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Optical Mapping of the Functional Organization of the Rat
Trigeminal Nucleus: Initial Expression and Spatiotemporal
Dynamics of Sensory Information Transfer during

Embryogenesis

Yoko Momose-Sato,' Yoshiko Honda,? Hiroshi Sasaki,? and Katsushige Sato!

Department of Physiology, Tokyo Medical and Dental University, Graduate School and Faculty of Medicine, Tokyo 113-8519, Japan, and ?Department of
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We examined the functional organization of the rat trigeminal nuclear complex and its developmental dynamics using a multiple-site
optical recording technique. Brainstem preparations were dissected from embryonic day 12 (E12)-E16 rat embryos, and stimulation was
applied individually to the three branches of the trigeminal nerve (V,-V; ). The action potential activity of presynaptic fibers was detected
from E13, and the glutamate-mediated postsynaptic response was significantly observed from E15 on. At E14, the evoked signals usually
consisted of only the action potential-related fast component. However, when extracellular Mg>" was removed, a significant p-2-amino-
5-phosphonovaleric acid-sensitive slow component appeared. These results suggest that postsynaptic function mediated by NMDA
receptors is latently generated as early as E14. The response area of the three branches of the trigeminal nerve showed some functional
somatotopic organization, with the ophthalmic (V) nerve area medially located and the mandibular (V;) nerve area laterally located.
The center of the trigeminal nuclear complex in which the activity of neurons and synaptic function was greatest shifted caudally with
development, suggesting that the functional architecture of the trigeminal nuclear complex is not fixed but changes dynamically during
embryogenesis. By electron microscopy, we could not observe clear correlations between functional data and morphological informa-
tion; when we surveyed E16 preparations, we could not identify typical synaptic structures between the 1,1’'-dioctyldecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate-labeled trigeminal nerve terminals and the neurons in the trigeminal nuclear complex. This
implies that postsynaptic function in the trigeminal nuclear complex is generated before the appearance of the morphological structure

of conventional synapses.
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Introduction

To understand the CNS, it is essential to know how sensory in-
formation from the periphery is processed within the CNS and
how motor commands are outputted from the brain. We have
been trying to answer these questions by using an ontogenetic
approach and applying multiple-site optical recording tech-
niques with voltage-sensitive dyes (for review, see Kamino, 1990;
Momose-Sato et al., 2001, 2002).

Among the cranial nerves that carry sensory information to
the CNS, the trigeminal somatosensory system is of special inter-
est because of its precise somatotopic organization (Nord, 1967;
Waite, 1984; Waite and Tracey, 1995). During neuronal network
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formation, the establishment, maturation, and refinement of
synapses are controlled by activity-dependent processes that re-
quire intimate communication between presynaptic and
postsynaptic elements (Goodman and Shatz, 1993; Katz and
Shatz, 1996; Friauf and Lohmann, 1999; Sur and Leamey, 2001;
Wong and Ghosh, 2002). Because the trigeminal system develops
sequentially from the periphery to the cortex (Hicks and
D’Amato, 1968; McAllister and Das, 1977; Altman and Bayer,
1982; Al-Ghoul and Miller, 1993a), it seems likely that activity in
the brainstem nuclear complex influences subsequent develop-
ment of the trigeminal system such as the thalamus and somato-
sensory cortex. It is therefore important to identify at what stage
and in what patterns functional synapses are first expressed in the
brainstem nuclear complex.

In the present study, we applied an optical recording tech-
nique to the embryonic rat brainstem and examined the early
steps of functional organization of the trigeminal nuclear com-
plex. Optical methods have several advantages over conventional
electrophysiological techniques. First, it is possible to monitor
changes in intracellular membrane potential in living systems
that are inaccessible to microelectrodes. Second, electrical activ-
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ity can be recorded simultaneously from many sites in the prep-
aration, which enables the analysis of spatiotemporal patterns of
a response (for review, see Cohen and Salzberg, 1978; Salzberg,
1983; Grinvald et al., 1988; Wu et al., 1998). We studied spatio-
temporal patterns of the ophthalmic (V,), maxillary (V,), and
mandibular (V;) nerve responses and revealed developmental
organization and functional architecture (spatial patterns of ac-
tivity) of the rat trigeminal nuclear complex. In addition, we
performed an ultrastructural analysis of the trigeminal nuclear
complex and found that postsynaptic responses can be observed
before there is morphological evidence of conventional synapses.

Parts of this paper have been published previously in abstract
form (Momose-Sato and Sato, 2003).

