
(3.0±5.0 mm diameter) for chronic recording was drilled through the cranioplastic cap
and the underlying skull.

Behavioural task

The rats were required to lick a spout to obtain rewards of 0.3 M sucrose solution or ICSS
(0.5-s train of 100-Hz, 0.3-ms capacitor-coupled negative square wave pulses). We
monitored licking behaviour with a photoelectric sensor. The threshold level for ICSS to
maintain the licking behaviour in the operant task was determined in behavioural tests
before recording. In this study, the thresholds ranged from 65 to 110 mA. The licking
frequency depended on the method of reward delivery, that is, low for ICSS and high for a
liquid reward. This was probably because ICSS was delivered only once at the ®rst lick even
if the rat licked several times, whereas liquid was delivered continuously during a 2-s
reward period, although the property of the reward, natural or arti®cial, could also be
involved in this difference. In the cued operant task, a 1,200 Hz tone (tone 1) and a white
light on the left side (light 1) signalled availability of the ICSS, and a 4,300 Hz tone (tone 2)
signalled availability of sucrose solution. A 2,800 Hz tone (tone 3) and a white light on the
right side (light 2) were neutral, that is, not associated with reward. A speaker positioned
10 cm anterior to the rats delivered tones that were 85 dB at each ear and two white light
lamps, 458 lateral and 7 cm from each eye, delivered the visual stimuli.

Electrophysiology

Before the unit recording session, we searched for auditory neural responses by clapping
and, thus, localized the margins of the medial geniculate body. On the basis of the
coordinates derived from this localizing procedure, a glass-insulated tungsten micro-
electrode (Z = 1.0±1.5 MQ at 1,000 Hz) was inserted stereotaxically stepwise by a
micromanipulator into various parts of the posterior thalamus. Extracellular discharges of
single neurons were recorded using conventional recording procedure.

Histology

At the end of recording session, several small electrolytic lesions (20 mA for 20 s) were
made stereotaxically around the recording sites with a glass-insulated tungsten micro-
electrode. The brains were sectioned coronally (30 mm) and stained with cresyl violet. All
marking and stimulation sites were then veri®ed microscopically. The positions of the
recorded neurons were mapped onto the appropriate tissue sections, using stereotaxic
coordinates, and the sections were compared with the atlas of Paxinos and Watson29.

Data analysis

Spike trains were smoothed by convolution with a gaussian kernel (j = 20 ms) to obtain
spike-density functions (SDFs)30. Spontaneous activity was de®ned as the mean discharge
rate during the 1,000 ms preceding cue onset. The early response was de®ned as the
number of spike counts in the ®rst 100 ms after cue onset. The late response was de®ned
as the number of spike counts in the 500 ms period from 2,500 to 3,000 ms after cue
onset. A neuron was classi®ed as responsive to any cue stimuli if the difference in neural
activity in three periods (spontaneous activity, early response and late response) was
signi®cant (one-way ANOVA, P , 0.01). A modality coupling index (MI) and a reward
coupling index (RI) were computed for each response component: MI = (Faud(ICSS) +
Faud(ext) - Fvis(ICSS) - Fvis(ext))/Fsum; RI = (Faud(ICSS) - Faud(ext) + Fvis(ICSS) - Fvis(ext))/Fsum, where
Fsum = Faud(ICSS) + Faud(ext) + Fvis(ICSS) + Fvis(ext). Faud(ICSS) or Fvis(ICSS) is the average ®ring rate
to auditory stimulus or visual stimulus, respectively, associated with reward minus
spontaneous ®ring rate in each neuron. Faud(ext) or Fvis(ext) is the average ®ring rate to
auditory stimulus or visual stimulus, respectively, in the extinction test minus sponta-
neous ®ring rate in each neuron. MI represents sensory modality selectivity of the neural
responses and RI represents reward dependency. For example, if the value of MI was 1.0 or
-1.0, this indicates a purely auditory-speci®c response or a visual one, respectively. An RI
value of 1.0 or 0 indicates that a neural response is totally dependent on or independent of
reward contingency, respectively.

