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when the ipsilateral eye adducted and increased when it abducted
(Fig. 1a, thin trace). This is the expected discharge pattern of an
abducens motor neuron7. Unexpectedly, however, during monocular pursuit movements of the contralateral eye (Fig. 1b, thick
trace), the cell’s firing rate was also modulated even though the
ipsilateral eye was stationary. To examine this relationship quantitatively, we calculated mean eye position and firing rate over 50-ms
intervals (Fig. 1c, d). Firing rate is linearly related to ipsilateral
(Fig. 1c, black circles) and contralateral (Fig. 1d, open triangles)
eye position. The regression coefficient relating firing rate to
ipsilateral eye position (3.3 spikes s−1 deg−1) is greater than the
coefficient relating firing rate to contralateral eye position
(2.3 spikes s−1 deg−1). Not every abducens motor neuron exhibits
binocular discharge characteristics. Figure 2 illustrates the activity of
a motor neuron with a monocular discharge pattern: its firing rate is
related to ipsilateral eye position (Fig. 2a, c, 4.1 spikes s−1 deg−1,
P , 0:001) but not to contralateral eye position (Fig. 2b, d,
0.002 spikes s−1 deg−1, P . 0:97).
To determine the distribution of sensitivity to ipsilateral and
contralateral eye movements across the motor neuron pool, we
obtained single unit recordings from 136 motor neuron axons.
Multiple regression analyses showed that many motor neurons
were monocular, with regression coefficients relating firing
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Binocular coordination of eye movements is essential for stereopsis (depth perception) and to prevent double vision. More than a
century ago, Hering and Helmholtz debated the neural basis of
binocular coordination. Helmholtz1 believed that each eye is
controlled independently and that binocular coordination is
learned. Hering2 believed that both eyes are innervated by
common command signals that yoke the eye movements (Hering’s
law of equal innervation). Here we provide evidence that Hering’s
law is unlikely to be correct. We show that premotor neurons in
the paramedian pontine reticular formation that were thought to
encode conjugate3–6 velocity commands for saccades (rapid eye
movements) actually encode monocular commands for either
right or left eye saccades. However, 66% of the abducens motor
neurons, which innervate the ipsilateral lateral rectus muscle, fire
as a result of movements of either eye. The distribution of
sensitivity to ipsilateral and contralateral eye movements across
the abducens motor neuron pool may provide a basis for learning
binocular coordination in infancy and adapting it throughout life.
Abducens motor neurons are the final common pathway along
which neural commands travel to innervate the lateral rectus muscle
of the eye unilaterally. Figure 1 illustrates the discharge pattern of an
abducens motor neuron located on the right side during ‘smooth
pursuit’ movements in which only one eye moved; we name these
movements ‘monocular pursuit’ movements. Firing rate decreased
692

