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The Role of the Monkey Dorsal Pontine Nuclei
in Goal-Directed Eye and Hand Movements
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Prevailing concepts on the control of goal-directed hand movements (HM) have focused on a network of cortical areas whose early
parieto-occipital stages are thought to extract and integrate information on target and hand location, involving subsequent stages in
frontal cortex forming and executing movement plans. The substantial experimental results supporting this “cortical network” concept
for hand movements notwithstanding, the concept clearly needs refinement to account for the surprisingly mild HM disturbances
resulting from disconnecting the parieto-occipital from the frontal stages of the network. Clinical observations have suggested the
cerebropontocerebellar projection as an alternative pathway for the sensory guidance of HM. As a first step in assessing its role, we
explored the pontine nuclei (PN) of rhesus monkeys, trained to make goal-directed hand and eye movements guided by spatial memory.
We were indeed able to delineate a distinct cluster of neurons in the rostrodorsal PN, activated by the preparation and the execution of
hand reaches, close to but distinct from the region in which saccade-related neurons may be observed. The movement-related activity of
HM-related neurons starts earlier than that of saccade-related neurons and both neuron types are usually effector specific, i.e., they
respond only to the movement of the preferred effector. This is also the case when motor synergies involving both effectors are executed.
Our findings support the notion of a distinct precerebellar, pontine visuomotor channel for hand reaches that is anatomically and
functionally largely separated from the one serving eye movements.

Introduction
To successfully reach for an object of interest, information con-
cerning its location and shape has to be extracted and integrated
with information about the actor’s hand. It is usually assumed
that the extraction and integration of information needed for the
programming of a successful hand movement (HM) relies on a
network of cortical areas. Specifically, this concept assumes that
early parieto-occipital stages extract information on target and
hand location and serve subsequent stages in frontal cortex inte-
grating sensory information with pertinent information about
the actor’s hand to form and execute coherent movement plans
(Soechting and Flanders, 1989; Sakata and Taira, 1994; Caminiti
et al., 1996; Murata et al., 2000; Battaglia-Mayer et al., 2001;
Marconi et al., 2001; Rizzolatti and Luppino, 2001; Buneo et al.,
2002). The solid experimental arguments supporting this “intra-
cortical communication” concept for HM notwithstanding, the
concept faces the problem that it cannot account for the relatively
weak HM deficits that have been described to result from com-
plete surgical disconnection of the frontal and parietal lobes of
monkeys (Myers et al., 1962; Haaxma and Kuypers, 1975). As
such disconnections should effectively interrupt intracortical
transmission of visual information for the guidance of HM, we

must assume that visual information may be able to reach the
motor system by resorting to an alternative pathway involving
subcortical components. Anatomic considerations suggest that
this alternative might be offered by the pathways interconnecting
cerebral cortex and the cerebellum. The cerebropontocerebellar
projection is fed by any cerebrocortical area contributing to spa-
tial vision and the guidance of movements (Glickstein et al., 1985,
1990). The cerebellum in turn projects back—among others—to
motor and premotor cortex by way of specific parts of the thala-
mus (Hoover and Strick, 1999; Hoshi et al., 2005). Hence, visual
information for the guidance of HM could reach motor cortex
despite the intracortical disconnection. The notion that cerebro-
pontocerebellar communication is important for the visual guid-
ance of movement is supported by the fact that disease-related
lesions at the level of the human basis pontis not only disturb
goal-directed eye movements (Thier et al., 1991; Gaymard et al.,
1993; Thier and Möck, 2006) but also cause HM deficits. These
deficits are observed even in the absence of concomitant lesions
of neighboring corticospinal projections whose disruption
leads to disturbances of strength rather than the dysmetria and
clumsiness of HM associated with lesions of the more me-
diodorsal and also ventrolateral nuclear parts of the basis pon-
tis (Schmahmann et al., 2004b). Why do pontine nuclei (PN)
lesions give rise to such deficits and what are the specific roles
of cerebrocerebellar communication and intracortical com-
munication in the visual guidance of hand movements? To
come up with answers to these questions we explored the PN
of rhesus monkeys trained to make isolated hand, eye, or eye
plus hand movements to memorized locations. Here we de-
scribe the features of a newly discovered set of pontocerebellar
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neurons in the rostrodorsal PN, activated by the preparation
and the execution of hand reaches.

Materials and Methods
Subjects and surgery. We recorded single units from two male rhesus
monkeys (Macaca mulatta) of 8 –10 kg (monkeys B and N). Both were

implanted with an MRI-compatible titanium
head-post and a titanium recording chamber
(inner diameter of 28 mm) centered on the sag-
ittal midline above occipital cortex. The center
of the chamber was at stereotactic coordinates
�28 mm from the interaural line. It had an
inclination of 40° in the sagittal plane toward
the caudal pole, aiming at the dorsal pontine
nuclei (DPN). The correct position of the
chambers was verified by postimplantation
MRI scans. The monkeys were also equipped
with scleral “search coils” for the measurement
of eye movements as described previously
(Judge et al., 1980). Surgery was performed un-
der combination anesthesia with isoflurane and
remifentanil and monitoring of all relevant vital
parameters (body temperature, CO2, blood ox-
ygen saturation, blood pressure, ECG). After
surgery, monkeys were supplied with opioid
analgesics (buprenorphine) until they had fully
recovered. One of the two monkeys was per-
fused intracardially with 4% paraformaldehyde
under deep barbiturate anesthesia at the end of
the electrophysiological studies to retrieve the
recording sites in the pontine nuclei (see be-
low). All animal preparations and procedures
fully complied with the National Institutes of
Health Guide for Care and Use of Laboratory
Animals, and were approved by the local com-
mittee overseeing animal experiments.

