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Sustained neural activity is involved in several brain functions. Although recurrent/feedback excitatory networks are proposed as a
neural mechanism for this sustained activity, the synaptic mechanisms have not been fully clarified. To address this issue, we investigated
the excitatory synaptic responses of neurons in the prepositus hypoglossi nucleus (PHN), a brainstem structure involved as an oculomo-
tor neural integrator, using whole-cell voltage-clamp recordings in rat slice preparations. Under a blockade of inhibitory synaptic
transmissions, the application of “burst stimulation” (100 Hz, 20 pulses) to a brainstem area projecting to the PHN induced an increase
in the frequency of EPSCs in PHN neurons that lasted for several seconds. Sustained EPSC responses were observed even when the burst
stimulation was applied in the vicinity of a recorded neuron within the PHN that was isolated from the slices. Pharmacologically, the
sustained EPSC responses were reduced by 1-naphthyl acetyl spermine (50 �M), a blocker of Ca 2�-permeable AMPA (CP-AMPA)
receptors. Analysis of the current–voltage (I–V) relationship of the current responses to iontophoretic application of kainate revealed
that more than one-half of PHN neurons exhibited an inwardly rectifying I–V relationship. Furthermore, PHN neurons exhibiting
inwardly rectifying current responses showed higher Ca 2� permeability. The sustained EPSC responses were also reduced by flufenamic
acid (200 �M), a blocker of Ca 2�-activated nonselective cation (CAN) channels. These results indicate that the sustained EPSC responses
are attributable to the sustained activation of local excitatory networks in the PHN, which arises from the activation of CP-AMPA
receptors and CAN channels in PHN neurons.

Introduction
Several lines of evidence indicate that sustained activities of neu-
rons are involved in the short-term storage of information, which
is widely used for sensory, motor, and cognitive brain functions
(Goldman-Rakic, 1995; Kiehn and Eken, 1998; Wang, 2001; Ma-
jor and Tank, 2004). Sustained activities are usually elicited by a
brief sensory or motor command. An input– output relationship,
such as sustained outputs in response to brief inputs, is well rec-
ognized in the oculomotor system. Motoneurons projecting to
the extraocular muscles carry sustained signals proportional to
eye position for gaze holdings and to velocity signals for eye
movements (Fuchs and Luschei, 1970; Robinson, 1970; Schiller,
1970). However, a specific class of premotor brainstem neurons
projecting to extraocular motoneurons carry transient burst sig-

nals proportional to eye velocity (Keller, 1974; Igusa et al., 1980;
Van Gisbergen et al., 1981; Strassman et al., 1986). Therefore,
while transmitting signals from premotor neurons to motoneu-
rons, velocity signals must be converted into position signals.
Since this process corresponds to a mathematical time integra-
tion, the brain area involved in this function is known as a neural
integrator (Robinson, 1975, 1989; Fukushima et al., 1992; Fuku-
shima and Kaneko, 1995; Moschovakis, 1997).

The prepositus hypoglossi nucleus (PHN), located in the pon-
tomedullary region, receives projections from the premotor
brainstem areas and projects to the extraocular motor nuclei
(McCrea and Baker, 1985b; McCrea, 1988; McCrea and Horn,
2006). Electrical or chemical lesions of the PHN result in a failure
of horizontal gaze holding in eccentric positions (Cheron et al.,
1986a,b; Cannon and Robinson, 1987; Cheron and Godaux,
1987). Furthermore, neurons exhibiting firing responses related
not only to eye velocity but also to eye position exist in the PHN
(Lopez-Barneo et al., 1982; Delgado-García et al., 1989; Escudero
et al., 1992; McFarland and Fuchs, 1992). These findings strongly
indicate that the PHN plays a major role as the neural integrator
for horizontal gaze holding.

Several hypotheses have been proposed regarding the neural
mechanisms of signal transformation in the neural integrator.
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According to accepted models, sustained activities can be pro-
duced by neural network mechanisms, such as positive-feedback
excitation through a mutual inhibition between the bilateral in-
tegrator regions and/or a recurrent excitation in the integrator
(Cannon et al., 1983; Galiana and Outerbridge, 1984; Cannon
and Robinson, 1985; Arnold and Robinson, 1997; Draye et al.,
1997; Seung et al., 2000). Indeed, local and commissural net-
works of the PHN have been suggested (McCrea and Baker,
1985a; McCrea and Horn, 2006), and the blockade of excitatory
or inhibitory synaptic transmissions in the PHN induces an im-
pairment in gaze holding (Cheron et al., 1992; Mettens et al.,
1994a,b; Arnold et al., 1999). Furthermore, studies on goldfish
area I, corresponding to the mammalian PHN, suggest synaptic
feedback mechanisms of the sustained activities (Aksay et al.,
2001, 2003). The experimental findings also support neural net-
work mechanisms of the neural integrator; however, synaptic
mechanisms for sustained activities in the PHN have not been
fully clarified. In the present study, we investigated synaptic
transmissions performed in PHN excitatory networks using
whole-cell voltage-clamp recordings in rat brainstem slices.

Materials and Methods
All experimental procedures were approved by the Animal Care and
Experimentation Committee of Gunma University (approval number
07-028, 10-003). Every effort was made to minimize the number of ani-
mals used and their suffering.

Slice preparation. The brainstem slices were prepared from Wistar rats
(16 –20 postnatal days old) under deep anesthesia with isoflurane. Para-
sagittal (400 �m thick) or frontal slices (300 �m thick) were cut using a
Microslicer (Pro7; Dosaka) in an ice-cold sucrose solution and were
incubated in a normal extracellular solution at room temperature for �1
h before recording. Two parasagittal slices that were closest to the mid-
line and included the PHN and pontine reticular formation were used for
experiments. Of the four to five frontal slices, including the PHN, that
were usually obtained from each animal, three successive slices from the
rostral side were used for experiments.