Figure 1 Discharge pattern of a binocular abducens motor neuron recorded in the
VIth nerve. a, Monocular pursuit, aligned with the monkey’s left eye, of a visible
target that is moved towards or away from the animal in a sagittal plane. Upper
panel, the left eye (thick trace) is relatively stationary while the right eye (thin trace)
tracks the target. Eye movement to the left is indicated by downward deflection of
the traces, and movement to the right is indicated by an upward trace deflection
(in Figs 1, 2 and 4). The dotted trace indicates the conjugate eye position. Lower
panel, rate of firing of abducens motor neurons. b, Monocular pursuit aligned with
the right eye. c, d, Firing rate correlates linearly with right eye position (c, black
circles) and left eye position (d, open triangles).
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rate either to ipsilateral (Fig. 3a, black circles) or to contralateral
(Fig. 3a, black triangles) eye position (P , 0:05). The mean sensitivity of monocular motor neurons to eye position was
3:84 6 1:03 spikes s 2 1 deg 2 1 (N ¼ 37) for ipsilateral eye units and
2:72 6 1:48 spikes s 2 1 deg 2 1 (N ¼ 9) for contralateral eye units.
We only classified cells as monocular if one of the regression
coefficients was not significantly different from zero (P . 0:05, 32
out of 46 cells) or if the regression, R2, was unchanged by including
the smaller coefficient (P . 0:05, 14 out of 46 cells). The remaining
90 motor neurons were binocular, with significant regression
coefficients for the ipsilateral (3:39 6 1:19 spikes s 2 1 deg 2 1 , grey
circles) and contralateral (1:40 6 0:63 spikes s 2 1 deg 2 1 , grey triangles) eye.
The distribution of regression coefficients is not uniform (Fig. 3a,
upper panel). To illustrate this effect, we calculated a numerical
index called ocular selectivity (Fig. 3a, lower panel). Monocular
motor neurons have ocular selectivities clustered at either end of the
distribution (Fig. 3a, lower panel, black bars). Of these monocular
motor neurons, 27% are monocular with respect to the ipsilateral
eye (mean ocular selectivity ¼ 0:86, s:d: ¼ 0:09) and 7% are monocular with respect to the contralateral eye (mean ¼ 2 0:94,
s:d: ¼ 0:06). Ocular selectivities of binocular motor neurons are
distributed in between (66%, grey bars), with a clear preference for
the ipsilateral eye (0 , ocular selectivity , 1, mean ¼ 0:34,
s:d: ¼ 0:31).
As left or right eye position is a linear sum of conjugate and
vergence eye positions, these data do not resolve the conflict
between Hering’s and Helmholtz’s hypotheses. For example, cells

8

Figure 3 The distribution of regression coefficients relating neuronal discharge to
contralateral or ipsilateral eye position or saccade amplitude. a, Upper panel,
regression coefficients for abducens motor neurons. Black symbols represent
monocular motor neurons; grey symbols represent binocular units. Circles
represent cells with ipsilateral (ipsi) eye preference, and triangles represent cells
with contralateral (contra) eye preference. Lower panel, distribution of ocular
selectivity. Black bars correspond to monocular motor neurons, and grey bars
correspond to binocular motor neurons. b, Regression coefficients (upper panel)
and ocular selectivity (lower panel) for EBNs. Symbols as in a. Note the expanded
scale in the upper panel. In each upper panel, the dotted lines define 9-degree
wedges centred about the axes and about the unity slope line (thick black line).
Figure 2 Discharge pattern of a monocular abducens motor neuron. a,

These wedges define the bins used in the ocular selectivity plots. Ocular

Monocular pursuit with the ipsilateral eye (right eye, thin trace). b, Monocular

selectivity for motor neurons is defined as ðKipsi 2 Kcontra Þ=ðKcontra þ Kipsi Þ, where

pursuit with the left eye (thick trace). c, d, Firing rate correlates linearly with right

Kcontra and Kipsi are the regression coefficients relating firing rate to contralateral or

eye position (c) but not with left eye position (d). Black circles represent data from

ipsilateral eye position, respectively. For EBNs, ocular selectivity is defined

trials in a (left eye aligned), and open triangles represent data from trials in b (right

similarly except the regression coefficients relate the number of spikes for

eye aligned).

saccade amplitude. Ocular selectivity is .0 for ipsilateral eye preference.
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that we have classified as monocular might simply receive balanced
conjugate and vergence input signals that cancel one another out
during monocular pursuit8. To distinguish between these hypotheses one can record the activity of premotor cells during disjunctive
eye movements that strongly dissociate right and left eye position.
Excitatory burst neurons (EBNs) in the paramedian pontine reticular formation (PPRF) project directly to motor neurons9. During
saccades, EBNs discharge a burst of spikes that encodes eye velocity.
The burst is integrated by a neuronal circuit involving nucleus
prepositus hypoglossi (NPH) neurons to produce an eye-position
command9. Thus the number of spikes in the burst is correlated
with the amplitude of the saccade10. For example, during ipsilateral
conjugate eye movements of 10 degrees, the EBN shown in Fig. 4a
emitted bursts of 8–11 spikes. During monocular 10-degree saccades executed by the right eye (Fig. 4b), the EBN continued to emit
bursts of 8–10 spikes despite the reduction of conjugate saccade
amplitude (Fig. 4b, grey traces) to 5 degrees in these trials. This cell
never discharged during conjugate saccades to the contralateral side.
However, during asymmetric vergence saccades with contralateral
conjugate components (Fig. 4c), the cell emitted bursts of 4–7
spikes, consistent with the ipsilateral saccade of 3–5 degrees made
by the right eye. These data indicate that this cell monocularly
encodes movements of the right eye. Indeed, multiple regression
analysis of data from many trials shows that the number of spikes in
a burst encodes the amplitude of right eye saccades (Fig. 5a;

