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Glutamate modulates the firing rate in oculomotor nucleus
motoneurons as a function of the recruitment threshold
current

Julio Torres-Torrelo, David Rodrı́guez-Rosell, Pedro Nunez-Abades, Livia Carrascal and Blas Torres

Department of Physiology, University of Seville, Seville, Spain

Key points

• This study deals with the cellular mechanisms involved in firing rate modulation in vivo in the
oculomotor system where there are requirements for high firing rates by motoneurons.

• The study demonstrates that glutamate effects depend on the recruitment threshold and,
presumably, motoneuron size.

• Mid- and high-threshold motoneurons in response to glutamate decrease their voltage
threshold and strengthened the tonic and phasic components of the firing rate.

• In a functional context, motoneurons could be recruited at lower recruitment threshold and
could generate a strong muscle contraction under glutamate modulation to perform saccadic
eye movements with different velocities and/or to maintain the eye in different eccentric
positions in the orbit.

• Our results suggest that the recruitment and firing behaviour of ocular motoneurons can be
modified in vivo by glutamatergic synaptic inputs. It provides a link between cellular function
and behavioural motoneuron output.

Abstract Studies in alert preparations have demonstrated that ocular motoneurons exhibit a
phasic–tonic firing rate related to eye velocity and position, respectively. The slopes of these
relationships are higher in motoneurons with higher recruitment threshold and have been
proposed to depend upon synaptic input. To investigate this hypothesis, motoneurons of the rat
oculomotor nucleus were recorded in a brain slice preparation in control conditions and during
glutamate (5 μM) application to the bath. Glutamate did not affect membrane potential or input
resistance, but produced a decrease in rheobase and depolarization voltage as a function of the
current needed for generating a maintained repetitive discharge (recruitment threshold current).
In addition, glutamate compressed the range of recruitment threshold current (0.1–0.4 nA) as
compared to the control (0.15–0.7 nA). Glutamate exposed motoneurons showed an increase in
the tonic frequency gain and the peak frequency. Such increments depended on the recruitment
threshold current and the last recruited motoneurons almost doubled the tonic frequency
gain (35.2 vs. 57.9 spikes s−1 nA−1) and the peak frequency (52.4 vs. 102.6 spikes s−1). Finally,
glutamate increased the spike frequency adaptation due to a significant increase in the phasic
firing component as compared to the tonic one. In conclusion, glutamate modulates tonic and
phasic discharge properties as a function of the recruitment threshold current and, presumably,
motoneuron size. These findings contribute to understand the link between cellular functions
and motoneuron discharge during oculomotor behaviour.
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Introduction

Glutamate is the major excitatory neurotransmitter in
the nervous system. Based on inmunohistochemical
procedures, neurons that use aspartate and/or glutamate as
neurotransmitters have been reported to project towards
the oculomotor nucleus from different visuomotor
and vestibular brainstem sources (Kevetter & Hoffman,
1991; Carpenter, 1992; Spencer & Wang, 1996; Nguyen
& Spencer, 1999; Nguyen et al. 1999). In addition,
ionotropic and metabotropic glutamate receptors have
been identified within the oculomotor nucleus by
measuring the expression of different subunits (Laslo et al.
2001a,b; Fuller et al. 2006; Hideyama et al. 2010). In
abducens motoneurons recorded in vivo, the activation
of glutamate receptors does not produce any change in
input resistance, and induces a small membrane potential
depolarization that does not bring the motoneuron to
fire (Durand et al. 1987). However, selective activation
of ionotropic glutamate receptors has been consistently
shown to induce an increase in input resistance, and a
depolarization in the membrane potential that evokes
repetitive firing (Durand, 1991, 1993; Ourdouz & Durand,
1994; Ruiz & Durand, 1999).

Qualitatively, all ocular motoneurons discharge in
a tonic–phasic manner related to eye position and
eye velocity, respectively. The firing rates of ocular
motoneurons in relation to steady-state eye positions have
been measured in a number of species (Delgado-Garcı́a
et al. 1986; Fuchs et al. 1988; de la Cruz et al. 1989;
Pastor et al. 1991; Stahl & Simpson, 1995; Sylvestre &
Cullen, 1999; Davis-López de Carrizosa et al. 2011). An
individual motoneuron begins to fire when the position
of the eye reaches a certain threshold position in the pulling
direction of the muscle that the motoneuron innervates
(on-direction). Above this threshold, the motoneuron
exhibits a tonic discharge whose rate increases linearly
with more eccentric eye positions in the on-direction.
The slope of this relationship (termed k) indicates eye
position sensitivity. The recruitment threshold and k
vary across motoneurons, with distribution over a large
range that ensures a fine gradation of force and stable
eye position. Besides, recruitment threshold and k are
positively correlated: motoneurons with higher threshold
also have steeper slopes k. Results obtained in vitro suggest
that synaptic inputs play an important role in determining
the relationship between the recruitment threshold and
the tonic firing rate (Nieto-Gonzalez et al. 2007, 2009).
This suggestion is consistent with the evidence provided
by simulation studies (Dean, 1997; Hazel et al. 2002)
and after deafferentation of motoneurons (Pastor &
González-Forero, 2003). The first aim of this work was to
determine in vitro if the relationship between eye position
sensitivity and recruitment threshold reported in vivo
could be set by the activation of glutamatergic receptors.