In principle, memory and anticipation are mutually dependent. However, the temporal
response patterns (Fig. 1) and the effects of manipulating reward parameters (Figs 2 and 3)
suggested that the early and late components conveyed distinguishable information.
Therefore we designated the early component as related to memory (retrospective coding)
and the late one as related to anticipation (prospective coding).

Received 26 January; accepted 13 June 2001.

1. Dickinson, A. & Balleine, B. Motivational control of goal-directed action. Anim. Learn. Behav. 22,

1±18 (1994).

2. Schultz, W. Multiple reward signals in the brain. Nature Rev. Neurosci. 1, 199±207 (2000).

3. Schultz, W., Tremblay, L. & Hollerman, J. R. Reward processing in primate orbitofrontal cortex and

basal ganglia. Cereb. Cortex 10, 272±283 (2000).

4. Rolls, E. T. The Brain and Emotion. (Oxford Univ. Press, New York, 1999).

5. Rainer, G., Rao, S. C. & Miller, E. K. Prospective coding for objects in primate prefrontal cortex.

J. Neurosci. 19, 5493±5505 (1999).

6. Fibiger, H. C. & Phillips, A. G. in Handbook of PhysiologyÐThe Nervous System Vol. IV (ed. Bloom,

F. E.) 647±675 (Williams and Wilkins, Baltimore, 1986).

7. Wise, R. A. & Rompre, P. P. Brain dopamine and reward. Annu. Rev. Psychol. 40, 191±225 (1989).

8. Mirenowicz, J. & Schultz, W. Preferential activation of midbrain dopamine neurons by appetitive

rather than aversive stimuli. Nature 379, 449±451 (1996).

9. Nakamura, K., Ono, T. & Tamura, R. Central sites involved in the lateral hypothalamus conditioned

neural responses to acoustic cues in the rat. J. Neurophysiol. 58, 1123±1148 (1987).

10. Robbins, T. W. & Everitt, B. J. Neurobehavioral mechanism of reward and motivation. Curr. Opin.

Neurobiol. 6, 228±236 (1996).

11. Ono, T., Nishijo, H. & Uwano, T. Amygdala role in conditioned associative learning. Prog. Neurobiol.

46, 401±422 (1995).

12. Schoenbaum, G., Chiba, A. A. & Gallagher, M. Orbitofrontal cortex and basolateral amygdala encode

expected outcomes during learning. Nature Neurosci. 1, 155±159 (1998).

13. Bechara, A., Damasio, H., Tranel, D. & Anderson, S. W. Dissociation of working memory from

decision making within the human prefrontal cortex. J. Neurosci. 18, 428±437 (1998).

14. Watanabe, M. Reward expectancy in primate prefrontal neurons. Nature 382, 629±632 (1996).

15. Kawagoe, R., Takikawa, Y. & Hikosaka, O. Expectation of reward modulates cognitive signals in the

basal ganglia. Nature Neurosci. 1, 411±416 (1998).

16. LeDoux, J. E., Farb, C. R., & Romanski, L. M. Overlapping projections to the amygdala and striatum

from auditory processing areas of the thalamus and cortex. Neurosci. Lett. 134, 139±144 (1991).

17. Linke, R., De Lima, A. D., Schwegler, H. & Pare, H.-C. Direct synaptic connections of axons from

superior colliculus with identi®ed thalamo-amygdaloid projection neurons in the rat: possible

substrates of a subcortical visual pathway to the amygdala. J. Comp. Neurol. 403, 158±170 (1999).

18. Weinberger, N. M. Learning-induced changes of auditory receptive ®elds. Curr. Opin. Neurobiol. 3,

570±577 (1993).

19. LeDoux, J. E. Emotion circuits in the brain. Ann. Rev. Neurosci. 23, 155±184 (2000).

20. Dolan, R. J. in The New Cognitive Neurosciences 2nd edn (ed. Gazzaniga, M. S.) 1115±1131 (MIT Press,

Cambridge, Massachusetts, 2000).