Whole-cell patch-clamp recordings. The slice was placed in a conven-
tional submersion chamber on an upright microscope and continuously
superfused with a normal extracellular solution at a rate of 5 ml/min. The
bath temperature was kept at 30 –32°C with an in-line heater (SH-27A;
Warner Instruments). Patch pipettes were prepared from borosilicate
glass capillaries and filled with an internal solution containing the fol-
lowing (in mM): 145 Cs-gluconate, 5 CsCl, 0.2 EGTA, 2 Mg-ATP, 0.3
Na-GTP, 10 HEPES, 0.1 spermine, and 5 QX-314 (lidocaine N-ethyl
bromide), pH 7.3. The osmolarity of the internal solution was 280 –290
mOsm/L, and the resistance of electrodes was 4 –7 M� in the bath solu-
tion. Whole-cell voltage-clamp recordings were performed using an
EPC-8 patch-clamp amplifier (HEKA). PHN neurons that were located
near the center of the PHN in each slice were selected for recordings.
Membrane potential was usually held at �75 mV during recordings of
EPSC responses. Current signals were low-pass filtered at 3 kHz and
digitized at 5–10 kHz. Neurons with a membrane potential more nega-
tive than �50 mV immediately after patch membrane rupture and ex-
hibiting spontaneous currents before stimulation were used for
additional analyses. When current responses to electrical stimulation
were recorded, five current traces were usually recorded in each solution
containing the antagonists or blockers used in this study and in the
control solution.

Electrical stimulation. A concentric bipolar electrode (Clarke Electro-
medical Instruments) was placed at the dorsal part of the nucleus pontis
caudalis (Pc) (see Fig. 1 A1) with reference to the brain atlas (Paxinos and
Watson, 2007). Electrical stimulation of 20 cathodal square-wave pulses
(80 –200 �A, 100 �s in duration) was applied at a frequency of 100 Hz
(burst stimulation) to the Pc at an interval of 20 s. When burst stimula-
tion was applied in the vicinity of a recorded PHN neuron, a glass mi-
cropipette that was filled with the control solution was used for
stimulation. To determine the stimulation site, we scanned 8 –10 differ-

ent sites around a recorded neuron with the application of burst stimu-
lation (10 –25 �A) to each site. A site where the current responses of the
neuron appeared to be the largest was determined as an appropriate
stimulation site. After recordings, we measured the distance between the
tip of the stimulus electrode and the soma of the recorded neurons. The
distance was 20 – 80 �m (see Fig. 1 D1).

Iontophoretic application of glutamate agonists. To characterize current
responses mediated by AMPA receptors, we recorded the current re-
sponses of PHN neurons to an iontophoretic application of kainate,
which is a non-desensitizing agonist of AMPA receptors (Kiskin et al.,
1986; Patneau and Mayer, 1991). To minimize the number of animals
used, the frontal slice was further separated into right and left halves at
the midline for use in each experiment. Kainate (20 mM) filled in a sharp
glass micropipette was applied to the soma of a recorded neuron by
iontophoresis using a 3– 8 ms current pulse of 1000 pA in intensity. We
first determined the reversal potential at which the application of kainate
induced no current deflection from the baseline. Thereafter, the record-
ings were performed by changing the holding potentials from �100 to
�60 mV in 20 mV steps. When kainate and NMDA responses were
recorded from a single neuron, kainate and NMDA (100 mM) were filled
in different micropipettes and applied at a membrane potential of �70
and �40 mV with the same current pulse condition, respectively. The
tips of micropipettes of kainate and NMDA were placed near the soma of
the recorded neuron. The location of the tip of NMDA micropipette was
same as that of the tip of kainate micropipette.

Drugs and extracellular solution. Strychnine hydrochloride, 1-naphthyl
acetyl spermine (NAS), and flufenamic acid (FFA) were purchased from
Sigma-Aldrich; D-(�)-2-amino-5-phosphonopentanoic acid (APV), 2,3-
dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide diso-
dium salt (NBQX), kainic acid, and (s)-�-methyl-4-carboxyphenylglycine
(MCPG) were purchased from Tocris Bioscience; and picrotoxin and tetro-
dotoxin were purchased from Wako Pure Chemicals. Picrotoxin and MCPG
were dissolved directly in the solutions. All drugs, with the exception of FFA,
were dissolved in water (1000 times the final concentration) and stored as
stock solutions at �20°C before being diluted in the oxygenated solutions.
FFA stock was prepared in DMSO (2000 times the final concentration).

Sucrose and normal extracellular solutions contained the following (in
mM): 234 sucrose, 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 26
NaHCO3, and 11 glucose, and 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25
NaH2PO4, 26 NaHCO3, and 25 glucose, respectively. Both solutions were
bubbled with 95% O2 and 5% CO2, pH 7.4. When a Na �-free, high-
Ca 2� solution containing the following (in mM): 125 NMG (N-methyl-
D-glucamine), 2.5 KCl, 20 CaCl2, 1 MgCl2, 5 HEPES, and 10 glucose was
used, the control solution contained the following (in mM): 145 NaCl, 2.5
KCl, 2 CaCl2, 1 MgCl2, 5 HEPES, and 10 glucose. The pH of the control
and the Na �-free, high-Ca 2� solutions was adjusted to 7.4 using NaOH
and HCl, respectively, and both were bubbled with 100% O2. All current
recordings were performed in the solutions described above, to which
picrotoxin (antagonist of GABAA receptors; final concentration, 100 �M)
and strychnine (antagonist of glycine receptors; final concentration, 20
�M) were added. When NMDA responses were recorded, glycine (final
concentration, 10 �M), a coagonist of NMDA receptors, was added to the
solution to keep the concentration of glycine constant.

Data analysis. The EPSC was determined when the peak of the inward
current was more than three times the SD of the baseline noise before
burst stimulation. To detect EPSCs after burst stimulation, an inward
deflection of the baseline, presumably because of the summation of high-
frequency inward currents that occurred immediately after burst stimu-
lation and returned to the origin by �300 ms (see Fig. 1), was removed by
the subtraction of the trace filtered up to 10 Hz from the original trace. To
characterize current responses to burst stimulation, we analyzed (1) the
increase in the frequency of EPSCs and the total currents after burst
stimulation and (2) the duration of the increased EPSC frequency. The
EPSC frequencies before and after burst stimulation were analyzed from
recordings of 2 s before and 1 s after burst stimulation, respectively. The
total currents before and after burst stimulation were estimated as
the charge transfers that were the areas of currents measured for 300 ms
before and after burst stimulation, respectively. To estimate the duration
of the increased EPSC frequency, we made a histogram showing the
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EPSC frequency against time (see Fig. 1C2). Using the histogram, the
duration was defined as the period from the time when burst stimulation
was terminated to the time when the averaged value of three adjacent bins
(corresponding to 300 ms) became equal or smaller than the average
baseline EPSC frequency before burst stimulation, as illustrated in Figure
1C3. The amplitude of EPSCs before and after burst stimulation was
determined as the averaged amplitude of EPSCs for 2 s before and 1 s after
burst stimulation. To characterize the current responses mediated by
AMPA receptors, we analyzed the rectification index (RI) (Ozawa et al.,
1991). The RI was calculated using the following formula: RI � (I�40/

�40)/(I�60/�60), where I�40 and I�60 repre-
sent the amplitude of kainate-induced currents
at a membrane potential of �40 and �60 mV
from the reversal potential, respectively. The
rectification properties are approximately sep-
arated by the RI value of 1; RI � 1 and RI � 1
indicate current responses with inwardly and
outwardly rectifying properties, respectively. All
values are shown as the mean � SD, and error
bars in the figures also represent SD. Statistical
significance was analyzed using Student’s t test
(paired or unpaired data) or one-way repeated-
measures ANOVA followed by post hoc Scheffé’s
test using StatView or JMP software (Hulinks).
Statistical significance was considered at the p �
0.05 level for all statistical tests.