Ocular motoneurons also exhibit a burst of spikes
(phasic component of the firing) that co-varies with
saccade velocity in the on-direction. In addition, it is well
known that peak firing rate is strongly related to peak
eye velocity during saccades (Delgado-Garcı́a et al. 1986;
Gomez et al. 1986). The slope of the relationship between
phasic firing and eye velocity is termed r and indicates the
eye velocity sensitivity of each motoneuron. Furthermore,
motoneurons with higher threshold also tend to exhibit
higher sensitivity to eye velocity (Davis-López de Carrizosa
et al. 2011). In vitro studies carried out in the oculomotor
and trochlear nuclei of rats and turtle have reported two
types of motoneurons: the first type shows an essentially
tonic firing rate (with a weak phasic component),
while the second type has a phasic–tonic discharge.
The phasic component was more pronounced in the
second type of motoneurons (Nieto-Gonzalez et al. 2007;
Jones & Ariel, 2008). These two types of motoneurons
are likely to be part of a functional continuum rather
than two separate populations (Nieto-Gonzalez et al.
2007). The significance of motoneurons with different
phasic responses raises the possibility that they may be
determined by their synaptic inputs. Taking into account
these findings, high recruitment threshold motoneurons
may receive a more powerful source of phasic synaptic
inputs than low-threshold motoneurons, as proposed in
spinal motoneurons (Powers et al. 1993). Thus, the second
aim of this work was to test whether the effects of the
glutamatergic activation on the phasic responses were
related to motoneuron thresholds.

Methods

Surgery and solutions

Experiments were carried out in young Wistar rats,
15–25 days old, of both sexes. The experiments were
performed in accordance with the European Community
Directive 2003/65, as well as with the Spanish Royal Decree
120/2005 and University of Seville regulations on the
care and use of laboratory animals. Rats were deeply
anaesthetized with sodium pentobarbital (50 mg kg−1)
and quickly decapitated. The methods to obtain the slices,
recordings and analysis are fully detailed in previous
studies (Carrascal et al. 2006; Nieto-Gonzalez et al. 2009).
In brief, brain slices of 300 μm including the oculomotor
nucleus were first incubated in a chamber containing
cold sucrose-artificial cerebrospinal fluid (ACSF) for
20–30 min, and then transferred to a second chamber
containing ACSF at a temperature of 21 ± 1◦C. Single
slices were transferred to the recording chamber and
superfused at 2 ml min−1 (Harvard, MPII, Holliston,
Massachusetts, USA) with ACSF bubbled with 95%
O2–5% CO2 (pH 7.4; 32◦C). The composition of ACSF
was as follows (in mM): 126 NaCl, 2 KCl, 1.25 Na2HPO4,
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26 NaHCO3, 10 glucose, 2 MgSO4, and 2 CaCl2. For
sucrose-ACSF solution, the NaCl was replaced by sucrose
(240 mM). Glutamate (L-glutamic acid, Sigma-Aldrich)
was dissolved in distilled water for stock solution (10 mM)
and stored frozen at –20◦C. Glutamate was diluted in
the ACSF at 5 μM for the experiments. The experiment
included the recording of the same motoneuron before
(control) and during glutamate exposure (glutamate
condition). After recordings in the control condition, the
slices were superfused with glutamate at 2 ml min−1 (pH
7.4; 32◦C, TC-324B Warner Instruments), and 3–4 min
later the recordings were performed. The time taken to
completely exchange ACSF solution for glutamate solution
was about 50 s. One motoneuron per slice was recorded.

Electrophysiological recordings and data analysis

All recorded neurons were identified as motoneurons by
their antidromic activation from the root of the third
nerve and by the collision test (Carrascal et al. 2006). The
recordings were carried out with sharp microelectrodes
that were filled with a 3 M KCl (30–60 M�) solution.
Recordings were stored on videotape (Neuro-Corder,
Neurodata Instruments, PA, USA), and subsequently
played back and acquired with a PCI-6070E card (National
Instruments, Austin, TX, USA) for off-line analysis. All
motoneurons included for analysis showed a stable resting
membrane potential of at least –55 mV, an action potential
amplitude greater than 60 mV, and fired repetitively in
response to supra-threshold depolarizing current steps
of 1 s. The bridge balance was routinely monitored and
adjusted before any cell impalement. The bridge balance
removed most of the component of voltage (increases in
voltage amplitude were lower than 3 mV) and voltage
rectification was small (less than 1 mV) for injected
currents up to 1 nA. In addition, the stability in membrane
potential along with input resistance, rheobase and action
potential features were systematically measured at periodic
intervals throughout the recording period to assess the
quality of the impalement. Recordings with deterioration
in these physiological properties were discarded. Resting
membrane potentials were measured as the difference
between the intracellular and extracellular potentials after
withdrawing the recording electrode from the cell. The
input resistance was determined by passing negative
current pulses (500 ms, 1 Hz; with 0.1 nA increments).
Input resistance was calculated as the slope of the
current–voltage plot. The rheobase was the minimum
current injected (50 ms, 1 Hz) that generated action
potentials in 50% of the cases. The depolarization voltage
was the increment in membrane potential required to
bring the cell to the spike threshold. To determine
the spike threshold, the action potential recording was
differentiated; spike onset was the value of the membrane