21. Gallistel, C. R., Leon, M., Waraczynski, M. & Hanau, M. S. Effect of current on the maximum possible

reward. Behav. Neurosci. 105, 901±912 (1991).

22. Bouton, M. E. Context, ambiguity, and classical conditioning. Curr. Direct. Psychol. Sci. 3, 49±53 (1994).

23. Bordi, F. & LeDoux, J. E. Response properties of single units in areas of rat auditory thalamus that

project to the amygdala. I. Acoustic discharge patterns and frequency receptive ®elds. Exp. Brain Res.

98, 261±274 (1994).

24. Edeline, J. M., Manunta, Y., Nodal, F. R. & Bajo, V. M. Do auditory responses recorded from awake

animals re¯ect the anatomical parcellation of the auditory thalamus? Hear. Res. 131, 135±152 (1999).

25. Winer, J. A. & Morest, D. K. The medial division of the medial geniculate body of the cat: implications

for thalamic organization. J. Neurosci. 3, 2629±2651 (1983).

26. Sefton, A. J. & Dreher, B. in The Rat Nervous System 2nd edn (ed. Paxinos, G.) 833±898 (Academic,

San Diego, 1995).

27. LaBerge, D. Thalamic and cortical mechanisms of attention suggested by recent positron emission

tomographic experiments. J. Cogn. Neurosci. 2, 358±372 (1990).

28. Liu, Z., Murray, E. A. & Richmond, B. J. Learning motivational signi®cance of visual cues for reward

schedules requires rhinal cortex. Nature Neurosci. 3, 1307±1315 (2000).

29. Paxinos, G. & Watson, C. The Rat Brain in Stereotaxic Coordinates 4th edn (Academic, San Diego,

1998).

30. Richmond, B. J. & Optican, L. M. Temporal encoding of two-dimensional patterns by single units in

primate inferior temporal cortex. II. Quanti®cation of response waveform. J. Neurophysiol. 57, 147±

161 (1987).

Acknowledgements

We thank R. Norgren (invited by Gofo Life Sciences International Fund) for helpful
comments on this manuscript, and T. Kitamura for technical assistance. This work was
partly supported by Grants-in-Aid for Scienti®c Research from the Japanese Ministry of
Education, Science and Culture.

Correspondence and requests for materials should be addressed to T.O.
(e-mail: onotake@ms.toyama-mpu.ac.jp).

letters to nature

NATURE | VOL 412 | 2 AUGUST 2001 | www.nature.com 549

.................................................................
Practising orientation identi®cation
improves orientation coding
in V1 neurons
Aniek Schoups*, Ru®n Vogels*, Ning Qian² & Guy Orban*

* Laboratorium voor Neuro-en Psychofysiologie, K.U. Leuven Medical School,

B-3000 Leuven, Belgium
² Center for Neurobiology and Behavior, and Department of Physiology and

Cellular Biophysics, Columbia University, New York 10032, USA

..............................................................................................................................................

The adult brain shows remarkable plasticity, as demonstrated by
the improvement in ®ne sensorial discriminations after intensive
practice. The behavioural aspects of such perceptual learning are
well documented, especially in the visual system1±8. Speci®city for
stimulus attributes clearly implicates an early cortical site, where
receptive ®elds retain ®ne selectivity for these attributes; however,
the neuronal correlates of a simple visual discrimination task
remained unidenti®ed. Here we report electrophysiological cor-
relates in the primary visual cortex (V1) of monkeys for learning
orientation identi®cation. We link the behavioural improvement
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in this type of learning to an improved neuronal performance of
trained compared to naive neurons. Improved long-term neuro-
nal performance resulted from changes in the characteristics of
orientation tuning of individual neurons. More particularly, the
slope of the orientation tuning curve that was measured at the
trained orientation increased only for the subgroup of trained
neurons most likely to code the orientation identi®ed by the
monkey. No modi®cations of the tuning curve were observed for
orientations for which the monkey had not been trained. Thus
training induces a speci®c and ef®cient increase in neuronal
sensitivity in V1.