2 1:00 6 0:05 spikes deg 2 1 , P , 0:001) but not the amplitude of
left eye saccades (Fig. 5b; 0:02 6 0:04 spikes deg 2 1 , P . 0:55).
In Fig. 5c, d, we show similar data from another EBN but include
divergence as well as convergence trials. Data from divergence trials
(black triangles) overlay data from convergence (grey inverted
triangles) and conjugate (grey circles) saccade trials when plotted
against the amplitude of the left eye saccade. This EBN encoded the
amplitude of the left eye saccade (Fig. 5c; 1:29 6 0:04 spikes deg 2 1 ,
P , 0:001) but not of the right eye saccade (Fig. 5d; 2 0:06 6
0:04 spikes deg 2 1 , P . 0:11). In Fig. 3b we show that most of the 96
studied EBNs were monocular (79%, black symbols). Only 5.3%
(five cells) clustered near the unity slope line could be said to encode
conjugate saccade amplitude.
We further tested each of the EBNs that we classified as monocular for any possible relationship to conjugate saccade amplitude.
We selected a subset of trials for which the amplitude of the saccades
made by the eye associated with the larger regression coefficient was
constant, while the other eye executed saccades of varying amplitude (thus conjugate amplitude varied over a large range). For each
neuron, we calculated the regression of the number of spikes related
to conjugate saccade amplitude; in every case, the regression was not
significant (P . 0:05). Furthermore, for every monocular neuron,
the correlation coefficient, R, of the monocular regression (amplitude of the ipsilateral or contralateral eye saccade) was significantly
greater than the regression for conjugate amplitude (P , 0:05).

Figure 4 Excitatory burst neurons in the left PPRF encode monocular eye

Figure 5 Examples of monocular discharge patterns of 2 EBNs. The number of

movements. a, Leftward conjugate saccades of 10 degrees. b, Monocular

spikes emitted is proportional to the amplitude of either the right eye saccade (a)

saccades of 10 degrees in the right eye. c, Convergent saccades of about 10

but not of the left eye saccade (b) during disjunctive eye movements. For the other

degrees. The thick traces indicate left eye (LE) position; the bracketed traces

cell, the number of spikes is proportional to the amplitude of the left eye saccade

indicate conjugate position (CONJ); and the thin traces indicate right eye (RE)

(c) but not the right eye saccade (d). Both cells discharged if the preferred eye

position. Each record consists of five superimposed trials. Neural action

moved toward the recording site and were silent if it moved in other directions.

potentials are represented as vertical tick marks aligned with the eye movement

Circles indicate data from conjugate saccade trials; inverted triangles indicate

records.

data from convergence saccade trials; and upright triangles indicate data from
divergence trials. The thin line (a) is the regression for the conjugate data (grey
circles); the thick lines (a, c) are the regressions for all of the data.
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Finally, if these cells encode conjugate eye movement, then the
regression coefficients for right and left eye should be identical. This
was not true for any monocular EBN (P . 0:05). To illustrate the
distribution of eye preference in the EBN population, we calculated
an index of burst ocular selectivity, which is similar to eye position
ocular selectivity. Monocular EBNs have ocular selectivities near 61
(Fig. 3b, lower panel, black bars). In contrast to motor neurons,
however, monocular EBNs were evenly distributed in eye preference
(37 ipsilateral and 37 contralateral).
We also recorded 65 NPH neurons that encoded eye position.
Like EBNs but in contrast to motor neurons, 78% of the NPH cells
were monocular, most of them related to the ipsilateral eye. The
most parsimonious interpretation of the predominance of monocular units in the PPRF and NPH is that premotor neurons encode
commands for monocular eye movements.
These data indicate a new and quite unexpected organization of a
motor system: motor neurons that innervate a single eye may
exhibit activity related to movements of either eye, whereas premotor cells, predicted according to Hering’s law to encode signals
related to movements of both eyes, actually exhibit activity related
to movements of one eye. Thus, the basic organization of the
oculomotor system is probably monocular, and may be related to
an evolutionary inheritance of lateral eyes that move independently.
The existence of binocular motor neurons, however, indicates that
convergence of premotor monocular signals may be crucial for
binocular coordination. The distribution of ocular selectivities in
the motor neuron pool may also provide a target for adaptation of
ocular alignment, with important consequences for the aetiology
M
and management of abnormal eye alignment (strabismus)11.
.........................................................................................................................