potential at which the first derivative exceeded 10 V s−1.
The voltage threshold to elicit a single action potential
was calculated by adding depolarization voltage to the
resting membrane potential. The tonic component of
the firing was measured from the repetitive discharge
evoked by depolarizing current steps (1 s, 0.5 Hz) with
0.05 nA increments. The steady-state firing frequency was
the average number of spikes during the last 500 ms. The
relationship between the steady-state firing frequency and
injected current was represented (I–F plot) to calculate the
slope, namely as tonic frequency gain. The recruitment
threshold current was defined as the lowest intensity
of stimulating current capable of eliciting a maintained
repetitive firing (Kernell et al. 1999). The variability of
repetitive firing was measured in the interspike inter-
vals at different firing rates evoked by different current
intensities for each motoneurons. The coefficient of
variation (standard variation/mean duration × 100) of the
interspike interval of each firing rate was plotted against
current intensity. The data were fitted with two regression
lines, one for data that showed low firing variability and
the other when firing variability was high. The recruitment
threshold current was taken as the current step (with
low firing variability) closest to the point at which the
regression lines intersected. The minimal steady-state
firing rate was that associated to the recruitment threshold
current (for details, of the relationship between firing
variability and threshold, see Piotrkiewicz et al. 1999,
Powers & Binder, 2000; González-Forero et al. 2002).
This procedure was carried out in motoneurons that
exhibited a progressive increase in firing rate as a function
of the stimulating current intensity. However, some
motoneurons exhibited a sudden transition from sub-
threshold to maintained repetitive firing. In these cases, the
recruitment threshold current was the lowest stimulating
current capable of eliciting a maintained repetitive firing
with a coefficient of variation ≤10% (motoneurons with a
progressive increase in firing rate exhibited a point of inter-
section between lines of low and high firing variability at
coefficient of variation ≤10%). The phasic component of
the firing was calculated by measuring the peak frequency,
which corresponded to the reciprocal of the time inter-
val between the two first spikes, at a current capable of
eliciting 20 spikes s−1 of tonic discharge (a frequency at
which all motoneurons showed a steady-state firing rate).
In addition, we measured the spike frequency adaptation
according to the initial adaptation index (Sawczuk et al.
1995; Rekling et al. 2000), calculated as [1 – (frequency in
the steady-state firing/instantaneous frequency in the first
interspike interval)]. The adaptation process calculated
from this equation generated values between 0 and 1,
the values 0 or 1 being pure tonic or phasic responses,
respectively. The change in all studied parameters was
normalized and measured as the value of the parameter
in the glutamate condition/the value in the control
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condition. Such changes were plotted against recruitment
threshold current. Significant differences between control
and glutamate conditions were determined by using
Student’s paired t test. The correlation between variables
was measured by Pearson’s correlation coefficient (r). The
significance level was established at P < 0.05. All data are
reported as means ± standard error of the mean.

Results

Membrane potential and input resistance responses
to glutamate exposure

All recorded motoneurons (n = 33) of the oculomotor
nucleus were silent at their resting membrane

potential (–61.3 ± 1.5 mV), and required supra-threshold
depolarizing current steps to evoke a phasic–tonic firing.
The electrophysiological effects of glutamate were reversed
when slices were washed with ACSF solution for 20 min.
Glutamate superfusion induced a very small, if any,
membrane potential depolarization (<5 mV; Fig. 1A). The
injection of negative current pulses produced a membrane
hyperpolarization. In response to equal current steps, the
amplitude of the hyperpolarization was similar between
the control and glutamate conditions (Fig. 1B). The plot
of current pulses against voltage generated a linear fit,
and the slopes of these relationships indicated the input
resistance (Fig. 1C). Input resistance did not change
with glutamate application (control = 57.3 ± 4.2 M�;
glutamate = 56.7 ± 4.0 M�; Fig. 1D).

Figure 1. Effects of glutamate on membrane potential and input resistance
A, membrane potential response to glutamate exposure. B, responses of the membrane potential to hyperpolarizing
current pulses of the same intensities in control and glutamate conditions. C, plot illustrating the current/voltage
relationships to determine the input resistance (R) for the motoneuron illustrated in B. D, plot illustrating the
value of input resistance for each motoneuron in control and glutamate conditions. All analysed motoneurons are
represented and arranged as a function of their input resistance.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



J Physiol 590.13 Glutamate and firing in ocular nucleus motoneurons 3117

Rheobase and depolarization voltage responses to
glutamate exposure

The motoneurons exposed to glutamate showed a decrease
in rheobase and depolarization voltage (Fig. 2). Figure 2A
and B illustrates the same motoneuron in the control
(A) and glutamate (B) conditions. The motoneuron
maintained its membrane potential (−62 mV) and input
resistance (56 vs. 60 M�), but both rheobase (0.3
vs. 0.1 nA) and depolarization voltage (16.8 vs. 6 mV)
decreased. The diminution in depolarization voltage
while the membrane potential remained at rest involved
a decrease in voltage threshold (−45.2 vs. −56 mV)
with drug treatment. These findings are consistent
with those obtained from all of motoneurons analysed.
Thus, the rheobase (0.27 ± 0.03 vs. 0.19 ± 0.03 nA) and
depolarization voltage (16.25 ± 1.1 vs. 12.5 ± 1.3 mV)

decreased with the exposure to glutamate. Although
glutamate had little effect on input resistance or
resting potential as a whole, we examined whether
these factors contributed to the effects of glutamate
on the rheobase and depolarization voltage. Rheobase
and voltage depolarization changes (before and during
glutamate application) were not correlated with either
membrane potential or input resistance changes. On the
other hand, glutamate application yielded a left-ward shift
in rheobase and voltage depolarization when the data were
plotted in cumulative normalized diagrams (Fig. 2C and
D). According to these plots, in the control condition 50%
of motoneurons fired with rheobase values ≤0.26 nA and
with depolarization voltage ≤17 mV; in the glutamate
condition 50% of motoneurons fired with rheobase
≤0.16 nA and with depolarization voltage ≤12 mV.

