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for the specification of the region (8, 11, 12).
We examined the expression of these genes
in Lhx5 mutant embryos. At E12.5, all three
of these genes were expressed in the hippocampal anlagen in both wild-type (Fig. 4,
A through C) and mutant (Fig. 4, F through
H) embryos, which indicates that the hippocampal precursor cells were specified after
disruption of Lhx5. In the mutant embryos,
the domains of Lhx2, Emx2, and Otx1 expression expanded ventrally into the region of the
telencephalic choroid plexus, and morphogenesis of the choroid plexus was impaired.
Signaling molecules of the Wnt and Bmp
families have been implicated in patterning
the medial telencephalic wall to form the
hippocampal anlagen and the choroid plexus,
because these molecules are expressed at the
border between these two morphologically
distinctive structures (13, 14) (Fig. 4, D and
E). In support of this idea, expression of
Wnt5a (Fig. 4I), Bmp4, and Bmp7 (Fig. 4J)
was diminished in this specific region in Lhx5
null mutant embryos.
Previous experiments have shown that
other members of the LIM homeobox gene
family play crucial roles in the differentiation
of distinct cell types in various organisms
(15–18). In mice, for example, Islet1 is essential for the differentiation of motor neurons in the spinal cord (15), and Lhx3 is
required for the differentiation of the pituitary
cell lineages (16). More recently, it has been
observed that Lhx3 and Lhx4 together control
the axon projection of subtypes of motor
neurons as well as their exact soma position
in the developing spinal cord (17). Our data
suggest that Lhx5 may play an analogous role
in the developing forebrain.
Defects in hippocampal development have
been observed in mice carrying null mutations
in a variety of genes. Functional ablation of the
homeobox gene Emx2 (11) or Lhx2 (8) leads to
an early arrest of hippocampal development as
precursor cells fail to be specified or to proliferate. Mutations in Reeler (5), Mdab1 (19),
Cdk5 (20), P35 (21), and Pafah1b1 (22) impair
neuronal migration, resulting in a disorganization of cells in Ammon’s horn and the dentate
gyrus. Our results show that Lhx5 is required
for differentiation of the various types of hippocampal neurons. Together, these studies reveal an intricate genetic program underlying the
assembly of complex hippocampal structures.
Expression of Lhx5 after E13.5 in the CajalRetzius cells raises the possibility that the impairment in hippocampal morphogenesis observed in Lhx5 mutant embryos could result
from a lack of function of those cells. The gene
Reeler is expressed in these cells (5), in keeping
with the possibility that this gene might be a
downstream target of Lhx5. However, the defects in morphogenesis as well as in neuronal
differentiation of Ammon’s horn and the dentate gyrus seen in the Lhx5 mutant embryos are
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more severe than those of Reeler (5), Mdab1
(19), Cdk5 (20), P35 (21), and Pafah1b1 (22)
mutants, which suggests that Lhx5 may control
a different pathway. The Lhx5 knockout mice
provide a model to further understand the molecular and cellular mechanisms underlying the
formation of Ammon’s horn and the dentate
gyrus and their functions in cognition, learning,
and memory.
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Separate Signals for Target
Selection and Movement
Specification in the Superior
Colliculus
Gregory D. Horwitz and William T. Newsome*
At any given instant, multiple potential targets for saccades are present in the
visual world, implying that a “selection process” within the brain determines
the target of the next eye movement. Some superior colliculus (SC) neurons
begin discharging seconds before saccade initiation, suggesting involvement in
target selection or, alternatively, in postselectional saccade preparation. SC
neurons were recorded in monkeys who selected saccade targets on the basis
of motion direction in a visual display. Some neurons carried a directionselective visual signal, consistent with a role in target selection in this task,
whereas other SC neurons appeared to be more involved in postselection
specification of saccade parameters.
The primate SC plays a major role in the
generation of saccades. Many neurons in the
intermediate and deep layers of the SC fire a
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brief burst of action potentials starting approximately 20 ms preceding saccades of a
particular range of directions and amplitudes;
the region defined by the end points of such
saccades comprises the “movement field” of
an SC neuron. For each neuron, the location
of the movement field in space varies systematically with the location of the neuron in the
SC (1–4). Many SC neurons exhibit a “pre-
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lude” of activity related to the metrics of an
impending saccade up to several seconds before the saccade is actually executed, implicating the SC in higher-level aspects of saccade planning (5–7). It is not known, however, whether these signals play a role in
target selection, or simply reflect motor plans
formed in response to selection processes
elsewhere in the brain.
We investigated the role of the SC in
target selection by recording prelude cells in
monkeys (Macaca mulatta) trained to select
one of two possible saccade targets contingent upon the direction of motion in a visual
stimulus presented on a cathode ray tube
monitor (Fig. 1) (8). For each SC neuron
studied, the geometry of the display was arranged so that one of the targets (T1) lay
inside the cell’s movement field, while the
other (T2) lay outside the movement field.
We recorded the activity of 96 intermediate and deep-layer SC neurons whose prelude
activity was greater preceding T1 choices
than T2 choices, permitting an experimenter
to predict the monkey’s decision several seconds before the saccade (9). Figure 2 illustrates the responses of a predictive SC neuron; three aspects of these responses are consistent with a role in target selection. First,
predictive activity developed during the stimulus presentation interval while the monkey
was formulating its judgment of motion direction. Second, predictive activity developed
later and more gradually for low coherence
trials than for high coherence trials, consistent with the longer psychophysical integration times required to discriminate weak motion signals (10, 11). Third, this cell lacked a
saccade-locked burst, suggesting that it plays
only a minor role in saccade execution.
Neurons involved in target selection in
our task may receive relatively direct sensory
inputs concerning the direction of motion in
the visual stimulus; the logic of the task
dictates that such neurons should be excited
selectively by motion flowing toward their
movement fields. To test for the presence of
such inputs in the SC, we looked for directional visual responses in blocks of trials
when the monkey was rewarded for passive
fixation (12). Random dot stimuli were presented within a circular aperture surrounding
the center of gaze; the direction of coherent
motion was either toward or away from the
movement field of the SC neuron. Of the 96
choice-predicting SC neurons, 44 yielded directional responses: activity was significantly
stronger when motion flowed toward the
movement field than away from it (MannWhitney U-test: P , 0.05). No cell was
significantly more active when motion
flowed away from the movement field.
A possible criticism of these experiments
is that, by force of habit, our monkeys may
have planned saccadic eye movements co-