Setup, timing, and spatial configuration of the
stimuli. Eye movements of the monkeys were
recorded by sampling the search-coils signals at
1 kHz (spatial resolution �0.1° visual angle).
Hand movements were tracked in 3D by trian-
gulating the position of an ultrasound emitter
attached to the monkey’s hand deploying the
Zebris CMS10 ultrasonic tracking system (Ze-
bris Medical). The system accommodated a
temporal resolution of 10 ms and a spatial res-
olution �1 mm.

A CRT monitor (CM20MKR, Tatung, 20
inch diagonal, 1024 � 768 resolution, 72 Hz
refresh rate) was placed in front of the monkey
in reaching distance (33 cm nose-to-screen dis-
tance). The monkeys were trained to tolerate
the restraining of one arm to the monkey chair
as well as the placement of the Zebris ultra-
sound emitter onto the hand of the other arm. It
was attached to a soft band yoking the three
middle fingers at the level of the proximal inter-
phalangeal joint such as to lie above the middle
finger. Monkey B used his right hand for the
movements while monkey N preferred his left
hand. The emitter signal was associated with
hand position by asking the monkey to move his
hand to predefined locations on the screen cued
by small dots of light (diameter 20 min of arc). A
corresponding procedure was used to calibrate
the search coil signal. During experiments, the
eyes and the hand had to stay inside quadratic
position windows whose size was typically 3 � 3°
for the hand and 2 � 2° for the eyes if the desired

location was central and 5° and 4°, respectively, if it was peripheral.
Monkeys learned to comply with three experimental paradigms:

memory-guided saccades, memory-guided hand movements, and com-
bined memory-guided eye and hand movements. To start a trial (Fig.
1 A) the monkeys had to fixate a white dot (diameter 20 min of arc)
located in the center of the black frontoparallel CRT screen and at the

Figure 1. Paradigm and time intervals used for analysis. A, Sequence of events in the task. Each panel refers to a specific period
of the monkeys’ task; the durations of the respective segments are given in brackets below the panels. The arm is shown in gray,
gaze direction in red, and the white rectangle symbolizes the computer CRT screen. After a variable time of fixation a white dot was
presented in the periphery for 200 ms in one of eight possible directions. The monkey had to maintain fixation until the central
fixation point changed color to blue to cue a hand movement, to green to cue a saccade, or to yellow to indicate a combined eye
and hand movement. It was extinguished 200 ms later, the signal to start the requested movement. After reaching the target position
with the correct effector the monkey had to maintain fixation of the peripheral location. After a successful trial the monkey was rewarded
by a drop of liquid. B, Definition of time intervals used for the quantification of neuronal responses. From top to bottom the rows show (1)
the time intervals for the position control windows described in A, (2) the timing of the visual stimuli involved (fixation spot, peripheral
target, and effector cue), (3) an exemplary trace of hand position (horizontal component only for hand movement to the right), (4) an
exemplary trace of eye position (horizontal component only for eye movement to the right), and (5) an illustration of a typical response of
a pontine neuron related to a movement. The gray areas delineate the various intervals used to quantify discharge rates in particular
sequence of the task sequence, B � baseline (200 –500 ms), 1 � visual response (1000 –1300 ms), 2 � preparatory response (1600 –
1900 ms), 3 � movement response (2200 –2500 ms), 4 � position response (2500 –2800 ms). deg, Degree.
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same time to touch the screen close to this po-
sition without occluding the dot. After a period
varying from 800 to 1200 ms, a second white
dot serving as target (diameter 20 min of arc)
was flashed for 200 ms in one of eight possible
peripheral locations. In most of the experi-
ments the eccentricity chosen was 10° and only
occasionally smaller or larger eccentricities se-
lected from a range of 8° to 15° were used. The
direction was chosen in a pseudorandomized
order at intervals of 45°. Monkeys had to main-
tain fixation of the central fixation dot during
the presentation of the peripheral cue and the
subsequent “memory period” of 500 – 800 ms
after the termination of the peripheral stimulus.
Two hundred milliseconds before the end of the
“memory period,” the central dot changed
color, the color change informing the monkey
on the type of action required. A change to
green indicated that an isolated memory-
guided eye movement without any hand move-
ment would be required; a change to blue color
indicated an isolated memory-guided hand
movement without any eye movement and a
switch to yellow defined a combined eye and
hand movement to the remembered location.
The subsequent disappearance of the fixation
dot served as the go signal for the monkeys to
execute the requested movement. After this go
signal, the monkeys had 300 or 500 ms to exe-
cute the required eye and/or hand movement.
After having reached the eccentric target posi-
tion either with the eyes and/or the hand, they
had to keep fixation there for 400 ms before
finally being rewarded by the delivery of a drop
of juice or water, depending on their individual
preferences. Monkeys were motivated to work
for these liquid rewards as free access to fluid
outside the experiments was restricted accord-
ing to standard procedures (Laule et al., 2003;
technical bulletin and guidelines of the German
Primate Center on fluid restriction in the shap-
ing of behavior of rhesus monkeys in neuro-
physiological experiments, F.-J. Kaup and S.
Treue, April 16, 2007). After a successfully exe-
cuted trial monkeys had 1 s to reach the fixation
point to start the next trial. If he surpassed this
limit, a time-out of 1 s followed. A trial was
aborted, the data discarded and no reward delivered if the monkey vio-
lated one of the control windows or failed to use the effector(s) required.
The three different classes of tasks were presented either in blocks or,
alternatively, pseudorandomly intermingled. While in monkey N only
intermingled trials were deployed, in monkey B trials organized in blocks
were used in approximately the first third of the experiments, followed by
intermingled trials in the remainder of the experiments. We did not find
any statistically significant differences in reaction times and in movement
durations in the three paradigms between the random design
and the block design in this monkey (Friedman’s rank ANOVA;
p � 0.05).