Results
Current responses of PHN neurons to
burst stimulation
One of the premotor brain areas project-
ing to the PHN is the paramedian pontine
reticular formation (PPRF), which in-
cludes the nuclei pontis caudalis (Pc) and
oralis (McCrea, 1988; Iwasaki et al., 1999).
Indeed, Navarro-López et al. (2004, 2005)
succeeded in obtaining excitatory syn-
aptic responses in PHN neurons to
stimulation of the PPRF in rat brainstem
parasagittal slices. Therefore, we investi-
gated the current responses of PHN neu-
rons to PPRF stimulation in parasagittal
slices (Fig. 1A1). To clarify excitatory re-
sponses, we performed recordings under
the blockade of inhibitory synaptic trans-
missions using the application of 100 �M

picrotoxin and 20 �M strychnine. When
burst stimulation was applied to the Pc,
the frequency of inward currents in-
creased dramatically (Fig. 1A2). Compar-
isons of the frequency of inward currents
(Fig. 1B1) and charge transfer (Fig. 1B2)
between before and after burst stimula-
tion showed a dramatic increase in the
inward currents after burst stimulation
( p � 0.01; n � 10). The amplitude of in-
dividual inward currents before and after
burst stimulation were not statistically
different (before, 14.5 � 3.9 pA; after,
16.7 � 6.2 pA; p � 0.052). The raster plots
and the histogram of the frequency of in-
ward currents showed that the high fre-
quency of inward currents immediately
after burst stimulation gradually de-
creased over time (Fig. 1C1,C2). Analysis
of the duration of the increased frequency

of inward currents based on the averaged frequency histogram
(Fig. 1C3) (see Materials and Methods) revealed that the duration
was usually longer than 1 s (2.4 � 1.2 s; n � 10), which far
outlasted burst stimulation. A sustained increase in the frequency
of inward currents was also observed when burst stimulation was
applied in the vicinity of a recorded PHN neuron in frontal slices
(Fig. 1D, 50 �m from the soma in this recording). The frequency
and charge transfer after burst stimulation were significantly

Figure 1. The frequency of inward currents was increased by burst stimulation. A1, Photomicrograph of a parasagittal slice of
the brainstem. R and S indicate the location of a recording and a stimulating electrode, respectively. The dashed lines show rough
boundaries of the PHN and Pc. d, Dorsal; c, caudal. Scale bar, 400 �m. A2, Current response of a PHN neuron to high-frequency
burst stimulation (arrow) that was applied to the Pc. B, Comparisons of the frequency (B1) and charge transfer (B2) of inward
currents before and after burst stimulation. The gray plots connected by a line were obtained from individual neurons (n � 10). C1,
Raster plot showing the peak time of each EPSC. The termination time of burst stimulation is shown as 0. Each row in the raster
represents one recording. C2, A histogram showing the frequency of inward currents against time. Bin width of the histograms is
100 ms. C3, A histogram showing the averaged frequency of inward currents against time. The bin before burst stimulation was
made from the average of the frequency over 2 s, whereas each bin after burst stimulation was made from the average of the three
bins in the frequency histogram of C2. The filled bin in C3 indicates the averaged frequency that became equal or smaller than the
averaged frequency before burst stimulation (broken line). The duration of the increased frequency of inward currents of this
neuron was estimated as 3.2 s. D1, Photomicrograph of the PHN in a frontal slice and the location of a recording (R) and a
stimulating electrode (S). Scale bar, 20 �m. D2, Current response of a PHN neuron to burst stimulation (arrow) that was applied in
the vicinity of the recorded neuron. E, Comparisons of the frequency (E1) and charge transfer (E2) of inward currents before and
after burst stimulation. The gray plots connected by a line were obtained from individual neurons (n � 8). The asterisks indicate
significant differences between groups (**p � 0.01). Error bars represent SD.
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larger than those before burst stimulation ( p � 0.01; n � 8) (Fig.
1E). The mean duration of the increased frequency was 2.1 �
0.9 s (n � 8). The current responses appeared to be dependent on
the stimulus conditions. Both the frequency and charge transfer
were increased when the number and frequency of stimulus
pulses were increased (supplemental Fig. S1, available at www.
jneurosci.org as supplemental material). Since more slices suit-
able for recordings can be obtained from frontal slices than
parasagittal slices, frontal slices were used in subsequent
experiments.

To investigate whether the sustained current responses were
generated within the PHN, we separated the PHN from the brain-
stem slice by cutting, as shown in Figure 2A1, and recorded in-
ward currents from neurons in the isolated PHN. When burst
stimulation was applied in the vicinity of the recorded neurons,
an increase in the frequency of inward currents was observed
(Fig. 2A2, 36 �m from the soma in this recording). Both the
frequency and the charge transfer after burst stimulation were
significantly larger than those before burst stimulation ( p � 0.01;
n � 8) (Fig. 2B,C). The mean duration of increased frequency
was 1.7 � 0.3 s (n � 8), which was comparable with the results
obtained in the frontal ( p � 0.32) and sagittal slices ( p � 0.13).
This result suggests that the excitatory networks necessary to pro-
duce the sustained current responses observed in this study exist
within the PHN.

Sustained responses are mediated by ionotropic
glutamate receptors
When antagonists of AMPA-type glutamate receptors (NBQX;
20 �M) and NMDA-type glutamate receptors (APV; 50 �M) were
applied, inward currents were abolished completely (Fig. 3A).
This abolishment of current was observed in all recorded PHN
neurons (n � 10). This finding confirms that inward currents are
indeed EPSCs and are attributed to the activation of glutamate

receptors. In addition to the ionotropic glutamate receptors, sev-
eral kinds of subunit of metabotropic glutamate receptors
(mGluRs) are expressed in PHN neurons and in neurons in the
premotor brainstem nuclei (Shigemoto et al., 1992; Ohishi et al.,
1993a,b). To investigate whether the activation of mGluRs par-
ticipates in the sustained EPSC responses to burst stimulation, we
recorded EPSCs in the presence of a nonselective antagonist of
group I/II mGluRs [(s)-MCPG; 1 mM] (Anwyl, 1999; Hölscher et
al., 1999). The duration, EPSC frequency, and charge transfer
were not significantly different between before and after applica-
tions of (s)-MCPG (duration, p � 0.81; frequency, p � 0.31;
charge, p � 0.58; n � 8) (Fig. 3B). This indicates that the sus-
tained EPSC responses are mediated by ionotropic glutamate
receptors.