vertly upon viewing the moving random dots
even though they were not required to execute such movements. To control for this
possibility, we measured visual direction tuning curves for 22 neurons when the monkey
was required to plan saccades to a location
outside of the movement field of the cell (Fig.
3A). In this condition, a single saccade target
appeared early in the trial, and visual direction tuning curves were measured by presenting stimuli during the overlap period while
the monkey awaited a “go” signal before
executing the saccade (13). Because the monkey is able to plan the saccade from the
beginning of the trial, it is unlikely that random dot motion during the overlap period
would elicit covert saccade planning to a
different, unrewarded location.
Direction tuning curves measured during
the saccade task (14) did not differ from
those measured during passive fixation trials
in terms of preferred direction (Wilcoxon
signed rank test, P . 0.5), tuning width
(0.1 . P . 0.05), or amplitude of response
(P . 0.5). The preferred direction of the cell
to visual motion measured in the saccade task
(arrow, Fig. 3B) corresponded well with the
direction of the saccades elicited by electrical
stimulation at the same site (arrow, Fig. 3A).
This correlation held up well across all 22

Fig. 1. (A) Geometry of the visual display and
(B) the timing of events in the direction discrimination task. The motion stimulus appeared
within a circular aperture subtending 7° of visual angle and was usually presented at the
center of gaze. Saccade targets were illuminated 300 ms after the monkey acquired the fixation point. Then, 500 to 900 ms later, a 2000ms motion stimulus was presented, followed by
an enforced delay period lasting 1000 to 1500
ms. Disappearance of the fixation point cued
the monkey to make a saccade. Fixation breaks
aborted trials. Eye position was continuously
monitored by the scleral search coil technique
(28). Horizontal and vertical eye position was
sampled at a rate of 1 kHz and stored at a rate
of 250 Hz for off-line analysis.

neurons tested (Fig. 3C, circular-circular rank
correlation coefficient: r 5 0.77, P ,
0.0001).
These direction-selective responses have
not been documented previously in primate
SC. An intriguing possibility is that, over the
course of training, pathways between visual
cortex and SC neurons involved with target
selection are modified so as to mediate this
learned association (15). Indeed, recordings
in a monkey that had not been trained to
associate particular directions of motion with
particular saccade vectors revealed substantially fewer direction-selective SC neurons
(5/35 versus 44/96: z-test P , 0.001) (16).
The two groups of prelude neurons may
represent different neural processing levels,
one involved in target selection and the other
in the specification of saccade parameters.
We analyzed the time course of predictive
activity in each group of neurons (Fig. 4) (17,
18). In the direction-selective cells, predictive
activity developed with a short latency and a
rapid time course, suggestive of an early role
in saccade planning. The magnitude of the

Fig. 2. Peristimulus and perisaccade time histograms for the discharge of a single superior
colliculus neuron during direction discrimination at three different stimulus coherences.
Data from correct trials only are displayed (except at 0% coherence for which correctness is
arbitrary). Thick and thin curves illustrate the
mean response preceding T1 choices and T2
choices, respectively. The left half-panel of
each plot is aligned on motion stimulus presentation. The right half-panels show data from
the same trials aligned on saccade initiation.
The gap between the two half-panels reflects
the timing variability between stimulus offset
and saccade initiation. Vertical lines indicate
the time of stimulus onset, stimulus offset, and
saccade initiation, and the unit sp/s is spikes
per second.
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predictive activity during the stimulus presentation was strongly modulated by the motion coherence (Spearman’s r 5 0.94: P ,
0.025). Thus, the activity of these cells reflects not only the animal’s decision, but also
the strength of the signal upon which the
decision is based (19, 20). Finally, these cells
exhibited predictive activity up to 500 ms
Saccade
target

