
function in the nucleus as is demonstrated by the absence of
spectinomycin resistance, despite the presence of a nuclear aadA
gene in all of the kanamycin-resistant plants selected. A

Methods
pPRV111A::neoSTLS2 construction and transplastomic plants
pPRV111A::neoSTLS2 was produced by ligating the HindIII fragment containing
neoSTLS2 from plasmid pCMneoSTLS2 (ref. 13) into pPRV111A14. This transformation
vector was introduced into the plastids of Nicotiana tabacum L. Petit Havana (N,N) by
biolistic bombardment, and homoplasmic plants were regenerated as described
previously14. The homoplasmic plants were transferred to soil and grown in a controlled
environment chamber with a 14 h light/10 h dark and 25 8C day/20 8C night growth
regime. The photon flux density was approximately 300 mmol m22 s21 at the plant surface.
The nuclear neoSTLS2 control line was generated by biolistic bombardment with plasmid
pCMneoSTLS2 (ref. 13).

Seedling tests for resistance to kanamycin and spectinomycin
Surface-sterilized seeds were plated on 150-mm plates containing 50 ml of 0.5 MS salt
medium25 and either spectinomycin dihydrochloride (500 mg ml21) or kanamycin
sulphate (150 mg ml21). For screening seeds of self-pollinated tp7, the latter medium was
supplemented with geneticin disulphate (20 mg ml21) when seedlings were two weeks old.
The plates were placed at 25 8C with continuous fluorescent light. To determine
nondestructively the kanamycin-resistance phenotype for verification of transplastomic/
nuclear junctions, leaf pieces were taken from individual seedlings grown in 0.5 MS
medium without kanamycin, and then cultured in MS medium containing 150 mg ml21

kanamycin and the required plant hormones25. Kanamycin resistance was judged by callus
growth.

Molecular analysis
DNA and RNA blot analyses were carried out as described11,26. Junction sequences were
obtained using iPCR as described (see http://arabi4.agr.hokudai.ac.jp/ArabiE/protocols/
general/general.html). Key differences in the restriction fragment sizes between nuclear
and transplastomic DNA were used to design cpDNA primers adjacent to the site of
integration. These primers were used in conjunction with a second primer specific for
either aadA or neoSTLS2. Primers used in iPCR were 5

0
-GAAGTTTCCAAAAGGTCGTT-

3
0

with 5
0
-CTCGCCATCTATTTTCATTG-3

0
for kr1, 5

0
-CCAGATTCCAAATGAACAAA-

3 0 (f2) with 5 0 -CAATAGCCCTCTGGTCTTCT-3 0 (r3) for kr17, and f2 with r3 for kr18.
PCR amplification11 of the junction sequences was undertaken with primers 5

0
-

GCACTGTGTCATTCAATACT-3
0

(f1) and 5
0
-CCAATTGTGACATCCCTTCT-3

0
(r1) for

kr1, f2 and 5 0 -GGTTTTCCAAAGGGGTTTT-3 0 (r2) for kr17, and 5 0 -GCCGTCATCAC
TAACCATT-3

0
(f3) and r3 for kr18.
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We scan our surroundings with quick eye movements called
saccades, and from the resulting sequence of images we build a
unified percept by a process known as transsaccadic integration.
This integration is often said to be flawed, because around the
time of saccades, our perception is distorted1–6 and we show
saccadic suppression of displacement (SSD): we fail to notice if
objects change location during the eye movement7,8. Here we
show that transsaccadic integration works by optimal inference.
We simulated a visuomotor system with realistic saccades, retinal
acuity, motion detectors and eye-position sense, and pro-
grammed it to make optimal use of these imperfect data when
interpreting scenes. This optimized model showed human-like
SSD and distortions of spatial perception. It made new predic-
tions, including tight correlations between perception and motor
action (for example, more SSD in people with less-precise eye
control) and a graded contraction of perceived jumps; we verified
these predictions experimentally. Our results suggest that the
brain constructs its evolving picture of the world by optimally
integrating each new piece of sensory or motor information.
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We make two or three saccades per second, collecting a rapid
series of visual snapshots of the world. To perceive a large, changing
scene—for example, when navigating through traffic—we mentally
join up the images like pieces of a spatiotemporal jigsaw puzzle. To
work out which piece of the puzzle goes where, the brain uses
information from three main sources, all of them imperfect. One
source is the retinal locations of images, but retinal acuity declines
with eccentricity9,10. The second source is the velocity signals from
visual motion detectors; these are accurate when the eyes are
stationary11,12, but ineffective during saccades13–16. The third is our
sense of eye position, derived from muscle spindles17 or motor
commands18–20, but this information is also imperfectly reliable,
especially during saccades21,22.