Pharmacological analysis of glutamatergic synaptic
transmissions
As the results described above indicated that activation of iono-
tropic glutamate receptors is essential for the sustained EPSC
responses, we further investigated synaptic mechanisms that in-
volve ionotropic glutamate receptors. It has been reported that
the synaptic transmissions via NMDA receptors may play impor-
tant roles in gaze holding (Cheron et al., 1992; Mettens et al.,
1994a). Therefore, we investigated the contribution of NMDA
receptors to the sustained EPSC responses. The application of 50
�M APV appeared to reduce EPSCs (Fig. 4A1,A2). In fact, the
amplitude of EPSCs in the presence of APV (18.3 � 5.2 pA) was
significantly smaller than the amplitudes in the absence of APV
(21.4 � 6.8 pA; n � 10 cells; p � 0.05). However, a higher EPSC
frequency than before burst stimulation lasted for several seconds
after burst stimulation. This was clearly shown by a comparison
of the histograms in the absence and presence of APV (Fig.
4B1,B2). In the presence of APV, the appearance of a gradual
decrease in EPSC frequency was similar to that in the control. The
duration of the increased EPSC frequency (1.7 � 0.6 s) as well as
the EPSC frequency (19.7 � 7.8 Hz) and charge transfer (1.1 �
0.7 pC) after burst stimulation in the presence of APV were not
significantly different from those in the control (duration: 2.0 �
0.6 s, p � 0.58; frequency: 21.9 � 7.9 Hz, p � 0.77; charge: 1.7 �
0.8 pC, p � 0.22; n � 10) (Fig. 4C). This suggests that the activa-
tion of NMDA receptors is not involved in the sustained EPSC
responses observed in this study.

As described above, the application of NBQX in addition to
APV completely abolished EPSCs (Fig. 2A). In terms of Ca 2�

permeability, AMPA-type glutamate receptors are classified into
two canonical types: one exhibits an outwardly rectifying cur-
rent–voltage ( I–V) relationship and little Ca 2� permeability
[Ca 2�-impermeable AMPA (CI-AMPA) receptor], and the other
exhibits an inwardly rectifying I–V relationship and high Ca 2�

permeability [Ca 2�-permeable AMPA (CP-AMPA) receptor]
(Iino et al., 1990; Hume et al., 1991; Burnashev et al., 1992; Ozawa
and Iino, 1993) (for review, see Jonas and Burnashev, 1995;
Ozawa et al., 1998). Although both synaptic currents through
CI-AMPA and CP-AMPA receptors are blocked by NBQX, the
latter is specifically blocked by the toxins related to the joro spider
toxin (JSTX) (Kawai et al., 1982; Blaschke et al., 1993). Therefore,
we investigated the effect of NAS (50 �M) (Asami et al., 1989;
Koike et al., 1997), a synthetic analog of JSTX, on EPSC re-
sponses. NAS, at a concentration of 50 �M, preferentially blocked
the current responses exhibiting an inwardly rectifying I–V rela-
tionship (supplemental Fig. S2, available at www.jneurosci.org as
supplemental material). The application of NAS in addition to
APV markedly decreased the EPSC frequency after burst stimu-

Figure 2. Sustained responses were induced in the PHN local network. A1, Photomicrograph
of a frontal slice after separation of the right PHN. VN, Vestibular nuclei; CB, cerebellar cortex.
Scale bar, 1 mm. Inset, Photomicrograph of the PHN separated from the slice. Scale bar, 0.5 mm.
A2, Current responses of a neuron in the isolated PHN to local burst stimulation. B, C, Compar-
isons of the EPSC frequency (B) and charge transfer (C) before and after burst stimulation. The
gray plots connected by a line were obtained from individual neurons (n � 8). All traces are
presented as the superimposition of three traces. The asterisks indicate significant differences
between groups (**p � 0.01). Error bars represent SD.
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lation (Fig. 4A3,B3). Furthermore, a comparison of the expanded
histograms (Fig. 4B, insets) clarified that the EPSC frequency in
the presence of APV and NAS decreased rapidly in contrast to
those in the control and in the presence of APV alone. The dura-
tion (0.6 � 0.3 s) and EPSC frequency (8.5 � 3.5 Hz) in the
presence of AVP and NAS were significantly smaller than the
duration and frequency observed in the control and in the pres-
ence of APV alone (n � 10; duration: F(2,27) � 19.3, p � 0.0001;
frequency: F(2,27) � 11.6, p � 0.0002) (Fig. 4C1,C2). The charge
transfer (0.4 � 0.4 pC) was significantly smaller than in the con-
trol (F(2,27) � 8.8; p � 0.0011) (Fig. 4C3). However, the baseline
EPSC frequency was not significantly different among the control
(2.0 � 1.0 Hz), APV alone (2.1 � 1.2 Hz), and APV and NAS
(1.7 � 1.0 Hz) conditions (F(2,27) � 0.47; p � 0.63) (Fig. 4C4).

The EPSC responses were reduced when NAS was applied
alone (Fig. 4D). The duration (0.7 � 0.4 s), EPSC frequency
(12.4 � 6.2 Hz), and charge transfer (1.0 � 0.4 pC) were signif-
icantly smaller in the presence of NAS than in the control (dura-
tion: 2.2 � 0.9 s, p � 0.01; frequency: 25.4 � 10.2 Hz, p � 0.01;
charge: 2.6 � 1.1 pC, p � 0.01; n � 7) (Fig. 4E1–E3). The baseline
EPSC frequency was not different between the control and NAS
( p � 0.61) (Fig. 4E4). A similar effect of NAS on EPSC responses
was observed using 10 �M philanthotoxin 433 (PhTx) (Eldefrawi
et al., 1988), which is a different blocker of CP-AMPA receptors
and is also used for the blockade of CP-AMPA receptor-mediated
currents (Washburn and Dingledine, 1996; Tóth and McBain,
1998; Plant et al., 2006; Satake et al., 2006). The duration, EPSC
frequency, and charge transfer in the presence of PhTx (1.0 �
0.2 s; 7.5 � 2.0 Hz; 1.2 � 0.8 pC; n � 6) were significantly smaller
than in controls (2.4 � 0.6 s, p � 0.01; 19.7 � 8.4 Hz, p � 0.01;
2.6 � 1.4 pC, p � 0.05).