The psychophysics of early perceptual learning has been well
studied; however, researchers are only beginning to understand
the neurophysiological correlates of perceptual learning. Primary
somatosensory, motor and auditory cortex show learning-
dependent changes in their topographical organization9±11. In the
visual system, however, early plasticity is demonstrated only by
lesion-dependent reorganizations12,13. Improvement in motion dis-
crimination, which transfers to other retinal stimulus positions, is
accompanied by short-term improvements in neuronal sensitivity
in the higher-order middle temporal and medial superior temporal
areas within a single session, but does not extend across sessions14,15.

We trained two monkeys to identify the orientation of a small
grating (Fig. 1). The performance of monkeys, like that of human
subjects7, improved markedly with training, reaching a threshold as
low as 0.6±1.28 after several months. The improvement was speci®c
for both stimulus position and orientation. This speci®city pro-
vided us with an internal control: instead of comparing data
between monkeys, we could compare different populations of
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neurons within each hemisphere. The `trained' population con-
sisted of neurons with receptive ®elds at the trained position. A ®rst
control group (passive) consisted of cells responding to a second
grating presented equally frequently during training, but that was
behaviourally ignored by the subject. Second, neurons with recep-
tive ®elds outside the trained or passive locations were considered
naive. The monkeys' performance was veri®ed after the recordings.
The thresholds at which they could discriminate untrained orienta-
tions at the trained position, or the trained orientation at the two
types of control positions, always exceeded the thresholds for the
trained orientation at the trained position (Fig. 1).

After training, we recorded from 1,430 single units in V1 while
the monkeys were performing a ®xation task. The purpose was to
reveal changes in the tuning characteristics of trained neurons that
could be responsible for the observed improvement in sensory
discrimination. Contrary to expectation9±11, we did not observe
any shift in preferred orientations in favour of the trained orienta-
tion. The optima of neurons were evenly distributed over all
orientations both before and after training (Fig. 2a).

It was only when we grouped all cells according to their preferred
orientation that a speci®c change in the response characteristics of
the trained neurons became apparent. Figure 2b shows examples of

tuning curves, normalized to their respective maxima, with the
preferred orientation indicated above each tuning curve. We meas-
ured the slopes of the tuning curves at the trained orientation
(indicated by the thickening of the curves in Fig. 2b). The slopes are
small, both for neurons that have their optima at or near the trained
orientation (cell 1), and for those that do not respond to the trained
orientation (for example cells 4 and 5). These neurons provide little
information useful for detecting orientation differences. In contrast,
the slope at the trained orientation is largest for neurons whose
optimum differs by about 208 from the trained orientation (for
example cells 2 and 3). The ®ring rate of these neurons show the
greatest change in response to a 18 change in orientation, represent-
ing the highest sensitivity to small orientation differences16±18.
Figure 2c plots the slope values as a function of angle (preferred
orientation to trained orientation (PO±TO)) for cells with pre-
ferred orientations lying within 508 of the trained orientation. At the
point at which sensitivity is exactly most acute (that is, trained
neurons with preferred orientations lying between 12 and 208 of the
trained orientation), an increase in the slopes of the tuning curves is
observed. The increase in slope was consistent in that it was
observed for trained cells with optima lying on either side of the
trained orientation (Fig. 2c). In Figure 3a, both sides are combined,
and the slope at the trained orientation is shown for the cells
grouped according to the absolute value of the angle between the
preferred orientation and the trained orientation. A signi®cant
main effect of angle (PO±TO) was observed, as well as a signi®cant
interaction between training and angle (PO±TO) (F6,492 = 2.88;
P , 0.009). Post hoc analysis (least signi®cant difference) showed
that training has a signi®cant effect only for the group of neurons
with optima between 12 and 208 of the trained orientation. This
difference was observed in all three hemispheres studied (slopes for
trained neurons with preferred orientations between 12 and 208 of
the trained orientation: 3.1 6 0.24, 3.0 6 0.25, 2.7 6 0.29; for naive
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neurons: 2.2 6 0.34, 2.3 6 0.39, 1.9 6 0.59). As a ®rst control, we
performed the same analysis around the untrained oblique orienta-
tion (NTO). As described above, the monkeys had much larger
thresholds for the NTO, 908 from the trained orientation (Fig. 1,
®lled blue squares). Consistent with this behaviour, no signi®cant
differences were observed between naive and trained neurons for
the slope measured at the NTO (Fig. 3b; F6,459 = 0.42; not
signi®cant). Figure 3c further shows that exposure to the stimulus
alone was not suf®cient to induce a change in the slope at the trained
orientation, as passively stimulated cells failed to show this effect.
Moreover, the changes in slopes of the tuning curve at the trained
orientaion occurred in cells in the supra- and infragranular layers,
but was not observed in those of input layer 4 (Fig. 3d).