Is it possible that transsaccadic integration uses its limited inputs
in an optimal way, despite apparent flaws such as SSD? To see what
optimal integration would look like, we simulated a visuomotor
system that receives these three signals. It makes saccades, and

sometimes during or between those saccades, an object in its visual
field jumps to a new location. The system judges whether a jump has
occurred, and estimates its size and direction. For its deductions, the
system knows the probability distributions of its unreliable signals,
and of its own saccades and of jumps in the world. It makes optimal
use of all its information to deduce the events in its surroundings
(see Methods).

We simulated the model’s performance in a typical psychophysi-
cal experiment: guessing in which of two possible directions a spot
has jumped. Figure 1a plots the model’s probability of choosing
correctly as a function of jump size. If the spot jumps when the eye is
stationary, the model (dotted line) notices: its perceptual threshold,
defined as the smallest jump whose direction it can guess correctly
75% of the time, is very low. If the spot jumps during a saccade, the
threshold is higher7 and it increases with saccade amplitude8. As
shown in the inset, this increase is approximately linear, also in
agreement with published data23,24. Our own subject in Fig. 1b,
given the same tasks, shows the same behaviours. Thus, optimal
transsaccadic integration results in SSD, and in a human-like way.
So, SSD need not reflect flawed transsaccadic integration, but is an
unavoidable consequence of optimal inference from imperfect
signals.

To test this model further, we used it to generate new predictions
about SSD. The model shows SSD for two reasons, the first being
that it attributes apparent jumps to errors in its visual and motor
signals; therefore, it will show more SSD the more uncertain it is
about its sensorimotor data. If its eye-position sense, like that of
humans21, is less reliable parallel to a saccade than orthogonal to it,
then it will be more blind to target jumps in the parallel dimension.
This behaviour is shown in Fig. 1c, in which the model senses
smaller jumps orthogonal to its saccades (dashed line) than parallel
to them (solid line). To test this prediction experimentally, we had
seven people perform the same tasks (see Methods). Like the typical
subject in Fig. 1d, all subjects matched the model’s predictions: they
showed much less SSD for orthogonal than for parallel jumps
(P ¼ 0.004).

Also according to the model, SSD in any direction should depend
on the combined uncertainty of retinal localization and eye-
position sense in that direction. We can estimate this uncertainty
by measuring the scatter (the standard deviation, s.d.) of eye
positions right after the saccade (see Methods); we would expect a
person’s SSD to correlate with the postsaccadic scatter of their eye
positions. The model predicts tighter correlations if we ‘cancel out’
other intersubject differences by taking ratios, as shown in Fig. 2a.
Here, the variable on the abscissa is the ‘eye-position scatter ratio’;
for example, if after saccades your eye positions are spread out three
times as much in the direction of the saccade than in the orthogonal

Figure 1 Predicted and actual saccadic suppression of displacement (SSD). a, The model

judges in which of two directions a spot has jumped. If the spot jumps when the eye is

fixating (dotted line), the threshold of perception (the jump size at which the model

guesses the direction correctly 75% of the time) is just 0.28. During 7.58 saccades (thin

solid line), the threshold increases to 1.18; during 108 saccades (medium solid line), it

rises to 1.48; and with 158 saccades (thick solid line), to 28. The inset plots thresholds as a

function of saccade size. b, A human subject’s judgements on the same tasks. c, In the

model, thresholds are lower for jumps orthogonal to the saccade (dashed line) than for

parallel jumps (solid line). d, On the same tasks, a typical subject shows the same

behaviour. Areas of circles represent the numbers of trials for each jump size.

e, Simulating the blanking effect. When the target is continuously presented, the

model shows low thresholds during fixation (dotted line) and high thresholds during

saccades (solid line). f, When the target is blanked, the thresholds shift in opposite

directions.