Expression of Ca 2�-permeable AMPA
receptors in PHN neurons
The pharmacological analyses indicated
that the activation of CP-AMPA receptors
was involved in the sustained EPSC re-
sponses. Because the responses occurred
even in the isolated PHN, we suspected
that there were PHN neurons that ex-
pressed CP-AMPA receptors. This was
verified by the analyses of the current re-
sponses to the iontophoretic application
of kainate. Figure 5A shows the current
responses of two PHN neurons to kainate.
The neuron, as shown in Figure 5A1, ex-
hibited the amplitude of current at �40
mV comparable with that at �60 mV. The
RI value of this neuron was �1, indicating
that the current responses mediated by
AMPA receptors exhibited an outwardly
rectifying property. However, the other
neuron exhibited the amplitude of cur-
rent at �40 mV that was much smaller
than the current amplitude at �60 mV
(RI � 1) (Fig. 5A2), indicating that its cur-
rent responses exhibited an inwardly rec-
tifying property. Of 131 PHN neurons
recorded, more than one-half (75 of 131)
exhibited RI � 1 (Fig. 5B). Although it is
not certain whether the distribution ob-
tained in this study represents the entire
distribution of PHN neurons exhibiting

different RI values because of the sampling of neurons from re-
stricted regions in the PHN, our data strongly suggest that a
substantial number of PHN neurons exhibit AMPA-receptor-
mediated inwardly rectifying current responses.

To clarify whether AMPA receptors exhibiting RI�1 are actually
permeable to Ca2�, we examined the reversal potential of the cur-
rent responses in a Na�-free, high-Ca2� (20 mM) solution. Figure 5,
C and D, shows examples of current responses of two PHN neurons
to kainate. In the neuron exhibiting an outwardly rectifying I–V
relationship in the control solution (RI � 1.46) (Fig. 5C1; C3, open
circles), only a slight inward current was observed even at a holding
potential of �100 mV (Fig. 5C2; C3, filled circles), and the reversal
potential was approximately �60 mV in the Na�-free, high-Ca2�

solution. However, in the neuron exhibiting an inwardly rectifying
I–V relationship in the control solution (RI � 0.69) (Fig. 5D1; D3,
open circles), the inward currents were clearly observed at holding
potentials from �80 to �20 mV (Fig. 5D2; D3, filled circles), and the
reversal potential was approximately �20 mV. Plots of the reversal
potentials obtained in the Na�-free, high-Ca2� solution against the
RI values obtained in the control solution revealed a negative corre-
lation (Fig. 5E1). Plots of the relative permeability coefficients of
Ca2� to Cs�, estimated from the reversal potential using the
constant-field equation (Iino et al., 1990) against RI, confirmed that
Ca2� permeability was higher in neurons exhibiting RI � 1 than
those exhibiting RI � 1 (Fig. 5E2). These findings indicate that a
substantial number of PHN neurons express AMPA receptors with
Ca2� permeability.

All these results strongly suggest that the activation of excita-
tory networks composed of PHN neurons expressing CP-AMPA
receptors contribute to the sustained EPSC responses. Therefore,
the question of whether the excitatory networks are composed of
only PHN neurons with CP-AMPA receptors is raised. To an-

Figure 3. Current responses were mediated by ionotropic glutamatergic synaptic transmissions. A, Current responses of a PHN
neuron to local burst stimulation in control solution (A1), in the solution containing 50 �M APV and 20 �M NBQX (A2), and after the
washing out of APV and NBQX (A3). Inward currents were abolished almost completely by the application of APV and NBQX and
partially recovered after the washing out of the drugs (n � 10), indicating that the currents were indeed glutamatergic EPSCs. B,
EPSC responses of a PHN neuron to local burst stimulation in control solution (B1) and in a solution containing 1 mM MCPG (B2).
Comparisons of the duration of increased EPSC frequency (B3), EPSC frequency (B4 ), and charge transfer (B5) between the control
solution and a solution containing MCPG. The gray plots connected by a line were obtained from individual neurons (n � 8). All
traces are presented as the superimposition of three traces. Error bars represent SD.
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swer this question, we investigated the
relationship between EPSC responses
and RI. In PHN neurons exhibiting sus-
tained EPSC responses (n � 28), both
types of neurons, exhibiting outwardly
and inwardly rectifying responses to kai-
nate, were observed (Fig. 5F,G). The du-
ration of the increased EPSC frequency
was not correlated to the RI (r � 0.04; p �
0.86) (Fig. 5H). The EPSC frequency and
charge transfer were not correlated to the
RI either (frequency: r � �0.18, p � 0.37;
charge: r � �0.18, p � 0.36). These re-
sults suggest that PHN neurons without
CP-AMPA receptors are also included in
the excitatory networks for the sustained
EPSC response.

Although our findings suggest that
NMDA receptors are not involved in the
sustained EPSC response, they likely have
a function in the PHN (Navarro-López et
al., 2005; Idoux et al., 2006). Wang and
colleagues analyzed the biophysical prop-
erties of persistent activity using cortical
network models and proposed that a
larger ratio of synaptic currents mediated
by NMDA receptors to AMPA receptors
(NMDA/AMPA ratio) is involved in the
stabilization of persistent activity (Wang,
1999; Compte et al., 2000; Tegnér et al.,
2002). Therefore, we analyzed the current
responses mediated not only by AMPA re-
ceptors, but also by NMDA receptors in-
duced by the iontophoretic application of
kainate and NMDA to the soma. Figure
6A shows examples of the current re-
sponses of two PHN neurons exhibiting
different RI values to NMDA (N) and
kainate (K) application. The NMDA re-
sponse, relative to the kainate response,
was higher in the neuron exhibiting RI �
1 (Fig. 6A1) than in the neuron exhibiting
RI � 1 (Fig. 6A2). Figure 6B shows the
plots of the NMDA/AMPA ratio against
the RI of recorded PHN neurons (n � 43).
The NMDA/AMPA ratio was positively
correlated with RI (r � 0.51; p � 0.01),
although some neurons exhibiting RI � 1
had high NMDA/AMPA ratios. Previous
studies on cerebral and hippocampal py-
ramidal neurons and spinal cord neurons
have shown that the expression of NMDA
receptors is constant or decreases from
the soma to the dendrites, but the expres-
sion of AMPA receptors in the soma is
lower than in the dendrites (Onodera and
Takeuchi, 1991; Dodt et al., 1998; Andras-
falvy and Magee, 2001). If the distribution of AMPA and NMDA
receptors at the somatic-dendritic membrane in PHN neurons is
similar to that in pyramidal and spinal neurons, the NMDA/AMPA
ratio measured at the soma of PHN neurons may actually be smaller
at synaptic sites presumably located at the dendrites. Despite this
rough estimate, our results suggest that the expression of NMDA

receptors is higher in PHN neurons expressing CI-AMPA receptors
alone than in neurons expressing CP-AMPA receptors.