Analysis of behavioral data. Movement onset was defined by the time at
which the acceleration of the effector exceeded a predefined value
(2000°/s 2 for the eyes and 500°/s 2 for the hand) within a time window of
50 –300 ms (eye movements) and 50 –500 ms (hand movements) after
cue disappearance. The termination of the movement was determined as
the time at which the acceleration had fallen below this threshold. The
median durations and latencies of eye and hand movements in the dif-
ferent directions were compared by Friedman’s rank ANOVAs individ-
ually for each monkey. Median durations and latencies pooled across
directions were compared between the two monkeys by Mann–Whitney

U tests. All analyses were performed with commercial software (Matlab,
MathWorks; StatSoft).

Electrophysiological recording and analysis. Structural MRI was used in
both monkeys to facilitate the localization of the PN contralateral to the
hand used during the experiments. During initial recording sessions the
approach to the PN was guided by the identification of characteristic
electrophysiological “landmarks” such as the superior colliculus and the
oculomotor nuclei as well as by the identification of characteristic visual
and eye movement-related (EMR) responses established by previous
work on the dorsal pontine nuclei (Suzuki et al., 1990; Dicke et al., 2004;
Thier and Möck, 2006). Extracellular action potentials were recorded
with self-made glass-coated platinum-tungsten electrodes (diameter 80
�m, impedance 1–2.5 M�) using a 5-probe multielectrode system
(Thomas Recording). Spikes of well isolated single units were classified
online by a Multi Spike Detector (MSD, Alpha Omega Engineering)
exploiting a template matching algorithm (Wörgötter et al., 1986). We
recorded up to two isolated units per electrode simultaneously from up
to five independently moved electrodes. The electrodes were arranged in
a cross-like pattern with a distance of 150 �m between neighboring
electrodes. Only neurons recorded long enough for allowing the collec-
tion of at least eight trials per direction and condition were considered for
analysis. The quantitative analysis of neuronal activity was based on
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Figure 2. Behavioral data of the monkeys B and N. A, Movement trajectories (black lines) for memory-guided hand move-
ments (left panel) and saccadic eye movements (right panel) from the central fixation point to the eight target positions (black
circles), both in the frontoparallel plane of the CRT screen; the main axes are given with their corresponding movement angles. The
boundaries of the control windows are depicted by the broken-line squares. B, Median latencies of the hand movements in the
hand movement only (HMI � hand movement isolated) and the combined eye and hand movement (HMC � hand movement
combined with eye movement) conditions as well as of the saccadic eye movements in the eye movement only (EMI � eye
movement isolated) and the combined eye and hand movement (EMC � eye movement combined with hand movement)
conditions. Medians of monkey B are given by open circles with black bars representing the range of the lower and upper quartile
(interquartile range); medians of monkey N are indicated by open squares with interquartile ranges given by white bars. Asterisks
below the bars give significance levels of Mann–Whitney U tests; asterisks above the bars give significance levels of Wilcoxon
tests. C, Median movement duration � interquartile range for both monkeys. Symbols are as in B; significance level for Mann–
Whitney U tests: ***p � 0.001; significance level for Wilcoxon tests: *p � 0.05, **p � 0.01, ***p � 0.001.
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perievent histograms aligned with respect to stimulus and to movement
onset respectively. Neurons responding to saccadic eye movements but
not to hand movements will be referred to as saccade related (SR), while
neurons that responded to hand movements with or without responding
to saccadic eye movements will be referred to as hand movement related
(HMR).

As illustrated in Figure 1 B we compared the baseline activity (200 –500
ms after trial onset) with the mean neural activity in four different time
periods: (1) the time period of the presentation of the peripheral target
(from peripheral stimulus onset to 100 ms after the end of the stimulus),
(2) the preparation time before the appearance of the colored cue (300
ms before cue onset to cue onset), (3) the period of movement execution
(200 ms before movement onset to 100 ms after movement onset), and
(4) the period following the movement (100 – 400 ms after movement
onset). Comparisons were based on paired t tests with Bonferroni cor-
rections for multiple comparisons. Sensitivity to smooth pursuit eye
movements was assessed using step-ramp and circular pursuit paradigms
as described by Dicke et al. (2004). Based on these comparisons, we could
distinguish several different types of stimulus and/or movement-related
neural responses: first, movement-related neurons with additional visual
responses, e.g., to the peripheral stimulus. Second, movement-related
neurons with burst-like responses during the movement period for sac-
cades and/or hand movements. Third, movement-related neurons hav-
ing a pause in their response during movement execution, and fourth,
movement-related neurons with position-related activity. A neuron was
considered directionally selective if a one-way ANOVA of the depen-
dence of the movement-related discharge rates in the eight different
directions showed significant differences between directions ( p � 0.05).
The analysis of event-related bursts (time of burst onset, time of peak
discharge, burst duration, and mean discharge rate) of individual burst-
ing neurons was based on a Poisson spike train analysis applied to single
trials (Hanes et al., 1995). For neurons that displayed a burst for move-
ments of only one effector, we quantified the discharge rate for the other
effector by using the time points and preferred direction revealed by the
burst analysis of the effector prompting bursts. If the neuron exhibited
responses to the movement of both we analyzed the bursts indepen-
dently. We compared the results of the two movement modalities (eye
and hand movements) by paired Student’s t tests; movement-related
bursts were considered to be effector specific if these tests showed a
significant difference. The analysis of responses to combined movements
for neurons responding only to one effector was based on temporally
aligning trials with respect to the onset of the movement of this effector.
For neurons that responded to both effectors, we calculated both hand
and eye movement aligned perievent time histograms (PETHs) and com-
pared the responses with the ones evoked by the respective isolated
movements.