Figure 2. Effects of glutamate on rheobase and depolarization voltage
A and B, recordings showing the minimum current (rheobase) and voltage depolarization required to evoke an
action potential in the same motoneuron in control and glutamate conditions. �V and R indicate depolarization
voltage and input resistance, respectively. C and D, cumulative normalized plots of rheobase and depolarization
voltage in control and glutamate conditions. The dotted lines show the rheobase and depolarization values at
which 50% of the motoneurons evoked an action potential.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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The previous findings demonstrate that glutamate
treatment diminished the values of rheobase and
depolarization voltage in the oculomotor nucleus
motoneurons. We next studied if these effects depended
on the recruitment threshold current. Figure 3A–C,
illustrates three motoneurons with different recruitment
thresholds: low (Fig. 3A), mid (Fig. 3B) and high (Fig. 3C).
In the control condition, these motoneurons exhibited
a similar resting membrane potential close to −62 mV,
but different rheobase and depolarization voltage. Bath
application of glutamate modified neither the resting
membrane potential nor the input resistance, but yielded
a decrease in rheobase and depolarization voltage in
both mid- and high-threshold motoneurons. As shown
in the figure, the magnitudes of decreases in rheobase
and in depolarization voltage were more pronounced in
the high-threshold motoneurons. This observation was
further documented when changes in both rheobase and
depolarization voltage were plotted against recruitment
threshold current (Fig. 3D and E). Both parameters
were linearly related to recruitment threshold current,

and the last recruited motoneurons exhibited the most
pronounced changes in both rheobase and depolarization
voltage.

Tonic firing rate response to glutamate exposure

In response to supra-threshold depolarizing current
steps, motoneurons exhibited a phasic–tonic discharge
rate. The tonic component of the firing produced
by equal depolarizing current steps in control and
glutamate conditions was measured. As shown in Fig. 4A
and B, the number of spikes was higher when the
motoneuron was exposed to glutamate. Neither resting
membrane potential nor input resistance changed in
the glutamate condition, but in response to current
steps of 0.25 and 0.5 nA, the motoneuron discharged 4
and 14 spikes s−1, respectively, in the control condition
and 14 and 30 spikes s−1, respectively, when treated
with glutamate. The recruitment threshold current
and steady-state firing rate was calculated for each
motoneuron. For the representative example illustrated

Figure 3. Effects of glutamate on rheobase and depolarization voltage as a function of the recruitment
threshold
A–C, three representative motoneurons with low- (A), mid- (B) and high- (C) threshold recorded in control and
glutamate conditions. �V indicates depolarization voltage. D and E, plots illustrating the change in both rheobase
and depolarization voltage as a function of the recruitment threshold current.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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in Fig. 4C, the recruitment threshold current was 0.45 and
0.25 nA in control and glutamate conditions, respectively,
and the minimal steady-state firing rate was 15 and
14 spikes s−1 nA−1 in control and glutamate conditions,
respectively. The I–F plots in both conditions showed a
linear relationship (r = 0.99) in all studied motoneurons,
and the slope of these relationships was termed tonic
frequency gain. For the motoneuron represented in Fig. 4A

and B, glutamate treatment evoked the following: first,
a higher tonic frequency gain; second, a decrease in the
recruitment threshold current; and third, a higher tonic
firing frequency throughout the whole range of current
stimulation (Fig. 4D).

Figure 5A and B shows I–F relationships of all studied
motoneurons. In the control condition, the motoneurons
exhibited a tonic frequency gain that ranged from

Figure 4. Effects of glutamate on tonic frequency gain
A and B, firing discharge of a high-recruitment current motoneuron in response to two different current steps in
control (A) and glutamate (B) conditions. C, plot illustrating the relation between the coefficient of variation of the
interspike intervals measured at different firing rates and stimulating current intensities. D, plots of the steady-state
frequency against current intensity (I–F plots) for a motoneuron in control (C) and glutamate (D) conditions. It
should be noted that this motoneuron showed an increase in tonic frequency gain and a decrease in recruitment
threshold current in the glutamate condition.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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17.3 to 98.6 spikes s−1 nA−1 (47.7 ± 2.9 spikes s−1 nA−1),
and in the glutamate condition it ranged from 26.6
to 132.3 spikes s−1 nA−1 (58.4 ± 3.5 spikes s−1 nA−1). In
the control condition the recruitment threshold current
ranged from 0.15 to 0.7 nA (0.35 ± 0.03 nA), and
was compressed in glutamate-exposed motoneurons to
values ranging from 0.1 to 0.4 nA (0.24 ± 0.01 nA).
In addition, the minimal repetitive firing rate was
15.2 ± 0.37 spikes s−1 nA−1 in control condition and
13.6 ± 0.28 spikes s−1 nA−1 during glutamate application
to the bath. The glutamate treatment decreased the
recruitment threshold current in some motoneurons, but
such a decrease was different from one motoneuron to
another. Indeed, both parameters (recruitment threshold
current change and recruitment threshold current) were
linearly related, with the most pronounced changes in
the last recruited motoneurons (Fig. 5C). The glutamate
effect in tonic frequency gain was also different from one
motoneuron to another. Changes in tonic frequency gain
ranged from 0.8 to 2.4. Furthermore, the changes in tonic
frequency gain increased linearly with the recruitment
threshold current (Fig. 5D). This positive co-variation
indicates that the last recruited motoneurons were those
more sensitive to glutamate exposure, i.e. when the tonic
frequency gain showed a more pronounced increase