Contribution of Ca 2�-activated nonselective cation channels
to the sustained EPSC responses
It has been shown that neural activity is prolonged by the activa-
tion of Ca 2�-activated nonselective cation (CAN) channels

Figure 4. EPSC responses were reduced by blockade of Ca 2�-permeable AMPA receptors. A, EPSC responses of a PHN neuron to local
burst stimulation in control solution (A1), in a solution containing 50 �M APV (A2), in a solution containing APV and 50 �M NAS (A3), and
after the washing out of APV and NAS (A4 ). B, Histograms showing the frequency of EPSCs against time in control solution (B1), in a
solution containing APV (B2), and in a solution containing APV and NAS (B3). Bin width of the histogram is 100 ms. Inset, Histograms in
which the ordinate is expanded. C, Comparisons of the duration (C1), EPSC frequency (C2), charge transfer (C3) after burst stimulation, and
baseline EPSC frequency before burst stimulation (C4 ) in the three different recording conditions. The gray plots connected by a line were
obtained from individual neurons (n � 10). D, EPSC responses of a PHN neuron to burst stimulation in the control solution (D1) and in a
solution containing 50 �M NAS (D2). E, Comparisons of the duration (E1), EPSC frequency (E2), charge transfer (E3), and baseline EPSC
frequency (E4 ) between the control solution and a solution containing NAS. The gray plots connected by a line were obtained from
individual neurons (n � 7). All traces are presented as the superimposition of three traces. The asterisks indicate significant differences
between groups (**p � 0.01, post hoc test in C). Error bars represent SD.
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(Morisset and Nagy, 1999; Di Prisco et al., 2000; Fransén et al.,
2006), which are activated by an increase in intracellular Ca 2�

concentration and generate long-lasting plateau depolarizations.
Since both CP-AMPA and NMDA receptors induce Ca 2� entry,
CAN channels, if expressed in PHN neurons, may be activated by
an intracellular Ca 2� increase through these receptors and affect
neural activity in the PHN. We investigated whether CAN chan-
nels are involved in the sustained EPSC responses to burst stim-
ulation. When FFA (200 �M), a blocker of CAN channels

(Partridge and Valenzuela, 2000), was ap-
plied, the sustained EPSC responses de-
creased markedly (Fig. 7A). Similar to
NAS application, the duration (0.7 �
0.4 s), EPSC frequency (11.3 � 7.6 Hz),
and charge transfer (1.9 � 2.3 pC) in the
presence of FFA were significantly smaller
than in controls (duration: 1.6 � 0.7 s,
p � 0.01; frequency: 23.6 � 6.8 Hz, p �
0.01; charge: 3.3 � 3.0 pC, p � 0.01; n �
9) (Fig. 7B1–B3), although the baseline
EPSC frequency was decreased by FFA
( p � 0.05) (Fig. 7B4). These results indi-
cate that CAN channels are also involved
in the sustained EPSC responses to burst
stimulation. FFA likely reduced the sus-
tained EPSC responses that were elicited
presumably by the activation of CP-
AMPA receptors because the residual
currents after the blockade of NMDA re-
ceptors by APV were also reduced by FFA
(Fig. 7C). The duration (0.7 � 0.5 s),
EPSC frequency (5.8 � 3.8 Hz), and
charge transfer (0.3 � 0.2 pC) in the pres-
ence of APV and FFA were significantly
smaller than in the presence of APV alone
(duration: 2.3 � 1.4 s, p � 0.01; frequen-
cy: 19.1 � 9.2 Hz, p � 0.01; charge: 2.0 �
1.5 pC, p � 0.05; n � 8) (Fig. 7D). This
result suggests that the activation of CAN
channels is involved in the activation of
CP-AMPA receptors. To further clarify
the relationship between CP-AMPA re-
ceptors and CAN channels, we investi-
gated the blocking effects of NAS and FFA
on EPSC responses. We first investigated
the effect of FFA after NAS application.
EPSC responses in the presence of both
NAS and FFA were not different from the
responses obtained in the presence of NAS
alone (Fig. 8A). When the duration of the
increased EPSC frequency, EPSC fre-
quency, and charge transfer were com-
pared between NAS alone and NAS plus
FFA (Fig. 8B), the values were not signif-
icantly different between NAS (duration,
0.9 � 0.3 s; frequency, 15.6 � 5.8 Hz;
charge, 0.77 � 0.14 pC; n � 8) and NAS
plus FFA (duration, 0.9 � 0.3 s, p � 0.74;
frequency, 12.0 � 3.7 Hz, p � 0.13;
charge, 0.65 � 0.25 pC, p � 0.15). This
finding supports the idea that the activa-
tion of CAN channels is linked to the ac-
tivation of CP-AMPA receptors. We next

investigated the effect of NAS after FFA application (Fig. 8C). The
duration in the presence of FFA and NAS (1.0 � 0.5 s) was not
significantly different from the presence of FFA alone (0.7 � 0.4 s;
p � 0.08; n � 8) (Fig. 8D1). However, EPSC frequency and
charge transfer in the presence of FFA and NAS (frequency,
10.1 � 6.8 Hz; charge, 0.63 � 0.42 pC; n � 8) were significantly
smaller than in the presence of FFA alone (frequency, 16.6 � 6.9
Hz, p � 0.01; charge, 1.1 � 0.43 pC, p � 0.01) (Fig. 8D2,D3). This
finding raises the possibility that conductances other than CAN