To obtain a measure of normalized mean burst responses relative to
baseline, we calculated a Michelson contrast:

Ichange �
Aburst � Abase

Aburst � Abase
,

where Aburst is the mean activity during the burst and Abase is the mean
baseline activity in a period having the same duration as the burst, start-
ing 200 ms after trial onset. This measure was calculated for eye, hand,
and combined movements separately. For analyzing the population of
bursting neurons during isolated and combined eye and hand move-
ments, we used Bonferroni-corrected paired Student’s t tests for the pa-
rameters Ichange, time of burst onset, time of burst peak, and burst
duration.

Anatomical reconstruction of recording sites. After having finished all
recordings in monkey B, we performed electrolytic lesions (10 �A, an-
odal unipolar current, applied manually five times for 1 s) at five separate
locations within the region which had been explored electrophysiologi-
cally. Seven days later monkey B was perfused with paraformaldehyde
fixative under deep barbiturate anesthesia. The brain was taken out and
the pontine brainstem was sectioned parasagittally (60 �m slice thick-
ness). Sections were Nissl stained. The positions of the electrolytic lesions
served as reference points for the reconstruction of recording sites fol-

lowing standard procedures, e.g., described by Dicke et al. (2004). The
location of recording sites in monkey N, which is still being used, were
allocated to specific parts of the pontine brainstem by combining struc-
tural MRI, microdrive readings, properties of characteristic electrophys-
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iological landmarks and last but not least the
lessons from the anatomy–physiology correla-
tions obtained for monkey B.

Results
Behavioral observations
The onset latencies and durations of sac-
cades did not depend on direction
(Friedman ANOVAs, p � 0.05). On the
other hand, the hand movement onset
latencies as well as the hand movement
durations showed a significant influence
of direction (Friedman ANOVAs, p �
0.001) for isolated hand movements as
well as for those accompanied by eye
movements. The specifics of the direc-
tional influence on hand movements de-
pended on the monkey: the hand move-
ment onset in monkey B was fastest and
movement duration shortest for a direc-
tion of 45° (latency for isolated hand
movements (“isolated”) 243.9 ms, la-
tency for combined hand movements
(“combined”) 235.2 ms; duration iso-
lated 110.0 ms, duration combined 108.8
ms), whereas monkey N preferred direc-
tion 180° (latency isolated 240.2 ms, la-
tency combined 227.5 ms; duration iso-
lated 131.3 ms, duration combined 133.6
ms). These differences most probably re-
flect different hand preferences of the
two monkeys: while monkey B used the
right hand to reach to targets, monkey N
preferred his left one, although the setup
was symmetrical with respect to the sag-
ittal midline of both monkeys. Exem-
plary hand and eye movement trajecto-
ries for movements in the eight
directions in the frontoparallel plane of
monkey B are depicted in Figure 2 A.

Both monkeys exhibited significantly
shorter hand movement onset latencies
(Wilcoxon tests, p � 0.001 for both mon-
keys) when hand movements were accom-
panied by eye movements compared with
isolated hand movements (Fig. 2B), the
same was true for the eye movement onset
latencies (Wilcoxon tests, monkey B: p �
0.01, monkey N: p � 0.05). Overall the
onset latencies of monkey N were shorter
than those of monkey B (Mann–Whitney
U tests, p � 0.001). On the other hand, the
duration of hand movements with and
without accompanying eye movements
was longer in monkey N (Mann–Whitney
U tests, p � 0.001 for both movement
types) (Fig. 2C). In neither monkey did
hand movement duration depend on the
presence of accompanying eye movements (Wilcoxon tests, p �
0.05 for both monkeys). Also, the duration of their eye movement
remained unaffected by the absence or presence of hand move-
ments (Wilcoxon tests, p � 0.05 for both monkeys and both types
of movement).

Types of movement-related neurons in the dorsal
pontine nuclei
We recorded 262 movement-related neurons (155 from monkey
B, 107 from monkey N) from the dorsal pontine nuclei contralat-
eral to the used hand which fell into two broad classes. The first
class (Fig. 3A) comprised 120 neurons (45.8%, 120/262) with eye
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movement-related responses (EMR neu-
rons). Within this class, 42 neurons (35%,
42/120) were also visually responsive to
the presentation of the peripheral target.
Twenty-four neurons (20%, 24/120)
within the class of EMR neurons re-
sponded with a burst before or during the
saccade (SR burst neuron), 26 neurons
(21.6%, 26/120) were exclusively smooth
pursuit related, and 22 neurons (18.3%,
22/120) were activated by both types of
goal-directed eye movements. Finally, six
neurons (5%, 6/120) paused before or
during the execution of saccades.

The second class (Fig. 3B) consisted of
142 HMR neurons (54.2%, 142/262). They
could be separated into six subclasses: 44
neurons (31%, 44/142) also responded vi-
sually to the presentation of the peripheral
target, 70 neurons (49.3%, 70/142) re-
sponded with a burst before or during
the time of the hand movement, but not
before or during eye movements. Sixteen
neurons (11.3%, 16/142) were hand
position dependent and 10 neurons (7%,
10/142) paused before or during the
movement. We found only two hand
movement-related bursting neurons
(1.4%, 2/142) which were also activated
significantly before or during eye
movements.

We also investigated the direction se-
lectivity of the neuronal responses. As will
be discussed in more detail later for the
burst responses, visual as well as
movement-related responses were typi-
cally direction selective. Twenty-two
(91.6%) of the 24 SR with exclusively
saccade-related bursts, 62 (88.5%) of the
70 HMR with exclusively hand
movement-related bursts as well as the two
neurons that showed bursts in both tasks
exhibited a significant directional prefer-
ence. The preferred directions of the 84
directionally selective SR and HMR with
pure movement-related responses were
uniformly distributed from 0 to 360° (Fig.
3C) [test according to Ajne (1968), p �
0.05 for both classes]. In other words, pon-
tine nuclei neurons from one side of the
brainstem do not show a preference for
movements to a particular side.