The signal-to-noise ratio at the trained orientation is given by the
mean ®ring rate in response to the trained orientation, divided by
the s.d. A decrease in this ratio was observed for trained neurons
tuned to orientations near the trained orientation (Fig. 3e; post hoc
analysis P , 0.01). If a monkey were to base its decision on the
signals from the most active neurons, performance would deterio-
rate. The fact that it doesn't indicates once again that the difference
signals arising from neurons whose relative activity changes the
most sharply are the most relevant for the task16±18. The response
variance, normalized to spike counts, remained unchanged after
training, and averaged 1.85 and 1.90 spikes per 300 ms for naive
and trained cells, respectively. No interaction between preferred
orientation group and effect of training was observed (P = 0.88).

The increase in the slopes of the orientation tuning curves at the
trained orientation was predicted by a recent computational model
of orientation learning19 based on the recurrent models of orienta-
tion selectivity20,21. According to the model, reductions in neuronal
activity at the trained orientation can lead to speci®c changes in the
tuning curves, exactly as we have observed.

We next asked how relevant the observed changes in the orienta-
tion tuning curves to performance in the orientation discrimination
task are. We calculated the neuronal discrimination abilities of all
naive or trained cells using bayesian analysis22,23. Like any other
reconstruction method it estimates the orientation presented from
the observed neuronal activity. We used it to calculate the percen-
tage of correct estimates for a given orientation difference. The
orientation that has the highest probability of having occurred,
given the neuronal response, was compared to the actual presented
orientation for two orientations on either side of the trained
orientation. The chief advantage of this method is that it performs
like an ideal observer of population activity. Figure 4a shows the
neuronal discrimination performance of a set of 20 cells randomly
selected from all naive or trained cells with preferred orientations
within 458 of the trained orientation. The neurometric curve for the
trained population is shifted towards smaller orientation differences
compared with the naive population. A cumulative normal distribu-
tion was ®tted to these data points (z-transformation)7. After linear
regression, only one parameter, the slope, de®nes the neuronal
performance. The signi®cantly greater slope (12% increase; P ,
0.05, n = 20) for trained compared with naive cells in discriminating
orientation differences around the trained orientation is shown in
Fig. 4c. For increasing population sizes, the threshold decreases at a
rate proportional to the square root of the number of cells. This
hypothesis holds, provided that the ®ring of the neurons is not
correlated, which was not taken into consideration when perform-
ing the bayesian analysis. The improvement in performance of
trained versus naive cells, however, was independent of the set size
(Fig. 4c). The observed change is quantitatively similar to the 13.6%
improvement noted in motion-sensitive neurons of the middle
temporal and medial superior temporal areas between two succes-
sive blocks of learning trials in a motion-discrimination task14. The
difference between naive and trained neurons was not observed
when orientation differences around the NTO were considered
(Fig. 4d). Finally, when we consider only those neurons tuned to

orientations between 12 and 208 of the trained orientation, the
neuronal improvement that accompanies training is much larger
(27% increase in slope; Fig. 4b). Again, the trained group did not
differ from naive cells for orientations of 1 to 58 from the NTO (data
not shown).