Figure 2 Perception and motor control. a, The optimal-integration model predicts a

monotonic, roughly linear relationship between sensorimotor uncertainty, as reflected in

eye-position scatter ratios, and SSD ratios (see text). b, Data from seven subjects confirm

the prediction. Lines in both plots are best-fit linear regressions.
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direction, then your scatter ratio is 3, as it is for the simulated person
marked with an arrow in the figure. On the ordinate is the ‘SSD
ratio’: if your threshold for sensing a target jump is three times as
large when the jump is parallel to your saccade than when it is
orthogonal, then your SSD ratio is 3, as it is for the same data point
in Fig. 2a. The key prediction, shown in the graph, is that people
with higher scatter ratios should have higher SSD ratios: the latter
ratio should rise as a function of the former, monotonically and
roughly linearly.

We tested this prediction on seven people. The results, given in
Fig. 2b, confirm the model’s predictions: subjects with larger scatter
ratios had larger SSD ratios, with a correlation of r ¼ 0.95
(P , 0.01). The human data in Fig. 2b followed a rising, roughly
linear curve like those of the optimal integrators in Fig. 2a.

To generate further tests, we turned to the second reason the
model shows SSD: namely, the sheer implausibility, outside a vision
laboratory, of an otherwise stationary object jumping in perfect
synch with a saccade. Because of this prior improbability, the
optimal integrator distrusts its inputs when they signal a jump.
So, the model implies that SSD should diminish when the context
makes jumps more plausible. For example, it concurs with the
finding of Gysen et al.25 that SSD is reduced if the object is already
moving before it jumps. And it fits Deubel and colleagues’ obser-
vation26 that SSD is reduced when the jumping object is blanked for
a time before it reappears in its new location (blanking makes it
plausible that the postsaccadic spot is a new object in a new location,
or that the object passed behind a barrier and re-emerged later, both
of which scenarios are more likely than an abrupt translocation). To
simulate this, we programmed our model to regard apparent jumps
as more plausible when they coincided with brief disappearances.
The simulations (Fig. 1e–f) mimic the reduced SSD reported by
Deubel et al.26, and their observation that blanking makes jumps less
perceptible when the eye is stationary (because motion cues are
removed).

Previous accounts of SSD have considered only two-alternative
tasks in which subjects detect jumps or judge their directions, but
the optimal-integration model also predicts a graded contraction
of perceived jumps. The mechanism is illustrated in Fig. 3a–d. In
Fig. 3a, the efference copy signal, c, reports a saccade of 158 while the
retina, r, reports a stimulus shift of 2108, although both reports
carry some uncertainty, as represented by the gaussian distri-
butions. Together, these two signals imply that the object has
jumped rþ c¼ 158 2 108¼ 58: But the prior probability of a
jump, j, (black distribution marked j) is small away from zero, so
the percept, j*, is ‘pulled’ towards zero. The degree of pull depends
on the widths of the c, r and j distributions (Fig. 3b–d).

Simulations indicate that perceived jumps should be a nonlinear
function of actual jump size (Fig. 3e). Around zero, the graph runs
almost horizontally, indicating strong contraction. Also, the graph
is shifted in the direction of the saccade, because immediately after a
saccade, the eye-position signal c is hypometric22. We tested these
predictions experimentally. Eight subjects made saccades towards a
target that jumped parallel to the saccade. Using a mouse, they then
moved the target back to what they felt was its presaccadic position,
thereby indicating the perceived jump size. As in the simulations, all
subjects showed a contracted and shifted percept (Fig. 3f).