(up to 2.4-fold). Thus, motoneurons with recruitment
threshold current higher than 0.5 nA exhibited a
tonic frecuency gain of 35.2 ± 3.8 spikes s−1 nA−1 in
control condition, while it was 57.9 ± 6.2 spikes s−1 nA−1

when exposed to glutamate. In addition, some
motoneurons with a low recruitment threshold current
(4/33) exhibited a slight decrease in gain (between
0.8 – 1).

We also analysed if the recruitment threshold current
co-varied with input resistance (Fig. 6). A significant linear
relationship was found between these two parameters
in the control condition (Fig. 6A). According to this
relationship, motoneurons with higher input resistance
showed lower recruitment threshold current to evoke a
repetitive discharge. However, no significant relationship
between the recruitment threshold current and input
resistance was found in the glutamate condition (Fig. 6B).
This lack of relationship was due to the following:
first, input resistance was essentially unaltered with
glutamate exposure in all recorded motoneurons; second,
motoneurons with low recruitment threshold current
did not change their recruitment threshold current as
compared to the control; and third, motoneurons with
high recruitment threshold current showed a decrease in
this value with glutamate application.

Figure 5. Effect of the glutamate on tonic firing gain and recruitment threshold current
A and B, I–F plots for all motoneurons in control (A) and glutamate (B) conditions. Note that the range of
recruitment threshold current was broader in the control condition. C and D, plots illustrating the change in
recruitment threshold current and tonic frequency gain as a function of the recruitment threshold current.
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Phasic firing rate response to glutamate exposure

We also quantified the effect of glutamate on the phasic
component of the firing rate. With this aim, the peak
frequency was calculated in both control and glutamate
conditions. Different responses were observed: some
motoneurons maintained similar peak frequency in the
glutamate condition, while peak frequency increased
in other motoneurons. For the motoneuron shown in
Fig. 7A, the peak frequency was 47 spikes s−1 in the control
condition and 70 spikes s−1 in the glutamate condition.
In the control condition the motoneurons exhibited a
peak frequency that ranged from 17.3 to 98.6 spikes s−1

(47.7 ± 2.9 spikes s−1), whereas it ranged from 26.6 to
132.3 spikes s−1 (58.4 ± 3.5 spikes s−1) in the glutamate
condition. The change in peak frequency was different
from one motoneuron to another, and it was distributed in
a continuum that ranged from 0.6 to 3.3. When change in
peak frequency was plotted against recruitment threshold
current, a significant linear relationship was found
(Fig. 7B). This positive co-variation indicates that the last
recruited motoneurons were those whose peak frequency
showed a more pronounced increase (up to 3.3-fold) with
glutamate exposure. Thus, motoneurons with recruitment

Figure 6. Relationship between input resistance and
recruitment threshold current in control (A) and glutamate (B)
conditions

threshold current higher than 0.5 nA exhibited a peak
frequency of 52.4 ± 3.7 spikes s−1 in control condition,
whereas it was 102.6 ± 4.4 spikes s−1 when exposed to
glutamate. In addition, some motoneurons with low
recruitment threshold current exhibited a decrease in peak
frequency (between 0.6–1).

Spike frequency adaptation and glutamate

The findings above demonstrate that glutamate treatment
modified the tonic and phasic components of firing rate
as a function of the recruitment threshold current. The
last step was to quantify the spike-frequency adaptation in
order to examine if the effect of glutamate on the phasic
and tonic firing was similar or, on the contrary, enhanced

Figure 7. Effect of glutamate on peak frequency
A, a representative high-recruitment threshold current motoneuron
recorded in control and glutamate conditions. It should be noted
that the first interspike interval was shortened with glutamate. B,
plot illustrating the change in peak frequency as a function of the
recruitment threshold current.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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either the phasic or the tonic component (Fig. 8).
The firing patterns of two representative motoneurons
are illustrated in Fig. 8A and B. The phasic–tonic
firing of the motoneuron shown was almost unaffected
in the glutamate condition, whereas the motoneuron
documented in Fig. 8B increased its phasic–tonic firing
rate in the glutamate condition. The former (Fig. 8A)
exhibited peak frequencies (25 vs. 29 spikes s−1) that were
close to the steady-state frequency in the control and
glutamate conditions (20 vs. 22 spikes s−1). Moreover the
glutamate treatment did not produce any observable
modification in the discharge patterns. This motoneuron
had an adaptation index of 0.20 and 0.24 in control and
glutamate conditions, respectively. The peak frequency
(47 spikes s−1) of the motoneuron illustrated in Fig. 8B was
higher than the steady-state frequency (20 spikes s−1) in
the control condition, and glutamate treatment increased
both phasic (70 spikes s−1) and tonic (28 spikes s−1)
frequencies. This motoneuron exhibited an adaptation
index of 0.57 in the control condition and 0.6 with
glutamate treatment. Next, we plotted the adaptation

