcripts, nef'and tat, but not the third,
rev, suggests that the demonstrated singly
spliced transcript for env in resting T cells (Fig.
2D) is not likely to become transported to the
cytosol (30). About 80% of the singly spliced
env message is spliced at the nefsite (22), and
in" our system this env transcript may be a
precursor to the doubly spliced nef transcript.
Our findings are in part corroborated by previ-
ous work, in which reverse-transcribed DNA or
gene transcription by integrase mutants has
been indicated (3, 5, 24, 31). Because cell-cycle
progression of primary T cells past the G|,
stage is essential for HIV reverse transcription
(32), we presume that our population, although
not supportive of viral replication, includes
cells at various stages as found in vivo.

Beyond the potential to alter resting T cells
in vivo, the capacity of preintegration transcrip-
tion by HIV raises other issues. HIV may be
able to affect cell function in the absence of
productive infection, such as in nonlymphatic
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cells where binding and entry (but not integra-
tion) can occur. Moreover, the extensive pres-
ence of unintegrated HIV DNA in T cells of
infected individuals may have an underappre-
ciated bioactivity. Last, with the ability to tran-
scribe in the absence of proviral formation, HIV
could induce cytotoxic T lymphocyte recogni-
tion and destruction of a cell that is not repli-
cating virus particles.

References and Notes

. Z. Zhang et al., Science 286, 1353 (1999).

. J. W. Mellors et al., Science 272, 1167 (1996).

3. M. Stevenson, T. L. Stanwick, M. P. Dempsey, C. A.
Lamonica, EMBO J. 9, 1551 (1990).

4. G. Englund, T. S. Theodore, E. O. Freed, A. Engelman,
M. A. Martin, J. Virol. 69, 3216 (1995).

5. M. Wiskerchen, M. A. Muesing, J. Virol. 69, 376
(1995).

6. T. W. Chun et al., Nature 387, 183 (1997).

7. M. Siekevitz et al., Science 238, 1575 (1987).

8. S. E. Tong-Starksen, P. A. Luciw, B. M. Peterlin, Proc.
Natl. Acad. Sci. US.A. 84, 6845 (1987).

9. S. Kinoshita, B. K. Chen, H. Kaneshima, G. P. Nolan,
Cell 95, 595 (1998).

10. D. Unutmaz, V. N. KewalRamani, S. Marmon, D. R.
Littman, J. Exp. Med. 189, 1735 (1999).

11. M. Siekevitz, M. B. Feinberg, N. Holbrook, F. Wong-
Staal, W. C. Greene, Proc. Natl. Acad. Sci. USA. 84,
5389 (1987).

12. M. Ott et al., Science 275, 1481 (1997).

13. S.S. Rhee, ). W. Marsh, J. Immunol. 152, 5128 (1994).

14. ). A. Schrager, J. W. Marsh, Proc. Natl. Acad. Sci. US A.
96, 8167 (1999).

15. J. K. Wang, E. Kiyokawa, E. Verdin, D. Trono, Proc.
Natl. Acad. Sci. U.S.A. 97, 394 (2000).

16. Y. Wy, ). W. Marsh, data not shown.

N =

17. K. A. Jones, B. M. Peterlin, Annu. Rev. Biochem. 63,
717 (1994).

18. C. B. Davis et al., J. Exp. Med. 186, 1793 (1997).

19. C. Cicala et al., Proc. Natl. Acad. Sci. USA. 97, 1178
(2000).

20. M. W. Pandori et al., J. Virol. 70, 4283 (1996).

21. Supplementary material, including information on T
cell purification, virus infection, quantitative RT-PCR,
hybridization, cloning, Nef Western blotting, and de-
tection of integrated DNA, as well as Web table 1 and
Web figs. 1 and 2 are available on Science Online at
www.sciencemag.org/cgi/content/full/293/5534/
1503/DC1.

22. D. F. Purcell, M. A. Martin, J. Virol. 67, 6365 (1993).

23. C. A. Spina, ). C. Guatelli, D. D. Richman, /. Virol. 69,
2977 (1995).

24. A. Engelman, G. Englund, J. M. Orenstein, M. A. Mar-
tin, R. Craigie, /. Virol. 69, 2729 (1995).

25. C. A Spina, T. J. Kwoh, M. Y. Chowers, ). C. Guatelli,
D. D. Richman, J. Exp. Med. 179, 115 (1994).

26. M. Y. Chowers et al., J. Virol. 68, 2906 (1994).

27. M. D. Miller, M. T. Warmerdam, I. Gaston, W. C.
Greene, M. B. Feinberg, /. Exp. Med. 179, 101 (1994).

28. C. Aiken, D. Trono, J. Virol. 69, 5048 (1995).

29. M. D. Miller, M. T. Warmerdam, K. A. Page, M. B.
Feinberg, W. C. Greene, J. Virol. 69, 579 (1995).

30. M. H. Malim, J. Hauber, S. Y. Le, ). V. Maizel, B. R.
Cullen, Nature 338, 254 (1989).

31. A. Cara, F. Guarnaccia, M. S. Reitz Jr.,, R. C. Gallo, F.
Lori, Virology 208, 242 (1995).

32. Y. D. Korin, ). A. Zack, /. Virol. 72, 3161 (1998).

33. T. M. Folks et al., J. Exp. Med. 164, 280 (1986).

34. We thank T. Trischmann of the Blood Services Sec-
tion, Department of Transfusion Medicine, NIH, for
providing elutriated lymphocytes; E. Major for use of
his BL3 facility; C. Spina, J. Guatelli, A. Engelman, and
M. Martin for HIV plasmids; and E. Major, S. Hoare, M.
Eiden, and B. Moss for their comments and criticisms
concerning this manuscript.

12 April 2001; accepted 2 July 2001

Representation of Perceived
Object Shape by the Human
Lateral Occipital Complex

Zoe Kourtzi'>* and Nancy Kanwisher'3

The human lateral occipital complex (LOC) has been implicated in object
recognition, but it is unknown whether this region represents low-level image
features or perceived object shape. We used an event-related functional mag-
netic resonance imaging adaptation paradigm in which the response to pairs of
successively presented stimuli is lower when they are identical than when they
are different. Adaptation across a change between the two stimuli in a pair
provides evidence for a common neural representation invariant to that change.
We found adaptation in the LOC when perceived shape was identical but
contours differed, but not when contours were identical but perceived shape
differed. These data indicate that the LOC represents not simple image features,
but rather higher level shape information.

A central goal for any theory of human visual
object recognition is to characterize the inter-
nal representations we extract from visually
presented objects. Recent findings from neu-
roimaging in humans suggest that the LOC
(Fig. 1) plays a critical role in object recog-
nition. These studies (/-6) further suggest
that the LOC may represent object shape
independent of the particular visual features
(e.g. luminance, motion, texture, or stereo-
scopic depth cues) that define that shape.

However, previous results are also consistent
with the possibility that the LOC instead
represents low-level information about visual
contours. The two hypotheses are difficult to
distinguish because contours are always
present in images of objects. However, con-
tour and shape information are not the same
thing: A given shape can be represented by
more than one set of local contours (Fig. 2A),
and a given set of contours can represent
more than one shape (Fig. 2B). The present
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