Studies have revealed various patterns of compression and shift in
perisaccadic spatial percepts, similar but not identical to those in
Fig. 3f, for paradigms more complex than our continuous presen-
tation of a single visible target1–6. These tasks are beyond the current
scope of our model, because some involve multiple visible objects,
which complicate the probabilities, and all use a flashed target,
whose perisaccadic localization requires precise judgements of
timing and which the brain may interpret as a new, second object
rather than as a reappearance of the presaccadic target, again
affecting its probable location. For simplicity, the model considers
just one object and two time points (pre- and postsaccade), but the

Figure 3 Contraction of perceived jumps. a, The percept j* reflects a tug of war between

the prior probability of a jump, j, and the sensorimotor estimate r þ c, where r is the

retinal signal and c is the efference copy signal; during saccades, v (an independent

estimate derived from visual velocity detectors of the change in retinal location) has no

role. b, c, j* stays closer to r þ c when the prior probability of non-zero jumps is higher

(that is, when p( j ) is wider; b), or when r and c are less variable (and therefore more

reliable; c). d, But when r and c are highly variable, j* gravitates strongly towards zero.

e, The model predicts contraction: the slope of the curve is shallow near the middle. Grey

circles are 1,000 responses, after 158 saccades. The solid line indicates average model

performance; the straight diagonal line, ideal perception. f, All eight subjects showed

similar contraction; this graph shows their bin-wise averaged responses, with standard

deviation (s.d.) bars and averages of the individual s.d.s (grey envelope). Remaining

panels illustrate the sensitivity of j* to the model’s main parameters. g, Influence of eye-

position uncertainty, jc. The thick solid curve is the model’s performance when jc ¼

2:5ð0:01d þ 0:058Þ;where d is the target distance (see Methods). Other curves show the

results when this jc is multiplied by 2 and 1.3 (dashed lines), and by 0.7 and 0.5 (dotted

line). h, Retinal-shift uncertainty, jr . Thick curve: jr ¼ 0:02eþ 0:158; where e is the

postsaccadic, or postjump, eccentricity of the target. Other curves: jr multiplied by 2, 1.3,

0.7 and 0.5. i, Underestimation of saccade size, D. With more pronounced

underestimation, the j* curve shifts in the direction of the saccade. From left to right,

D ¼ 1, 0.9, 0.8, 0.7 and 0.6. j, Width of the probability density function p( j ). The thick

curve is the model’s performance when the width parameter, w, is 0.0658. For the other

curves, w was multiplied by 0.5, 0.7, 1.3 and 2.
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principle of optimal integration could be extended to deal with
more complex conditions.

Our model of transsaccadic integration reconciles and clarifies
previous approaches. It shows that the brain uses eye-position
signals in interpreting retinal information18, but only to a limited
extent27. Our simulations show that SSD arises from noisy sensori-
motor signals7,23 and from the prior implausibility of sudden
jumps during saccades28. And we show that optimal integration
can explain both SSD and graded distortions of spatial per-
ception.

These findings support a view in which the brain pieces together a
coherent percept of the world like a probabilistic, spatiotemporal
jigsaw puzzle. The computations are complex, but they could be
learned from available sensory and motor signals (they are well
approximated by artificial networks of just a few hundred sigmoid
neurons). We suggest that natural selection and learning shape the
brain’s circuits into transsaccadic integrators that make optimal use
of each piece of sensorimotor information. A

Methods
Optimal transsaccadic integration
For a full account of the optimized visuomotor model and its derivation, see
Supplementary Information. The system receives three input variables: r is the change in
the target’s retinal location, before and after the saccade; v is an independent estimate of
that change in retinal location derived from visual velocity detectors; c is the estimated
change in eye position, conveyed by efference copy or proprioception. These signals are
influenced by two other variables, s and j, which represent saccades and jumps; that is, the
amplitudes and directions of sudden movements of the visible object. From c, r and v, the
system guesses j. Using Bayes’ rule and other laws of probability, it can be shown that the
optimal estimate, j* (the one that will yield the smallest misjudgement of j on average), is
the ratio of two iterated integrals:

j* ¼

ð
dj j

ð
ds pðsÞpð jÞpðcjsÞpðrj jsÞpðvjjsÞ=

ð
dj

ð
ds pðsÞpð jÞpðcjsÞpðrjjsÞpðvjjsÞ

ð1Þ

Here, each p is a probability density function; for example, p(rjjs) is the conditional
probability density that the retinal shift would have value r if the jump had value j and the
saccade had value s.