A

Stimulus
aperture

10 degrees
Mean evoked
saccade vector

B

20 sp/s

Angle of evoked saccade (degrees)

1s

C

before the presentation of the 0% coherence
visual stimulus (Fig. 4A, arrow; permutation
tests: P , 0.01 at each time point) (21). This
activity may reflect intrinsic bias states which
can influence the animal’s decision in the
absence of strong sensory signals (22).
Non– direction selective cells differed
from direction-selective cells in each of these
respects. Predictive activity developed with a
longer latency and slower time course (permutation tests: P , 0.025 and P , 0.01,
respectively) (23), and was not modulated by
stimulus coherence (Spearman’s r 5 0.26:
P . 0.25). In addition, these cells did not
exhibit predictive activity in the interval preceding the stimulus presentation (permutation
tests: P . 0.1 at each time point).
Analysis of perisaccadic neural activity
suggests that the non– direction selective cells
are more closely involved with saccade execution. For saccades directed toward the target in the movement field, perisaccadic firing
rates (recorded during an interval from 50 ms
before until 25 ms after the saccade initiation)
were almost three times greater in non– direction selective cells than in direction-selective
cells (116 spikes/s versus 40 spikes/s; MannWhitney U-test: P , 0.0001).
The direction-selective cells we describe
appear appropriate for implementing the association between motion stimuli and saccade
vectors that is necessary for correct perfor-

400

200

100

0

100

200

300

400

Visual preferred direction (degrees)

Fig. 3. (A) Spatial design of a typical direction
tuning measurement. Fixation was at the intersection of the axes. The gray disk shows the
spatial extent of the stimulus aperture. The
arrow depicts the average end point of 15
saccades elicited by electrical stimulation at
the recording site; this provides an estimate of
the movement field location of nearby cells. On
each trial the monkey was required to make a
saccade to a single target located far from the
movement field of the cells at the recording
site. (B) Averaged and raw responses of an SC
neuron to eight directions of motion. Rasters
illustrate raw responses to each of the eight
directions. The polar plot depicts the average
response as a function of motion direction.
Background activity is represented by the circle
at the origin of the polar plot. Vertical bars in
the rasters delimit the 2000-ms stimulus presentation. The arrow indicates the estimated
preferred direction of the cell. (C) Scatterplot of
preferred direction against angle of electrically
elicited saccades.
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Interaction of RAFT1 with
Gephyrin Required for
Rapamycin-Sensitive Signaling
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RAFT1 (rapamycin and FKBP12 target 1; also called FRAP or mTOR) is a member
of the ATM (ataxia telangiectasia mutated)–related family of proteins and
functions as the in vivo mediator of the effects of the immunosuppressant
rapamycin and as an important regulator of messenger RNA translation. In
mammalian cells RAFT1 interacted with gephyrin, a widely expressed protein
necessary for the clustering of glycine receptors at the cell membrane of
neurons. RAFT1 mutants that could not associate with gephyrin failed to signal
to downstream molecules, including the p70 ribosomal S6 kinase and the eIF-4E
binding protein, 4E-BP1. The interaction with gephyrin ascribes a function to the
large amino-terminal region of an ATM-related protein and reveals a role in
signal transduction for the clustering protein gephyrin.
Proteins of the ATM family participate in cell
cycle progression by linking signals from
growth factor receptors and internal checkpoints to the cell cycle machinery. These cell
cycle regulators are members of the kinase
superfamily and include the gene product of
the ataxia telangiectasia locus (ATM ), the
1
The Johns Hopkins University School of Medicine,
Department of Neuroscience, 725 North Wolfe
Street, Baltimore, MD 21205, USA. 2Department of
Pharmaceutical Sciences, University of Connecticut,
Storrs, CT 06269, USA. 3Department of Neurochemistry, Max Planck Institute for Brain Research, Deutschordenstrasse 46, 60528 Frankfurt/Main, Germany.

*Present address: Whitehead Institute for Biomedical
Research, 9 Cambridge Center, Cambridge, MA 02142,
USA.
†To whom correspondence should be addressed. Email: ssnyder@jhmi.edu

catalytic subunit of the DNA-activated protein kinase (DNA-PKcs), RAFT1 or FRAP,
and the products of the yeast genes TOR1,
TOR2, and TEL1 (1).
RAFT1 and its yeast homologs, the TOR
proteins, are the in vivo targets for the complex of rapamycin with its intracellular receptor, FKBP12. Rapamycin is a potent immunosuppressant that prevents progression
through the G1 phase of the cell cycle in
various cell types, including T lymphocytes
and budding yeast (2). The effects of rapamycin point to a role for RAFT1 and the
TORs in cell cycle regulation, and increasing
evidence indicates that they participate in
mitogen-stimulated signaling pathways that
control mRNA translation. In mammalian
cells RAFT1 controls the rapamycin-sensitive phosphorylation of at least two transla-
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