Figure 4 documents the diversity of
neuronal response types found in the sin-
gle pontine nuclei (PN) based on exem-
plary neurons, whose discharge patterns
are represented by perievent time histo-
grams (PETHs) and raster plots for their
respective preferred direction. Figure 4A
shows the filtered PETH of an HMR neu-
ron encoding hand position exhibiting a
tonically elevated discharge after a hand
movement of 270°. An HMR neuron,

Figure 5. Structural MRI and reconstructed recording sites projected onto parasagittal histological sections for monkey B. A,
Structural MRI, frontal view centered on the middle of the recording chamber. The white rectangle indicates the location of the
midbrain schema shown below. The vertical lines indicate the locations of the histological sections depicted in B. The area
explored electrophysiologically is delineated by a gray rectangle. A, Aqueductus cerebri; DLPN, dorsolateral pontine nuclei; SC,
superior colliculus. B, Reconstructed recording sites of movement-related units in the basilar pons of monkey B plotted onto the
outlines of the histological sections. The order of the drawings from top left to bottom right corresponds to sections taken from
medial to lateral in 1 mm steps starting from 0.5 mm lateral from the midline (see A); anterior to posterior on each section is shown
from left to right in coordinates of the recording chamber. Thin lines demarcate the boundaries between pontine nuclei gray
matter and fiber bundles. Black circles indicate the locations of hand movement-related neurons, open circles those of eye
movement-related neurons, and gray circles the sites of neurons responding to both types of movements. Note that each symbol
may actually represent more than one neuron with a particular preference for the type of movement. The asterisk indicates the
location of one of the electrolytic lesions used to compute the positions of the recording sites.
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pausing just before movement initiation is
shown in Figure 4B. Figure 4C presents a
saccade-related neuron that responded to
the appearance of the peripheral target as
well as firing a later saccade-related burst.
Figure 4D depicts an EMR neuron pausing
at the time of the saccade and Figure 4E
illustrates an EMR neuron generating a
burst-tonic response for constant velocity
pursuit. This neuron also fired a saccade-
related burst (data not shown) in the
memory-guided saccade task. Other EMR
neurons were activated by smooth pursuit
only and not by saccades (Fig. 4F). Finally,
the last two neurons in this panel are ex-
amples of movement-related burst neu-
rons, the one in Figure 4G activated by sac-
cades, the one in Figure 4H by hand
movements.

Figure 5 shows the reconstructed loca-
tions of the neurons in parasagittal sec-
tions of the brainstem of monkey B.
Movement-related neurons formed a clus-
ter in the dorsomedial-dorsolateral pon-
tine nuclei at the transition between the
rostral most third of the pontine nuclei
and the subsequent third of the pontine
brainstem. Neurons responding to hand
movements were in general located more
medially than neurons responding to eye
movements. Based on the circumstantial
evidence available on the location of neu-
rons in monkey N, we assume that their
topographical pattern fully corresponded
to the one described for monkey B.

The effector specificity of
movement-related bursts
To quantify the movement-related bursts
of hand movement-related neurons we fo-
cused on the largest group, the one com-
prising HMR neurons without concomi-
tant visual responses. We did not consider
bursts of visuomotor neurons as we wanted
to avoid any remaining visual influence on
our analysis of movement-related responses.
The comparative analysis of saccade-related
bursts was accordingly also restricted to
those neurons without concomitant visual
responses.

Figure 6A depicts the burst profiles of a
typical saccade-related burst neuron based
on trials, which were aligned relative to
saccade onset. This neuron discharged im-
mediately before and during the saccade
(black PETH, raster plot: black dots on
white background), but did not respond to
hand movements (gray PETH, raster plot:
black dots on gray background). Its pre-
ferred saccade direction was downward
(270°); the burst for this direction is de-
marcated in the figure by the two solid
lines, giving the onset and the end of the

Figure 6. Exemplary eye movement-related neuron, preferring saccades. A, Saccades in eight directions in the frontoparallel
plane; for each direction the x- (gray lines) and y- (black lines) positions of the eyes (EP, eye position) and the projections of the 3D
hand trajectories onto the screen plane (HP, hand position) are shown. All traces are aligned on movement onset. The black dots
with whiskers indicate the mean time � SD of the go signal. Response during isolated saccades (EMI, eye movements isolated)
and hand movements (HMI, hand movements isolated) in eight directions in the frontoparallel plane. The neuronal discharge
(MSR, mean spike rate) is represented by raster dots (saccades: black dots on white background, hand movements: black dots on
gray background) and PETHs (saccades: black, hand movements: gray). Note: burst of activity during saccade trials, absence of
discharge modulation during hand movement trials. Movement onset is indicated by a broken vertical line; onset and end of the
bursts for the preferred direction of movement (here downward) are indicated by solid vertical lines. The polar plot in the center
of the figure depicts the directional tuning curve of this neuron (rightward corresponds to 0°). The solid lines give the mean firing
rates during saccades (black) and hand movements (gray) as function of direction for the time interval defined by burst onset and
offset in the preferred direction. The broken black and gray lines give �SD of the discharge rate. B, Responses of the same unit to
yoked eye and hand movements, tested pseudorandomly interleaved with the movements shown in A. For each direction the x-
(gray lines) and y- (black lines) positions of the eyes (EP) and the projections of the 3D hand trajectories onto the screen plane (HP)
are shown. All traces are aligned on eye movement onset. The black dots with whiskers indicate the mean time � SD of the go
signal. deg, Degree; spk/sec, spikes per second.
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burst as determined by the Poisson analysis. The onset of the
burst took place clearly before movement onset (indicated by the
broken line) and ended 	100 ms after the movement started.

Figure 7A presents the example of an HMR burst neuron in
the same format as the previous figure. This neuron preferred
movements to the lower right (315°), however, of the hand and
not the eyes (gray PETH, raster plot: black dots on gray back-
ground). Burst onset was �200 ms before the hand movement
onset and the end of burst occurred even before the beginning of
the hand movement. As shown with the black PETH, the same

neuron did not display any clear saccade-
related modulation, when the monkey was
asked to make saccades, rather than hand
movements. The results during combined
eye and hand movements from Figures 6B
and 7B will be described later.