Methods

We trained three macaque monkeys to binocularly track a visible target (a laser
spot) whose position was controlled by mirror galvanometers. Movements of
the left and right eyes were dissociated by aligning the target with one eye and
then moving it towards (convergence trials) or away from (divergence trials)
the monkey. We assessed the relationship between firing rate and eye movement
quantitatively, using multiple regression. Multiple regression analyses were
done using a four- (motor neurons and NPH cells) or two- (EBNs) variable
linear model: for motor neurons, firing rate was related to the position and
speed of the left and right eyes; for EBNs, the number of spikes during the burst was
related to the amplitude of left and right eye saccades. For the purpose of brevity,
only the data relating to eye position or saccade amplitude are reported here.
Eye movements were recorded binocularly using an electromagnetic search coil
technique. Animals were prepared for chronic microelectrode recording. We
obtained abducens nerve recordings from VIth nerve rootlets ventral to the
abducens nucleus and we verified these recordings by microstimulation. EBNs
were recorded ventral and rostral to the abducens nucleus.
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Neurons in the superficial dorsal horn of the spinal cord are
important for conveying sensory information from the periphery
to the central nervous system1,2. Some synapses between primary
afferent fibres and spinal dorsal horn neurons may be inefficient
or silent3. Ineffective sensory transmission could result from a
small postsynaptic current that fails to depolarize the cell to
threshold for an action potential or from a cell with a normal
postsynaptic current but an increased threshold for action potentials. Here we show that some cells in the superficial dorsal horn of
the lumbar spinal cord have silent synapses: they do not respond
unless the holding potential is moved from −70 mV to +40 mV.
Serotonin (5-hydroxytryptamine, 5-HT), an important neurotransmitter of the raphe–spinal projecting pathway, transforms
silent glutamatergic synapses into functional ones. Therefore,
transformation of silent glutamatergic synapses may serve as a
cellular mechanism for central plasticity in the spinal cord.
Silent glutamatergic synapses have been reported in various
regions of the central nervous system (CNS)4–9. Glutamate is a
major fast neurotransmitter in the superficial dorsal horn of the
spinal cord10–12. We recorded currents from sensory neurons in the
superficial dorsal horn of spinal cord slices using whole-cell patchclamp techniques to test for the existence of silent glutamatergic
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Figure 1 Silent glutamatergic synapses in the lumbar spinal cord. a, Examples of
responses (the average of three continuous traces) at −70 or +40 mV holding
potential. b, Time course of the experiment shown in a. c, Responses at +40 mV
were inhibited by 50 mM AP-5. Upward arrow indicates the time of stimulation.
Downward arrow indicates the peak currents measured. d, The percentage of

Acknowledgements. We thank J. Cai for writing the data acquisition software; C. Drake for care of our
animals; B.-F. Tang and J. Alison for technical support; and M. Goldberg and P. May for comments on a
preliminary version of this manuscript. This research was supported by NIH and ONR grants to W.M.K.

silent synapses in the superficial dorsal horn of the lumbar spinal cord at P2–17.

Correspondence and requests for materials should be addressed to W.Z. (e-mail: wuz@vor.umsmed. edu).

labelled spinal neurons28.

NATURE | VOL 393 | 18 JUNE 1998

The numbers of cells tested are indicated above the bars. e, Distribution of

Nature © Macmillan Publishers Ltd 1998

695