index of all studied motoneurons against recruitment
threshold current in control and glutamate conditions
(Fig. 8C). The inspection of the raw data in the
control condition indicates the following: first, most
of the motoneurons (23/33) exhibited an adaptation
index between 0.4 and 0.6; second, motoneurons (4/33)
with an adaptation index below 0.4 (i.e. with a weak
phasic firing component) had recruitment threshold
current ≤0.2 nA; and third, motoneurons (6/33) with
adaptation index up to 0.6 (i.e. with a strong phasic
firing component) had recruitment threshold current
≥0.35 nA. The comparison of the adaptation index
in both control and glutamate conditions showed a
significant increase for the whole studied population
(control = 0.51 ± 0.02; glutamate = 0.55 ± 0.02). Indeed,
in most of the motoneurons (26/33) the adaptation index
change was higher than 1, whereas it was equal or lower
than 1 for a few of them (6/33). In short, glutamate
enhanced the phasic component of the firing as compared
to the tonic one, and this effect was independent on the
recruitment threshold current (Fig. 8D).

Figure 8. Effect of glutamate on spike frequency adaptation
A and B, plots representing the instantaneous frequency of a low-recruitment threshold current motoneuron (A)
and a high-recruitment threshold current motoneuron (B) in control and glutamate conditions. C, plot illustrating
the values of initial adaptation index as a function of the recruitment threshold current in control and glutamate
conditions. Note most of the motoneurons had adaptation index between 0.4 and 0.6 (grey lines). D, plot
illustrating the change in the adaptation index as a function of the recruitment threshold current.
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Discussion

Glutamate and current mediated recruitment
threshold

This work demonstrates that glutamate modulates the
firing properties as a function of recruitment threshold
current (and rheobase – data not shown). Both parameters
are closely related, but the ratio between rheobase
and recruitment threshold current is different among
motoneurons. The discrepancy has been attributed to slow
membrane non-linearities (Kernell et al. 1999). The pre-
sent work studied the modifications in tonic and phasic
firing properties against recruitment threshold current
because it resembles more closely the procedure used
in the behaving animal to determine the recruitment
threshold of the motoneurons. In the behaving animal,
the recruitment threshold is interpolated from the
relationship between tonic firing rates and eye position
(Delgado-Garcia et al. 1986; Fuchs et al. 1988). As
previously reported, the variance is generally low at
high firing rates and increases at lower firing rates
(Piotrkiewicz, 1999; Powers & Binder, 2000). These
authors plotted the standard deviation versus the mean
of the interspike intervals and described a ‘break point’
interval since they fit with two regression lines for
the low- and high-firing variability. The break point
provides a relatively crude estimation of spike after-
hyperpolariztion duration (Powers & Binder, 2000). The
minimal steady-state repetitive firing has been shown to be
correlated with the reciprocal spike afterhyperpolarization
in brainstem (Viana et al. 1995; González Forero et al.
2002) and spinal cord motoneurons (Kernell, 1965; Powers
& Binder, 2000). Our data also support this finding
because the mean duration of interspike interval at
steady-state firing rate was slightly lower (∼20 ms) than
the duration of single spike afterhyperpolarization pre-
viously reported (Carrascal et al. 2006; Nieto-Gonzalez
et al. 2007). Furthermore, estimations of the duration
of the spike afterhyperpolarization by studies of firing
rate have been carried out in two ways, with the interval
histogram transform method (Mattews, 1996) and with
the break-point method (Piotrkiewicz et al. 1999), and
the results are strongly correlated (Zijdewind & Thomas,
2012). These studies provide an effective measure of firing
threshold (Powers & Binder, 2000).

The amplitudes of the synaptic input from different
systems have been shown to vary systematically in low-
versus high-threshold spinal motoneurons (Heckman &
Binder, 1993a,b). As a consequence, motoneuron pools
are known to expand or compress the recruitment
threshold range. For instance, the activation of homo-
nymous Ia afferents in spinal motoneurons generates
a more effective synaptic current in low- rather than
high-threshold motoneurons, and produces an expansion