Figure 5. Characteristics of AMPA receptors in PHN neurons. A, Current responses of two different PHN neurons (A1, A2) to an
iontophoretic application of 20 mM kainate at a holding potential of �40 mV (F), 0 mV (�), and �60 mV (E). Each trace is the
average of three recordings. The values of the RI are different in the two neurons as described at the right. B, A histogram of PHN
neurons exhibiting different RI values (n � 131). C, D, Current responses of two different PHN neurons to the iontophoretic
application of kainate at different holding potentials in the control solution (C1, D1) and in the Na �-free, high-Ca 2� solution (C2,
D2). The symbols (�) and (�) represent current traces at a holding potential of �60 and �100 mV in C and �40 and �80 mV
in D, respectively. C3, D3, The current–voltage ( I–V) relationship in the control solution (open symbols) and in a Na �-free,
high-Ca 2� solution (closed symbols). E, Plots of the reversal potentials obtained in a Na �-free, high-Ca 2� solution (E1) and the
relative permeability coefficients of Ca 2� to Cs � estimated from the reversal potential (E2) against the RI value obtained in the
control solution (n � 28). The reversal potential was estimated as the potential of the intersection between the x-axis and the line
connecting the two plots that transited from the inward to the outward current. F, G, Current responses of two different PHN
neurons to local burst stimulation (F1, G1) and the iontophoretic application of 20 mM kainate at a holding potential of �40 mV
(top trace) and �60 mV (bottom trace) (F2, G2). The traces are presented as the superimposition of three traces (F1, G1) and
averages of three recordings (F2, G2). H, Relationship between the duration of increased EPSC frequency and the RI (n � 28).
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channels are also activated after the activa-
tion of CP-AMPA receptors and may con-
tribute to the sustained EPSC responses.

Discussion
Since we aimed to investigate the synaptic
transmissions in excitatory networks, all
experiments were performed in the pres-
ence of strychnine and picrotoxin. In our
preliminary study, current responses sim-
ilar to the sustained EPSC responses to
local burst stimulation were observed
without strychnine and picrotoxin, al-
though they were observed infrequently.
Therefore, the sustained responses may be
induced under conditions without the
blockade of inhibitory transmissions, but
the exposure of excitatory transmissions
can help to detect the activity in excitatory
networks more frequently.

In the present study, we found that
PHN neurons exhibited an increase in the
EPSC frequency in response to burst stim-
ulation that was applied to the Pc or to the
PHN locally. This higher EPSC frequency
than the baseline lasted for several seconds
and far outlasted burst stimulation. There-
fore, the sustained EPSC responses induced
by transient burst stimulation implies a sig-
nal conversion of transient inputs into sus-
tained outputs. The PHN receives excitatory
inputs from excitatory burst neurons in the
ipsilateral PPRF (Igusa et al., 1980; Strass-
man et al., 1986). A previous study in the
monkey demonstrated that PPRF burst
neurons fire before and during fast eye
movements at a frequency �100 Hz de-
pending on the amplitude of eye movement
(Keller, 1974). Although the firing charac-
teristics of PPRF burst neurons are not clar-
ified in the rat, a stimulation frequency of
100 Hz used in the present study is likely to
be in the range of the firing frequency of
PPRF burst neurons.

The pharmacological blockade of CP-
AMPA receptors with specific blockers,
such as NAS and PhTx, reduced the dura-
tion of increased EPSC responses, as well
as EPSC frequency and charge transfer, af-
ter burst stimulation. This suggests that
the activation of CP-AMPA receptors is
necessary for the sustained EPSC re-
sponses. However, the reduction in sus-
tained EPSC responses might be simply
attributable to a decrease in the detection
of EPSCs that became smaller than the
threshold of EPSC detection by the block-
ers. If so, the baseline EPSC frequency be-
fore burst stimulation is also reduced by
the blocker; however, the baseline frequency in the presence of
the blockers was not statistically different from the baseline fre-
quency in the control. Therefore, the possibility of the decrease in
the EPSC detection was ruled out.

Based on the results of the pharmacological analyses, a possi-
ble synaptic mechanism for the activation of neural networks in
the PHN is proposed. When some PHN neurons receive burst
inputs from the premotor areas, local excitatory networks in the
PHN are activated. In some PHN neurons participating in the

Figure 6. Relationship between the NMDA/AMPA ratio and the RI. A, Current responses of two different PHN neurons (A1, A2)
to the iontophoretic application of 20 mM kainate at a holding potential of �70 mV (K) and 100 mM NMDA at a holding potential
of �40 mV (N). Insets, Current responses of the PHN neurons to the iontophoretic application of kainate at a holding potential of
�40 and �60 mV. Each trace is the average of three recordings. B, Relationship between the NMDA/AMPA ratio and the RI (n �
43). A linear fit to the plots is superimposed.

Figure 7. EPSC responses were reduced by the blockade of Ca 2�-activated nonselective cation channels. A, EPSC responses of
a PHN neuron to local burst stimulation in the control solution (A1), in a solution containing 200 �M FFA (A2), and after the
washing out of FFA (A3). B, Comparisons of the duration (B1), EPSC frequency (B2), charge transfer (B3), and baseline EPSC
frequency (B4 ) between the control solution and a solution containing FFA (n � 9). C, EPSC responses of a PHN neuron to local
burst stimulation in a solution containing 50 �M APV (C1) and in a solution containing APV and 200 �M FFA (C2). D, Comparisons
of the duration (D1), EPSC frequency (D2), and charge transfer (D3) between APV alone and AVP and FFA (n � 8). All traces are
presented as the superimposition of three traces. The asterisks indicate significant differences between groups (*p � 0.05; **p �
0.01). Error bars represent SD.
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networks, the activation of CP-AMPA receptors induces Ca 2�

entry into the neurons, increasing the intracellular Ca 2� concen-
tration. Subsequently, CAN channels are activated by the Ca 2�

increase and maintain a depolarization of the neurons. The de-
polarized neurons can continuously activate PHN networks, and
thus the PHN networks are activated persistently. The persistent
activities generated in the networks are transmitted to the ex-
traocular motoneurons for gaze holding.

CP-AMPA receptors are composed of GluA subunits but do
not include the GluA2 subunit (Hollmann et al., 1991; Verdoorn
et al., 1991; Burnashev et al., 1992). Although we have not clari-
fied the subunit composition of CP-AMPA receptors in PHN
neurons, a previous study has demonstrated that CP-AMPA re-
ceptors are composed of GluA1 and/or GluA4 subunits in cul-
tured hippocampal neurons (Bochet et al., 1994). AMPA
receptors without GluA2 subunits exhibit an inwardly rectifying
I–V relationship of synaptic responses, which is attributed to a
blockade by polyamines at the positive potential (Bowie and
Mayer, 1995; Donevan and Rogawski, 1995; Isa et al., 1995; Ka-
mboj et al., 1995; Koh et al., 1995). According to the RI criteria of
neurons (Ozawa et al., 1991), neurons exhibiting RI � 0.25 are
referred to as type II neurons and their AMPA-mediated excita-
tory synapses are composed of CP-AMPA receptors. However,
neurons exhibiting 0.25 � RI � 1 are referred to as intermediate-
type neurons and their synapses are composed of a mixture of
CI-AMPA and CP-AMPA receptors. The RI analysis of PHN
neurons revealed that all neurons exhibiting RI � 1 corre-
sponded to the intermediate type, whose Ca 2� permeability (PCa/
PCs � 1.2) (Fig. 5E2) was lower than that of type II neurons
(PCa/PCs 	 2) (Ozawa et al., 1998). The fact that all PHN neurons
expressing CP-AMPA receptors corresponded to the intermedi-
ate type suggests that moderate Ca 2� permeability is suitable to
prevent the entry of a large amount of Ca 2� into PHN neurons
during activation. However, the activation of AMPA receptors is
short because of their rapid desensitization (Trussell et al., 1988;