Finally, Figure 8 shows one of the two
neurons that were activated by saccades as
well as by hand movements. During sac-
cadic eye movements (Fig. 8A) this neu-
ron exhibited comparatively weak
saccade-related bursts before and during
saccades with a directional preference for
the lower right. The discharge pattern
evoked by hand movements (Fig. 8B)
looks very similar to the one for saccades.

The high degree of effector specificity
of movement-related burst neurons is ex-
pressed by the plots of eye movement-
related discharge as function of hand
movement-related discharge as shown in
Figure 9A. It deploys the normalized re-
sponse size measure Ichange with values of
�1 representing maximal burst signals rel-
ative to baseline (see Materials and Meth-
ods). Two clusters of neurons can be dis-
tinguished: SR neurons (the open circles)
show strong responses during saccades
and only weak responses during hand
movements, whereas HMR neurons (filled
rectangles) show the opposite behavior.
The two neurons close to the bisectors,
identified by the gray rectangles are the
only ones we interpreted as being effector
unspecific.

Timing of movement-related bursts
Figure 9B shows the distributions of burst
onset time (top) and burst peak time (bot-
tom) with respect to movement onset for
SR and HMR burst neurons. The measures
of burst timing were based on the respec-
tive preferred direction. The median burst
onset time of HMR burst neurons pre-
ceded movement onset by 93.5 ms and was
significantly different from the median of
SR burst neurons at 31.5 ms before move-
ment onset (Mann–Whitney U test, p �
0.001). Both medians were significantly
different from the time of movement onset
(Wilcoxon signed rank test, p � 0.001 for
both). Correspondingly, the median burst
peak time of HMR burst neurons preceded

movement onset by 52.5 ms (Wilcoxon signed rank test, p �
0.001) and was significantly different from the median of the SR
burst neurons (Mann–Whitney U test, p � 0.001), which was
11.5 ms after movement onset. The latter median was not signif-
icantly different from movement onset (Wilcoxon signed rank
test, p � 0.06). The two neurons which were responsive to both
types of movements (distinguished by the gray bars in Fig. 9B)
exhibited bursts which started very early with respect to move-
ment onset positioning them outside the distribution of SR burst
neurons and close to the left end of the one for the HMR burst
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Figure 7. Typical hand movement-related neuron not responding to eye movements. A, Response during isolated saccades
and hand movements in eight directions in the frontoparallel plane. Note: absence of discharge modulation during saccade trials,
burst of activity during hand movement trials (for which the behavior is shown). Notations are as in Figure 6 A. B, Responses of the
same unit to yoked eye and hand movements, tested pseudorandomly interleaved with the movements shown in A. Notations are
as in Figure 6 B.

Tziridis et al. • Hand Movement-Related Neurons in the DPN J. Neurosci., May 13, 2009 • 29(19):6154 – 6166 • 6161



neurons. The median burst durations of
the two main classes of burst neurons were
not significantly different from each other
(SR burst neurons: 75.5 (38, 169) ms,
HMR burst neurons: 63.5 (22, 180) ms, the
quartiles are given in brackets; Mann–
Whitney U test: p � 0.05).

Responses of effector specific burst
neurons during yoked eye and
hand movements
Although movement-related burst neu-
rons typically did not respond to the
movement of the nonpreferred effector
this does not preclude the possibility that
their response to the movement of the pre-
ferred effector is modulated by the need to
move the nonpreferred effector in addi-
tion to the preferred one. To determine if
this was the case, we analyzed the discharge
of burst neurons to movements of the two
effectors moving in isolation with re-
sponses to yoked eye and hand move-
ments. Figure 6B provides this compari-
son for the individual saccadic eye
movement-related neuron, preferring
downward saccades, whose direction tun-
ing to single effector movements is shown
in Figure 6A. During combined eye and
hand movements this neuron did not
show any change in the strength of its dis-
charge or in its direction preference. The
only change this neuron exhibited was a
significant (Wilcoxon test, p � 0.05)
shortening of the burst duration in the
case of yoked eye and hand movements
compared with isolated saccades.

Figure 7B presents the responses of the
HMR burst neuron in the yoked condi-
tion, whose responses to single effector
movements are depicted in Figure 7A.
During combined eye and hand move-
ments the discharge pattern of this neuron
did not change when aligning it on hand
movement onset compared with the re-
sponse during isolated hand movements
while a relatively pronounced postburst
pause in firing could be observed. Unlike
the previous example, in the case of the HMR burst neuron the
timing of the bursts remained unaltered.

Figure 10 illustrates the dependence of the burst parameters
on the two movement conditions (isolated vs yoked) for the two
group of neurons firing either eye or hand movement-related
bursts. In Figure 10A the normalized burst strength Ichange for
yoked eye and hand movements in the respective preferred direc-
tion is plotted as function of Ichange for isolated movements. Sin-
gle effector burst neurons as well as the two neurons driven by
both eye and hand movements are distinguished in this plot by
their respective symbols. The two groups of single effector burst
neurons (SR and HMR burst neurons) did not show a significant
difference (paired Student’s t tests, p � 0.05 corr., for SR and
HMR neurons) of their burst strengths in the two conditions
compared. Also the two neurons without any effector specificity

(shown in gray) did not exhibit a significant change in their ac-
tivity when comparing responses to yoked movements to those
prompted by isolated eye or hand movements (paired Student’s t
test, p � 0.05 corr.). The conclusion that at most a few neurons
showed an influence of the involvement of the second effector is
also expressed by the fact that most of them fell on or close to the
bisector of the plot. Figure 10B–D analyzes the influence of in-
volving a second effector in the action on various variables cap-
turing the timing of the movement-related burst relative to
movement onset (the latter indicated by the dashed horizontal
and vertical lines). Similar to the preceding figure, they plot the
variable at issue for the yoked movement as function of the same
variable for the single effector case. The analysis of burst onset
time (Fig. 10B) did not reveal significant differences between
isolated and yoked movements for the effector selective SR and