in the recruitment range of motoneurons (Heckman &
Binder, 1988); by contrast, synaptic currents from the
rubrospinal tract compress the recruitment range by
distributing excitation more strongly to motoneurons with
intrinsically high thresholds as compared to motoneurons
with lower thresholds (Heckman & Binder, 1993a,b;
Powers et al. 1993). In abducens motoneurons, synaptic
deprivation of inhibitory or inhibitory plus excitatory
inputs due to low and high doses of tetanus neurotoxins,
respectively, also modifies the recruitment threshold.
The mean recruitment threshold was reduced in both
cases, but the opposite effects were observed in the
recruitment rank, since it narrowed under low dose
and expanded under high dose as compared to the
control (Pastor & González-Forero, 2003). Furthermore,
vestibular electrical stimulation supports the hypothesis
that hyperpolarizing and depolarizing synaptic currents
should be more effective in abducens neurons that are
recruited later (Broussard et al. 1995). These findings
demonstrate that the synaptic inputs influence the
motoneuron recruitment range. This influence is also
present in the oculomotor nucleus motoneurons since
the activation of glutamatergic receptors decreased both
rheobase and depolarization voltage, and compressed the
recruitment threshold current range. These results could
be attributable to an increase in input resistance or a
decrease in voltage threshold. We rule out input resistance
because changes in this parameter did not co-vary with
changes in rheobase or depolarization voltage. This finding
is consistent with that reported in abducens motoneurons
with glutamate application in in vivo studies (Durand
et al. 1987). In addition, it has been reported that the
selective activation of different types of glutamatergic
receptors decreases (Iwagaki & Miles, 2011), increases
(Del Negro & Chandler, 1998; Marchetti et al. 2005),
or does not modify input resistance (Chapman et al.
2008) depending on the studied motoneuron population.
In regard to voltage threshold, it has been reported
in spinal motoneurons that the activation of group I
metabotropic glutamate receptors diminishes the voltage
threshold for action potential initiation (Iwagaki & Miles,
2011). The mechanisms underlying the modulation of
action potential threshold remains unclear, but potential
mechanisms include the modulation of persistent Na+

currents (Carlier et al. 2006) and delayed rectifier K+

channels (Dai et al. 2002).
The order of recruitment of motoneurons has been

considered to depend on input resistance, such that small
motoneurons with less surface area would have higher
input resistance and would produce a larger voltage drop
for a given synaptic input than larger ones. Therefore,
small motoneurons would also reach voltage threshold
at a lower level of synaptic input (Henneman et al.
1965; Mendell, 2005). We have recently demonstrated in
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oculomotor nucleus motoneurons, first, that the increase
in size of motoneurons led to a decrease in input
resistance with a strong linear relationship, and second,
that an inverse correlation was also found between input
resistance and rheobase. According to these findings,
the first motoneurons to be recruited are those with
small size (Carrascal et al. 2011). In alert preparations,
the relationship between conduction velocities and the
recruitment thresholds of abducens motoneurons was
weak in cat and not significant in monkeys or goldfish
(Delgado-Garcı́a et al. 1986; Fuchs et al. 1988; Pastor
et al. 1991; Pastor & González-Forero, 2003). These
results support the notion that a recruitment order
based exclusively on the size principle seems not to be
a sufficient criterion for ranking the motoneuronal pool
as a function of firing-related parameters (Pastor et al.
1991). In this work, the recruitment current range was
compressed in high-threshold motoneurons by reduction
of voltage threshold. This latter result is consistent with
the data previously reported in spinal motoneurons
in response to the activation of the rubrospinal input
(Powers et al. 1993). Assuming that recruitment order
depends primarily on cell size, the glutamatergic effects
reported here are more pronounced in motoneurons
with the largest size. Such a glutamatergic modulation
could explain the weak correlation between conduction
velocities and recruitment threshold reported in alert pre-
parations.

Glutamate inputs, recruitment threshold and tonic
firing

Synaptic inputs can potentially alter the gain of the
input–output function of motoneurons (Binder et al.
1993; Heckman et al. 2003; McElvain et al. 2010). The
increase in firing rate found in this work could be
attributable to the glutamatergic modulation of action
potential afterhyperpolarization (Anwyl, 1999; Young
et al. 2003; Ruiz, 2011). In particular, the activation
of group I metabotropic glutamate receptors blocks
the voltage-dependent IM and the Ca2+-activated IAHP

(Anwyl, 1999; Young et al. 2003). On the other hand,
the ocular motoneurons exhibit a tonic discharge which
is proportional to eye position, and balances the elastic
forces that would otherwise bring the eye back to its
primary position (Robinson, 1970). Alert preparation
studies have shown that motoneurons begin to fire
when the eye position reaches a threshold value in the
on-direction. Above this threshold, the firing rate varies
linearly with eye position, with a slope k. It is widely
accepted that recruitment threshold values and k are
related: motoneurons with higher threshold have greater
slope k (Delgado-Garcı́a et al. 1986; Fuchs et al. 1988;
de la Cruz et al. 1989). In vitro, an inverse relationship

between recruitment current and tonic frequency gain
was found, i.e. motoneurons with lower recruitment
current have higher gain (Nieto-Gonzalez et al. 2007).
Assuming that tonic frequency gain mimics k, these results
contradict those reported in vivo. Therefore, we ruled
out intrinsic membrane properties as solely determining
the co-variation between recruitment threshold and k
reported in alert animals. The negative co-variation
between tonic frequency gain and recruitment current
found in the control condition using in vitro preparation
disappear with glutamate treatment. However, we did
not obtain a positive co-variation between recruitment
threshold current and tonic frequency gain as expected
from data in alert preparations. Therefore, glutamatergic
inputs in combination with other neurotransmitters
and/or trophic factors from the muscle may also be acting
to produce the functional positive relationship between
motoneuron recruitment threshold and k reported in alert
preparations.