Tang et al., 1991; Sun et al., 2002). There-
fore, it is plausible that a slight amount of
Ca 2� enters through the CP-AMPA re-
ceptors even when burst inputs from the
premotor neurons activate CP-AMPA re-
ceptors repeatedly. If the slight Ca 2� entry
through CP-AMPA receptors can indeed
activate CAN channels, it would be ex-
pected that CAN channels have a spatially
intimate relationship with CP-AMPA re-
ceptors sufficient to detect the local Ca 2�

elevation. Additional investigation is re-
quired to clarify the relationship between
CP-AMPA receptors and CAN channels
in PHN neurons.

A novel finding in our study is that
CP-AMPA receptors contribute to the
sustained EPSC responses observed.
This sustained activity is observed not
only in oculomotor system but also in
various brain regions, including the cerebral
cortex and hippocampus (Wang, 2001; Ma-
jor and Tank, 2004), in which CP-AMPA
receptors are mainly expressed on inhibi-
tory interneurons (Liu and Zukin, 2007).
Although we further propose that the acti-
vation of CAN channels by Ca2� entry
through CP-AMPA receptors is one of the

important pathways for the induction of the sustained activity, CAN
channels are also activated by Ca2� entry through NMDA receptors
(Di Prisco et al., 2000; Hall and Delaney, 2002; Zhu et al., 2004).
Given the finding that the excitatory synaptic responses in PHN
neurons evoked by the stimulation of the PPRF were completely
abolished by CNQX (Navarro-López et al., 2004), a CP-AMPA
receptor-dependent sustained activity may be unique to PHN
circuits.

Previous studies suggest that, if the recurrent excitatory net-
work is driven only by fast synaptic transmissions mediated by
AMPA receptors, the sustained activity generated by the network
cannot be robust (Seung et al., 2000; Wang, 2001). For keeping
the robust activity, the recurrent network is needed to add some
slower responses derived from synaptic or dendritic properties.
Since NMDA receptor-mediated currents show slow kinetics, it
has been suggested that NMDA receptors contribute to the neural
integrator and the integrator network is composed of synaptic
transmissions with a higher NMDA/AMPA ratio (Wang, 1999;
Compte et al., 2000; Tegnér et al., 2002). In the present study, the
iontophoretic application of NMDA induced current responses
in all PHN neurons tested (Fig. 6). PHN neurons expressing CI-
AMPA receptors alone, which showed higher NMDA/AMPA ra-
tios than those expressing CP-AMPA receptors, also showed the
sustained EPSC responses to the burst stimulation (Fig. 5F–H),
suggesting the contribution of NMDA receptors to the EPSC
responses. However, we did not find a substantial effect of APV
on the sustained EPSC responses. These findings suggest that, in
PHN neurons expressing CI-AMPA receptors alone, the amount
of NMDA receptors at synaptic sites is insufficient to affect PHN
networks, or the PHN neurons do not participate in the primary
networks for the generation and maintenance of the sustained
EPSC responses.

The findings of the sustained EPSC responses raise a ques-
tion of how much impact changes in synaptic events actually
have on the persistent firings of PHN neurons. In our prelim-

Figure 8. Effects of NAS and FFA on EPSC responses. A, EPSC responses of a PHN neuron to local burst stimulation in a solution
containing 50 �M NAS (A1) and in a solution containing NAS and 200 �M FFA (A2). B, Comparisons of the duration (B1), EPSC
frequency (B2), and charge transfer (B3) between a solution containing NAS and a solution containing NAS and FFA (n � 8). C,
EPSC responses of a PHN neuron to local burst stimulation in a solution containing FFA (C1) and in a solution containing FFA and
NAS (C2). D, Comparisons of the duration (D1), EPSC frequency (D2), and charge transfer (D3) between a solution containing FFA
and in a solution containing FFA and NAS (n � 8). All traces are presented as the superimposition of three traces. The asterisks
indicate significant differences between groups (**p � 0.01). Error bars represent SD.
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inary current-clamp study, a majority of PHN neurons tested
showed that the duration of the increased frequency of spon-
taneous firings was much shorter than the duration of the
increased EPSC frequency (supplemental Fig. S3, available at
www.jneurosci.org as supplemental material). This finding in-
dicates that the synaptic events induced in this study have little
impact on the sustained increase in firing frequency. Although
this small impact may be attributable to the difficulty in the
induction of high synaptic events sufficient to cause a change
in firings in slice preparations, additional investigations per-
formed under different stimulus conditions are needed to
clarify the synaptic effect on firings.

The finding that the sustained EPSC responses occurred in the
isolated PHN suggests that the excitatory networks necessary for
gaze holding exist within the PHN. It has been reported that the
time constant of a centripetal drift after an eye movement to an
eccentric direction (i.e., the time constant for the neural integra-
tor) is �20 s in the cat (Robinson, 1974), monkey (Cannon and
Robinson, 1987), and human (Becker and Klein, 1973). Although
the time constant in the rodent (	2 s) [rat (Chelazzi et al., 1989);
mouse (van Alphen et al., 2001)] is shorter than that in the cat and
primates, it is longer than the duration of the EPSC responses
observed in the present study. Therefore, the local PHN network
alone is unlikely to be sufficient to explain the mechanism of gaze
holding. Although the lack of long persistence in this study could
simply be attributable to damage to the network connectivity in
slice preparations, previous studies suggest that (1) functional
interactions with the vestibular nuclei, (2) positive feedback ex-
citations via the cerebellar circuits, and (3) modulatory effects by
cholinergic inputs, play significant roles in the functions of the
neural integrator (Fukushima et al., 1992; Fukushima and
Kaneko, 1995; Delgado-García et al., 2006). By combining all of
these factors, neural activity may be sustained long enough for
gaze holding.
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