Figure 8. One of only two neurons responding to eye and as well to hand movements. A, Response to saccadic eye movements;
the preferred direction is to the lower right. B, Response to hand movements; the preferred direction is also to the lower right. In
these two neurons, the timing of movement-related bursts was analyzed independently for each type of movement. Notations are
as in Figure 6 B.
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HMR burst neurons (paired Student’s t tests, p � 0.05 corr., for
SR and HMR neurons). However, the two neurons that lacked
effector specificity exhibited significantly earlier burst onset
times for yoked movements compared with the two isolated
movement conditions (paired Student’s t test, p � 0.05 corr.).

For the timing of the peak of the bursts (Fig. 10C) as well as the
overall duration of the bursts (Fig. 10D) both SR and HMR neu-
rons showed a significant dependence on the movement condi-
tion characterized by earlier peaks and shorter durations for the
yoked condition (paired Student’s t tests, p � 0.05 corr., for SR
and HMR neurons in both parameters). On the other hand, the
two unspecific neurons did not differentiate between the two
conditions (paired Student’s t test, p � 0.05 corr., for both
parameters).

Discussion
To clarify the role of the DPN in the planning and execution of
goal-directed eye and hand movements, we recorded from PN
neurons in two macaque monkeys, performing goal-directed eye
movements, hand movements, or combinations of both, guided
by spatial memory.

We could identify both hand and eye movement-related re-
sponses in two neighboring regions of the anterior part of the
DPN. Both types of neurons could be found within a broad area
along the medial to lateral axis involving regions of the DPN
usually referred to as the dorsolateral, dorsal, and dorsomedial
pontine nuclei. In general, HMR neurons were found somewhat
deeper and more medial than EMR neurons.

Although our experiment focused on responses to memory–
guided saccades, we also tested a substantial number of the EMR
neurons in tasks requiring the execution of smooth pursuit eye
movements. In agreement with a previous study (Dicke et al.,
2004) the group of EMR neurons was heterogeneous. It included
SR neurons, others preferring smooth pursuit as well as many
neurons exhibiting sensitivity to both goal-directed eye move-
ment types. The HMR neurons were similarly heterogeneous.
While most of them started to discharge before the hand move-
ment and usually stopped discharging as soon as the movement
was over, others also responded to the presentation of the periph-
eral cue and/or showed an elevated level of activity in the memory
period. Yet others encoded hand position in the frontoparallel
plane rather than showing a response restricted to the hand
movement. Although the movements were highly stereotypic, the
fact that the movement-related bursts varied considerably in
shape and latency between neurons speaks against a role in the
encoding of movement kinematics or dynamics or the processing
of proprioceptive signals. The heterogeneity seems more in line
with a representation of higher level premotor information pro-
cessing. Although some neurons in the sample exhibited clear
visual responses elicited by the central fixation point or the pe-
ripheral spatial cue, we are confident that the bursts observed in
conjunction with the movement were not elicited by inadvertent
visual stimulation. First, the central cue had disappeared typically
190 to 160 ms before the onset of movement-related bursts, the
latter usually well separated from an occasionally observable pre-
ceding target associated burst. Second, movement-related re-
sponses were in most cases directional. Hence, the disappearance
of a central fixation dot serving as the start signal for the move-
ment cannot account for the following directional response.
Third, self-induced visual stimulation can be excluded. Assum-
ing that dark adaptation might have allowed the monkeys to see
their hand moving across the dark monitor, with a tiny amount of
residual illumination, a hand movement induced visual response
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might be conceivable. However, this re-
sponse should follow the movement,
whereas movement-related bursts always
led the movement. In sum, we can be con-
fident that movement-related bursts are
nonvisual.

Neuronal activity in the PN related to a
specific aspect of forelimb movements has
been reported previously (Matsunami,
1987). This author described neurons re-
sponding to simple extension-flexion
movement at the wrist joint, either tran-
siently or tonically. They were recorded in
more medial parts of the PN than the re-
gion of HMR neurons delineated in our
experiments. In view of the profound dif-
ferences in the tasks in the two studies, we
consider it very unlikely that the same pool
of neurons were sampled. It seems more
plausible that the two studies tapped func-
tionally distinct types of HMR neurons in
the DPN, contributing to different aspects
of forearm movements and arguably de-
pendent on different sources of cerebro-
cortical input. Cortical activity related to
wrist movement has been described in a
number of areas, among them primary
motor cortex and premotor cortex (Ku-
rata, 1993; Riehle and Requin, 1995; Kakei
et al., 1999, 2001), projecting to more ven-
tral parts of the PN (Brodal, 1978;
Schmahmann et al., 2004a) not explored
in the present study. A more likely source
of HMR information in the DPN are axons
originating from various posterior parietal
areas, known to project to the dorsal parts
of the PN, that contains neurons activated
by hand reaches like area 5 (Ashe and
Georgopoulos, 1994; Johnson et al., 1996;
Scott et al., 1997; Hamel-Pâquet et al.,
2006), area 7a (MacKay, 1992; Snyder et
al., 1997; Merchant et al., 2004; Battaglia-
Mayer et al., 2007), or the parietal reach
area PRR (Batista and Andersen, 2001; Calton et al., 2002; Snyder
et al., 2006).