Glutamate inputs, recruitment threshold and phasic
firing

Ocular motoneurons send a burst of spikes (phasic firing)
for executing saccadic eye movements, which is required to
overcome the resistance of viscous drag of the orbital tissue
(Robinson, 1970). The positive co-variation between the
change in peak frequency and recruitment threshold
current reported here could contribute to the finding that
motoneurons with higher threshold also tend to exhibit
higher eye velocity sensitivity (Davis-López de Carrizosa
et al. 2011). Glutamate exerted a slightly greater increase in
the phasic component of the firing rate than in the tonic
one. Given that suprathreshold current steps evoke the
phasic and tonic components of the firing in oculomotor
nucleus motoneurons, it is evident that this firing rate
pattern involves the intrinsic active membrane properties
of the motoneurons. The conductances underlying such
a discharge pattern may be modulated with glutamate,
as proposed in other neuron pools (Young et al. 2003;
Cosgrove et al. 2011; Iwagaki & Miles, 2011). On the
other hand, it should not be neglected that separate pre-
motor neurons feed the motoneurons with phasic and
tonic signals (Scudder et al. 2002; Sparks, 2002) and
that the phasic and tonic synaptic inputs can be restored
independently (Davis-López de Carrizosa et al. 2009).
Therefore, glutamate may exert a greater influence on the
phasic inputs than on the tonic ones.

Functional implications

For the last two decades, there has been a general consensus
that the ocular motoneurons discharge pattern was rather
homogeneous. All motoneurons have qualitatively similar
discharge patterns consisting of phasic firing related
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to saccades and tonic firing related to eye position
(Delgado-Garcı́a et al. 1986; Fuchs et al. 1988; Pastor et al.
1991). Recent studies in alert preparations support the
view that ocular motoneurons could be classified into
continuous overlapping groups of cells, the first group
to be recruited being moderately tonic while the last
recruited motoneurons are relatively phasic (Davis-López
de Carrizosa et al. 2011). Additionally, data reported from
brain slice preparation in oculomotor and trochlear nuclei
have classified motoneurons into a continuum between
two canonical types depending on the action-potential
shape, spike frequency adaptation, and dynamic range
(Nieto-Gonzalez et al. 2007, Jones & Ariel, 2008). The pre-
sent data show that glutamate enhances the phasic–tonic
firing as a function of the recruitment threshold current.
In conclusion, intrinsic membrane properties, response to
excitatory amino acids and functional firing patterns point
to the notion that ocular motoneurons are less homo-
geneous than initially thought.

Motoneuron recruitment threshold and firing rate
determine muscle contraction. The present work
demonstrates that motoneurons with low-recruitment
threshold current have higher input resistance and may
be smaller, and exhibit tonic or moderately phasic
firing, which remains essentially unmodified by glutamate
application. The most tonic motoneurons (i.e. with a
weak phasic component) have been proposed to project
to non-twitch or multiply innervated fibres that are
not suited to significantly contribute to saccadic eye
movements, but are more suited to play a role in eye
fixation (Büttner-Ennever et al. 2001; Eberhorn et al.
2005, 2006; Nieto-Gonzalez et al. 2007; Davis-López de
Carrizosa et al. 2011). In contrast, motoneurons with
high recruitment threshold current, which have lower
input resistance and may be larger, show a phasic–tonic
firing whose rate is strengthened by glutamate. These
motoneurons could project to twitch or singly innervated
fibres (Büttner-Ennever et al. 2001) with different
contraction speed and fatigability (Nelson et al. 1986)
and could generate a strong muscle contraction under
glutamate modulation to perform saccadic eye movements
with different velocities and/or to maintain the eye in
different eccentric positions in the orbit.
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Davis-López de Carrizosa MA, Morado-Dı́az CJ, Tena JJ,
Benı́tez-Temiño B, Pecero ML, Morcuende SR, de la Cruz RR
& Pastor AM (2009). Complementary actions of BDNF and
neurotrophin-3 on the firing patterns and synaptic
composition of motoneurons. J Neurosci 29, 575–587.

Dai Y, Jones KE, Fedirchuk B, McCrea DA & Jordan LM (2002).
A modelling study of locomotion-induced hyperpolarization
of voltage threshold in cat lumbar motoneurones. J Physiol
544, 521–536.

de la Cruz RR, Escudero M & Delgado-Garcı́a JM (1989).
Behaviour of medial rectus motoneurons in the alert cat. Eur
J Neurosci 1, 288–295.

Del Negro CA & Chandler SH (1998). Regulation of intrinsic
and synaptic properties of neonatal rat trigeminal
motoneurons by metabotropic glutamate receptors. J
Neurosci 18, 9216–9226.

Dean P (1997). Simulated recruitment of medial rectus
motoneurons by abducens internuclear neurons: synaptic
specificity vs. intrinsic motoneuron properties. J
Neurophysiol 78, 1531–1549.

Delgado-Garcı́a JM, del Pozo F & Baker R (1986). Behavior of
neurons in the abducens nucleus of the alert cat-I.
Motoneurons. Neuroscience 17, 929–952.

Durand J, Engberg I & Tyc-Dumont S (1987). L-Glutamate and
N-methyl-D-asparatate actions on membrane potential and
conductance of cat abducens motoneurones. Neurosci Lett
79, 295–300.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society



3126 J. Torres-Torrelo and others J Physiol 590.13

Durand J (1991). NMDA actions on rat abducens
motoneurons. Eur J Neurosci 3, 621–633.

Durand J (1993). Synaptic excitation triggers oscillations
during NMDA receptor activation in rat abducens
motoneurons. Eur J Neurosci 5, 1389–1397.

Eberhorn AC, Ardeleanu P, Büttner-Ennever JA & Horn AK
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