There are many reasons why the difference in neuronal perfor-
mance between naive and trained cells did not equal the difference
in thresholds for trained and untrained positions, observed psycho-
physically. On one hand, the behavioural improvement is probably
overestimated. Improvement in a task like this one encompasses
many behavioural aspects, and monkeys in particular are sensitive
to any change in stimulus. Similar experiments with human
subjects7 revealed an improvement in psychophysical performance
after learning of only 56% (increase in slope of the z-normalized
psychometric curve). On the other hand, V1 may not be the sole
locus of the sensorial improvement. Conversely, the neuronal
performance could be underestimated. Although we used the
most ideal classi®er, it still does not take into account response
correlations, which can improve discrimination and be affected by
learning23±25.

A number of mechanisms have been suggested to explain various
forms of perceptual learning. An expansion of the cortical repre-
sentation has been demonstrated for tasks using features repre-
sented in topographical maps such as sound frequency or
somatotopic localization9±11. In our study, however, the proportion
of cells that preferred the trained orientation remained unchanged.
Neuronal noise reduction has also been suggested as an alternative
mechanism26. Our data, in accordance with that of others27, do not
support this idea. Instead, we found that learning is correlated with
speci®c changes in the tuning curves of speci®c groups of V1 cells.
Only those cells that are relevant for signalling an orientation
difference increase their discriminatory ability. Although our data
do not preclude a multi-stage involvement, they show a ®rst
signi®cant change in primary visual cortex. M

Methods
Psychophysics

We trained two adult male rhesus monkeys (Macaca mulatta) in an orientation
identi®cation task. Monkey 1 was ®rst trained to identify the right oblique reference
orientation positioned in its right visual ®eld (RVF), and after recording, was retrained
using the left visual ®eld (LVF) and the left oblique orientation. Monkey 2 was trained in
the RVF, using the left oblique orientation. For two out of the three hemispheres, a second
stimulus (passive) was placed in the upper visual ®eld of the subject during training. The
orientation of the second stimulus was randomly chosen from a narrow range of
orientations (0±58) around the oblique reference orientation, orthogonal to the one that
had been trained. The monkey learned to ignore this stimulus. The monkeys had a
stainless steel head-®xing device mounted to the skull and a scleral search coil implanted28.
The stimulus was a sinusoidal grating, 2.68 in diameter, 2.3 cycles per degree, contrast 90%,
positioned at 3.28 eccentricity in the lower visual ®eld. The phase was randomized so that
orientation was the only cue that could be used to solve the task. A trial was initiated by the
onset of a ®xation point, which the subject had to ®xate within a 1 ´ 18 window for 300 ms.
The subject had to hold ®xation for another 250 ms while a grating was shown. Only one
orientation, either tilted clockwise or anticlockwise with respect to the oblique reference
orientation, was shown on each trial. After the stimulus was switched off, two response
targets appeared above and below the stimulus position on which the subject had to make
a saccadic eye movement to the correct target to receive apple juice. Once the subject had
learned the task, training proceeded using a transformed up±down staircase procedure29,
which converged on an orientation difference corresponding to an 84% correct criterion.
Thresholds were de®ned as the logarithmic mean of the reversal points. The monkeys
performed between 2,000 and 5,000 trials during each daily session.

Electrophysiology

We made extracellular recordings transdurally. The position of the receptive ®eld was
determined using multicellular activation by a small, ¯ickering dot. When the response of
a single cell was isolated, the optimal phase was determined and the response to 16
different orientations was recorded (15±30 trials per orientation). Spikes were counted in
two 300-ms intervals, one before stimulus onset (baseline) and one starting 40 ms after
stimulus onset (response).