All distributions in the model are realistic, insofar as the real parameters are known,
although at present, p( j) and p(rjjs) can only be estimated. p(s) is gaussian, with s.d. js ¼

0:01dþ 0:058 (where d is the target distance) orthogonal to the saccade29; to simulate
parallel scatter, we multiplied this value by the scatter ratios 2.5, 3, 3.5, 4 and 4.5 (compare
Fig. 2a). Mean saccade size m s is equal to the target distance minus an undershoot, u, which
is well approximated in our data by u¼ 0:23js þ 0:418: p( j) is a Laplace distribution,
expð2jjj=wÞ=2w;where w is a free parameter that we set to 0.0658 normally, and to 0.138 in
the presence of blanking in Fig. 1f. p(cjs), p(rjjs) and p(vjjs) are all gaussian. Because c is
delayed and therefore hypometric right after saccades22, m c ¼ Ds (where D, the factor by
which saccade size is underestimated, varies between about 0.75 and 0.9); we set jc ¼ js:
For r, we set mr ¼ j 2 s and jr ¼ 0:02eþ 0:158; where e is the postsaccadic, or postjump,
eccentricity of the target (initial eccentricity was constant for any one experiment). And for
v, we set mv ¼ r when there was no saccade, and mv ¼ 0 otherwise; we set j v at 0.0058

(ref. 12). To simulate neural variability in the integrator itself, we added gaussian noise of
s.d. 0.004 radians to j*. Moderate changes in these parameters do not affect the qualitative
predictions—such as SSD, shifts and compression—and the linear relationships in Figs 1a
and 2.

Experiments
Seven subjects with normal or corrected-to-normal vision participated in the first
experiment. They sat in a dark room with their head stabilized on a bite-bar, and viewed
computer-generated stimuli (20 cd m22) back-projected onto a 1.4-by-1.9-m screen
spanning about 1008 horizontally and 908 vertically. At the start of each trial, the subject
fixated a small dot, 0.48 across, at one of four possible locations, at the corners of an
imaginary central 108-by-108 square (rather than straight ahead, so subjects could not tell
the direction of the target’s subsequent jump by its final location relative to the midline of
the head). After 0.5–1 s, the fixation dot vanished and a target spot, 0.88 across, appeared
158 to the left, right, above or below fixation. Subjects looked to the target as quickly as
possible. The computer, monitoring eye position from search-coil signals at 1,000 Hz,
detected the saccade (eye velocity, $368 s21; eye position, $1.58 from the fixation point)
and moved the target horizontally or vertically; 200 ms later, the screen went white and the
subjects chose the direction in which they believed the target had jumped. An adaptive
algorithm30 varied the jump from trial to trial, mapping out the thresholds of perception.
Thresholds differed for onward versus backward jumps, as predicted by the model; Fig. 2 is
based on thresholds for pooled onward and backward jumps, but data and model agreed
equally well when we separated these jump directions.

We switched off the fixation dot so that subjects could not use its direction relative to
the target to perceive orthogonal jumps. Others have found reduced SSD orthogonal to

saccades, although their effects were smaller than ours, probably for other, methodological

reasons7.
In Fig. 2b, we quantified our subjects’ uncertainty about eye and target position using

scatter ratios. We validated this method with a study identical to the first, except that the

target vanished at the start of the saccade. Subjects made as many corrective saccades as

they wished, then pressed a button when they felt they were looking at the former location

of the target. Clearly, the scatter of eye positions at this moment reflected the subject’s

uncertainty about the placement of eye and target. But the scatter ratios at that moment

correlated tightly (r ¼ 0.93, P , 0.05) with scatter ratios after the initial saccade, before

any corrective movements. This shows that we can take, as an accurate measure of

uncertainty, the scatter ratio after initial, uncorrected saccades, as we did in Fig. 2b.
The experiments on graded contraction of jumps were again identical to the first study,

except that eight subjects made horizontal saccades to a target that jumped, during the

saccade, to a location chosen randomly from a horizontal range of ^108; 200 ms after the

saccade, the target was replaced by a vertical bar that the subject moved to what they felt

was the target’s presaccadic location. Only one object was visible at any one time. In other

experiments, subjects moved the target itself rather than a bar, but the results were the