Previous work on the architecture of the corticopontine pro-
jection of rodents strongly argues for parallel corticopontine
channels, originating from distinct cerebrocortical areas, in turn
contacting distinct patches of pontocerebellar neurons, which
stay devoid of input from other parts of cortex (Schwarz and
Thier, 1995; Schwarz and Möck, 2001) or functionally related
subcortical structures (Schwarz et al., 2005). Preliminary evi-
dence suggests that this organizational principle seems to apply to
primates as well (Leichnetz et al., 1984; Huerta et al., 1986; Leich-
netz and Gonzalo-Ruiz, 1996; Thier and Möck, 2006). Our phys-
iological findings do not allow us to decide if HMR neurons in the
DPN reflect input from individual parietal areas—as suggested
by the anatomy— or a converging influence from many. In any
case, the clear separation of two distinct visuomotor pools of
neurons for hand and for eye movements in the DPN would
clearly be more in line with the notion of parallel visuomotor
channels.

These two populations of DPN neurons differed not only with

respect to the preferred action but also exhibited clear quantita-
tive differences in the timing of the movement-related discharge.
In both populations the onset of the movement-related burst
preceded the onset of the movement. However, bursts of HMR
neurons started on average 62 ms earlier than bursts of SR neu-
rons, which led movement onset by on average 31 ms, in accor-
dance with previous observations (Dicke et al., 2004). The latency
of burst onset times of HMR neurons in the DPN lies between the
time range of possible cortical input structures like area 7a where
61% of the HMR neurons precede the movement onset by �200
ms (Battaglia-Mayer et al., 2007) and motor cortex output that
precedes movement initiation by 70 –130 ms (Kakei et al., 1999).
On the other hand, it leads those in lobules V and VI of the
cerebellum where many neurons fire during movements (Liu et
al., 2003), in full accordance with their role as intermediate stages
in a pathway linking cerebral cortex and the cerebellum. The
difference in burst onset time relative to movement onset be-
tween the SR and HMR neurons in the DPN is reminiscent of the
differences in the time required to start an eye compared with a
hand movement. Whereas it takes 2–11 ms from the onset of the

A B

C

0,4 0,8
index I during isolated

hand or eye movements

0,4

0,8

in
de

x 
I d

ur
in

g 
co

m
bi

ne
d

ha
nd

 &
 e

ye
 m

ov
em

en
ts

D

-200 -160 -120 -80 -40 0

-200

-160

-120

-80

-40

0

burst onset time during isolated 
hand or eye movements (ms)

bu
rs

t o
ns

et
 ti

m
e 

du
rin

g 
co

m
bi

ne
d 

ha
nd

 &
 e

ye
 m

ov
em

en
ts

 (m
s)

-80 -40 0 40 80

-80

-40

0

40

80

burst peak time during isolated
hand or eye movements (ms)

bu
rs

t p
ea

k 
tim

e 
du

rin
g 

co
m

bi
ne

d
ha

nd
 &

 e
ye

 m
ov

em
en

ts
 (m

s)

40 80 120 160 200

40

80

120

160

200

burst duration during isolated
hand or eye movements (ms)

bu
rs

t d
ur

at
in

 d
ur

in
g 

co
m

bi
ne

d
ha

nd
 &

 e
ye

 m
ov

em
en

ts
 (m

s)

****

ns ns ns ns

Figure 10. Comparison of strength (A) and timing (B) of movement-related bursts evoked by isolated and combined eye and
hand movements. A, Index Ichange of activity change relative to baseline for combined ( y-axis) versus isolated (x-axis) move-
ments. The data are aligned on the onset of the type of movement preferred by the respective neuron. Black squares depict HMR
units, open circles SR units. The two neurons activated by both types of movement are plotted in gray, aligned either on hand
movement onset (gray squares) or on saccade onset (gray circles); the two data points belonging to the same neuron are
connected by a solid line. The symbols with whiskers above and right of the scatter plot indicate the mean and SDs of the SR and
HMR neurons, respectively. In A and B, broken lines connecting both (marked with ns � nonsignificant) reflect the results from
Bonferroni-corrected paired Student’s t tests. B, Burst onset time for combined ( y-axis) versus isolated (x-axis) movements,
determined with respect to the onset of the respective preferred type of movement. C, Burst peak time with respect to movement
onset for combined versus isolated movements. Broken lines in C and D marked with asterisks denote significant differences, p �
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discharge of an oculomotor neuron to the onset of the eye move-
ment (Fuchs and Luschei, 1970), it may take up to 120 ms from
the onset of the discharge of an HMR spinal motoneuron to the
onset of any observable hand movement as the arm muscles need
to be active several tens of milliseconds before movement start
(Hasan and Karst, 1989; Flanders, 1991). In other words, the
difference in burst onset times of the two classes of neurons may
account for the different delays of signals to the two effectors.

Under natural conditions, successful reaches are prepared by
first moving the eyes to the object of interest, thereby improving
the visual information for the subsequent guidance of the hand
(Biguer et al., 1982; Abrams et al., 1990; Bekkering et al., 1994). In
such sequences saccades typically lead the hand by 50 –100 ms
(Snyder et al., 2002), reflecting tight central coordination of the
movement plans involving the respective effectors. The need for
effector coordination is not reflected in changes of the onset time
or discharge strength of movement-related bursts of movement-
related DPN neurons. Rather, they exhibit very similar profiles,
regardless of whether the movement of the preferred effector is
joined by a movement of the respective other effector or not. The
simplest explanation of the fact that discharge rates of effector
specific movement-related neurons in the DPN ignore the need
to move the second, nonpreferred effector would be a lack of
coordination of the effectors. However, this is clearly not the case
as the timing of the two effectors in the case of yoked movements
was typically tightly coordinated. Hence, it seems more plausible
that the neuronal adjustments required may involve changes of
the temporal fine structure of discharge, possibly at the level of
the cerebrocortical input, rather than changes of discharge rates
at the level of the DPN.

In conclusion our findings support the notion of a distinct
precerebellar, pontine visuomotor channel for hand reaches that
is anatomically and functionally largely separated from the one
serving eye movements.
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