We compared three populations of neurons: (1) trained neurons (n = 650); (2) passively
stimulated neurons (n = 273); and (3) naive neurons (n = 507). Analysis of variance was
applied to test for a signi®cant response, and for an effect of orientation. From the 1,430
responsive single cells, 1,334 (93%) were orientation tuned. Cells were assigned to
supragranular, infragranular or granular layers on the basis of the spontaneous activity
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and depth of the electrode30. Cells from layers 2±3 and 5±6 combined comprised nearly
80% of the total (487 trained, 383 naive and 199 passively stimulated neurons).
Orientation tuning curves were normalized to their maximum and ®tted using a
polynomial of the 10th order. The squared sum of errors of the ®tting averaged only 0.06.
We omitted 7% (trained cells) to 10% (naive cells) of the cells because of a poor ®t
(squared sum of errors .0.2). We took the maximum of this ®tted curve as the cell's
preferred orientation and the tangent to the curve as the slope at the trained orientation, or
at the untrained oblique orientation (NTO). Neurons were divided into 8-degree-wide
groups according to the angle between their preferred orientation and trained orientation
(or NTO). The numbers of neurons in each preferred orientation group are indicated
between brackets in Fig. 3e. The slope changes derived from the ®tted curves were
independent of the ®tting method, as similar results were obtained using a different order
polynomial (8 or 12) or a spline ®t.

Neurometric performance was determined using Bayes's rule22,23. Performance of an
ideal classi®er was measured by computing the probability that one of two orientations
was presented, given the responses of a set of neurons. This set was randomly selected
either from all cells with preferred orientations within 458 of the trained orientation (naive
n = 175; trained n = 230), from all cells with a preferred orientation within 458 of the NTO
(naive n = 170; trained n = 224), or from each preferred orientation group independently.
Mean proportions of correct response are averages of 30 computations, each made on the
basis of a new selection of cells. Each computation was based on 500 trials, taken from a
Poisson distribution derived from the mean ®ring rate of the cell. Mean responses to
orientations, presented in 18 steps, were taken from the normalized ®tted polynomials and
multiplied by the average maximum rate of that group of cells. Standard error of the mean
of the per cent that were correct varied between 0.1±1.2%. The values for per cent correct
were z-transformed. After linear regression, the 84% threshold corresponds to the
standard deviation (z-score of 1).
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The checkpoint kinase proteins Mec1 and Rad53 are required in
the budding yeast, Saccharomyces cerevisiae, to maintain cell
viability in the presence of drugs causing damage to DNA or
arrest of DNA replication forks1±3. It is thought that they act by
inhibiting cell cycle progression, allowing time for DNA repair to
take place. Mec1 and Rad53 also slow S phase progression in
response to DNA alkylation4, although the mechanism for this
and its relative importance in protecting cells from DNA damage
have not been determined . Here we show that the DNA-alkylating
agent methyl methanesulphonate (MMS) profoundly reduces the
rate of DNA replication fork progression; however, this modera-
tion does not require Rad53 or Mec1. The accelerated S phase in
checkpoint mutants4, therefore, is primarily a consequence of
inappropriate initiation events5±7. Wild-type cells ultimately com-
plete DNA replication in the presence of MMS. In contrast,
replication forks in checkpoint mutants collapse irreversibly at
high rates. Moreover, the cytotoxicity of MMS in checkpoint
mutants occurs speci®cally when cells are allowed to enter S
phase with DNA damage. Thus, preventing damage-induced
DNA replication fork catastrophe seems to be a primary mechan-
ism by which checkpoints preserve viability in the face of DNA
alkylation.

MMS slows S phase progression in checkpoint-pro®cient yeast
strains. This might be attributed entirely to the inhibition of late
origin ®ring in these cells5,6. Alternatively, a reduced rate of replica-
tion fork progression (`fork rate') may also contribute to the slow S
phase. Likewise, the acceleration through S phase in MMS seen in
checkpoint mutants may solely be a consequence of their inability to
inhibit late origin ®ring or may be an indication that checkpoints
also regulate fork rates. To follow replication forks, we used a
density transfer approach (refs 8 and 9 and Supplementary Infor-
mation). Cells were grown in `heavy' isotopes (13C glucose, 15N
ammonium sulphate) to ensure full isotope substitution of the
parental DNA. These cells were arrested in G1 phase with a-factor
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