same.
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Prion diseases such as Creutzfeldt–Jakob disease (CJD) are fatal,
neuro-degenerative disorders with no known therapy. A pro-
portion of the UK population has been exposed to a bovine
spongiform encephalopathy-like prion strain1–3 and are at risk of
developing variant CJD4. A hallmark of prion disease is the
transformation of normal cellular prion protein (PrPC) into an
infectious disease-associated isoform5, PrPSc. Recent in vitro
studies indicate that anti-PrP monoclonal antibodies with little
or no affinity for PrPSc can prevent the incorporation of PrPC into
propagating prions6,7. We therefore investigated in a murine
scrapie model whether anti-PrP monoclonal antibodies show
similar inhibitory effects on prion replication in vivo. We found
that peripheral PrPSc levels and prion infectivity were markedly
reduced, even when the antibodies were first administered at the
point of near maximal accumulation of PrPSc in the spleen.
Furthermore, animals in which the treatment was continued
remained healthy for over 300 days after equivalent untreated
animals had succumbed to the disease. These findings indicate
that immunotherapeutic strategies for human prion diseases are
worth pursuing.

Recombinant human PrP91–231 folded into either a- or b-con-
formations8,9 was used to produce monoclonal antibodies in mice
lacking PrP (Prnp0/0)10 that are intolerant to PrPC. ICSM 35, an
immunoglobulin-g2b (IgG2b) monoclonal antibody raised against
b-PrP, with high affinity for both murine PrPc and PrPSc (Fig. 1a;
A. Khalili-Shirazi, S.H. and J.C., unpublished data), recognizes a
region between amino acid residues 91 and 110 (ref. 11). ICSM 18
(isotype IgG1), raised against a-PrP, recognizes residues 146–159 of
murine PrP and has a lower affinity for PrPSc (Fig. 1a). FVB/N mice
were challenged intraperitoneally (i.p.) with Rocky Mountain
Laboratory (RML) scrapie brain homogenate derived from termi-
nally scrapie-sick mice and treated with ICSM 35, ICSM 18 or
isotype control antibodies BRIC 126 (IgG2b) and BRIC 222 (IgG1)
by twice weekly i.p. injection (2 mg per injection) from 7 or 30 days
post inoculation (p.i.). Enzyme-linked immunosorbent assay
(ELISA) analysis after 30 days of antibody treatment revealed no

significant differences between ICSM 35 or ICSM 18 antibody levels
in the serum (Supplementary Information). Western blots of
proteinase K-treated, phosphotungstic-acid-precipitated PrPSc

from spleens of mice at 60 days p.i. revealed that treatment from
7 days p.i. with ICSM 35 or ICSM 18, but not with BRIC antibodies,

Figure 1 Anti-PrP antibodies inhibit splenic PrPSc protein levels. Western blots of

proteinase K-digested, phosphotungstic-acid-precipitated PrPSc from spleens of mice 60

days p.i. with RML scrapie. Mice were inoculated i.p. except in h. Each lane contains PrPSc

from an individual mouse. M r, relative molecular mass; Ter, pooled splenic PrPSc from

mice succumbing to terminal scrapie (195 ^ 5 days p.i.). a, Immunoprecipitation of PrP

from scrapie-infected mouse brain using ICSM or BRIC antibodies. PK, proteinase K.

b, ICSM 18 and ICSM 35 induced substantial reductions in splenic PrPSc levels when

treatment began from 7 days p.i., but this reduction was not seen in c, the BRIC-control-

treated mice. d, ICSM 18 and ICSM 35 reduced splenic PrPSc when treatment began at 30

days p.i. e, Densitometry of PrPSc levels in the western blots. ICSM 18 induced greater

reduction in PrPSc levels in spleens than ICSM 35, whereas BRIC 126 had no effect

(asterisk, P , 0.001 compared with untreated spleens). f, ICSM 18 induced efficient

clearance of PrPSc whether treatment began at 7 or 30 days p.i. ICSM 35 induced more

efficient inhibition of PrPSc accumulation when treatment began at 7 days rather than 30

days p.i. g, ICSM 18 induced a dose-dependent reduction in PrPSc levels in spleens as

determined by densitometry of western blots (asterisk, P , 0.001, ANOVA compared

with control antibody (Ab) treatment). h, ICSM 18 and ICSM 35 inhibited splenic PrPSc

accumulation in i.c. inoculated mice.
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