Materials and Methods

Preparations. Experiments were performed in accordance with the guide-
lines of Tokyo Medical and Dental University for the care and use of
laboratory animals. All efforts were made to minimize the number of
animals used and their suffering. For optical studies, Wistar rats at 12-16
d gestation [embryonic day 12 (E12)-E16; Saitama Experimental Ani-
mals Supply Co. Ltd., Saitama, Japan] were used. Successful data were
obtained from 23 preparations (E12, n = 5; E13, n = 4; E14, n = 5; E15,
n = 4; E16, n = 5). Females were caged with males in the evening and
were checked for sperm positivity the next morning. This day was termed
EO. Pregnant rats were anesthetized with ether, and fetuses were removed
surgically. The embryos were decapitated, and the brainstems, with three
branches of the trigeminal nerve, namely, the ophthalmic (V,), maxillary
(V,), and mandibular (V;) nerves, were dissected from the embryos. The
preparation was bathed in a solution of the following composition (in
mM): 149 NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCl,, 10 glucose, and 10 Tris-
HCl buffer, pH 7.4. In Mg?>" -free experiments, MgCl, was replaced with
CaCl,. The solution was equilibrated with oxygen. The pia mater was
carefully removed in the bathing solution under a dissection microscope.
After staining with a dye (see below), the preparation was attached to the
silicone (KE 106LTV; Shin-etsu Chemical Co., Tokyo, Japan) bottom of
arecording chamber with the ventral side up by pinning it with tungsten
wires. The preparation was continuously perfused with Ringer’s solution
at a rate of 1.5 ml/min at 26-30°C except during the measurement
period.

Voltage-sensitive dye staining. The preparation was stained by incubat-
ing it for 20 min in Ringer’s solution containing a 0.2 mg/ml concentra-
tion of a voltage-sensitive merocyanine-rhodanine dye, NK2761 (Ha-
yashibara Biochemical Laboratories Inc./Kankoh-Shikiso Kenkyusho,
Okayama, Japan; Kamino et al., 1981; Momose-Sato et al., 1995). Excess
(unbound) dye was washed away with dye-free Ringer’s solution before
recording. This merocyanine-rhodanine dye has been shown to be par-
ticularly useful for the study of embryonic nervous and cardiac tissues
(Kamino, 1991; Momose-Sato et al., 1995).

Electrical stimulation. The cut end of each branch of the trigeminal
nerve was drawn into a glass microsuction electrode. Positive (depolar-
izing) square current pulses (20-50 wA/1 msec for E12 and E13 prepa-
rations and 8 wA/5 msec for E14—E16 preparations), which evoked max-
imum responses, were applied to each branch at an interval of 10-15
min.

Optical recording. The methods used for multiple-site optical record-
ing of electrical activity in embryonic brainstem preparations are de-
scribed elsewhere (Momose-Sato et al., 1994; Sato et al., 1998; Momose-
Sato etal., 2001). In brief, bright-field illumination was provided by a 300
W tungsten-halogen lamp (JC-24V-300W; Kondo-Philips Ltd., Tokyo,
Japan) driven by a stable DC power supply. Incident light was made
quasimonochromatic by an interference filter (703 £ 15 nm; Asahi Spec-
tra Co., Tokyo, Japan) placed between the light source and the prepara-
tion, which was mounted on the stage of a microscope. A microscope
objective (10X, S plan Apo, 0.4 numerical aperture) and a photographic
eye piece (2.5X) formed a magnified (25X) real image of the preparation
at the image plane. The transmitted light intensity at the image plane was
detected using a multi-element silicon photodiode matrix array. We used
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two optical recording systems, which were constructed in our laboratory
(for review, see Kamino, 1991; Momose-Sato et al., 2001). One was a
1020-site system with a 34 X 34-element silicon photodiode array (for
details, see Hirota et al., 1995), and the other was a 144-site system using
a 12 X 12-element silicon photodiode array. The time resolution of these
systems was ~1 msec (1024 frames/1000 msec in the 1020-site system
and 1000 frames/1000 msec in the 144-site system). The interval between
each recording (i.e., control, drug application, position change, and
wavelength change) was 10—15 min, and incident light was turned off
except during the measurement period. The recordings were made in
single sweeps except where noted.

Electron microscopy. Two fetal (E16; n = 2) rats were used for electron
microscopy. Animals were immersed in a fixative containing 5% para-
formaldehyde and 4% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4.
The brains were removed from the skull, and a small crystal of 1,1'-
dioctyldecyl-3,3,3',3' -tetramethylindocarbocyanine perchlorate (Dil;
Molecular Probes, Eugene, OR) was placed on the sectioned root of the
left or right trigeminal nerve. Brains with Dil placements were stored for
4-5weeks at 37°C in the fixative. After confirming labeling of the trigem-
inospinal tract under a dissection microscope, the brainstem was dis-
sected out and cut into three or four blocks with a thickness of 200—400
pm in a transverse plane. The fluorescence of the labeled axons was
photoconverted to a permanent electron-dense reaction product by ex-
citation of the dye in diaminobenzidine (DAB) (von Bartheld et al.,
1990). After three washes in Tris-HCI buffer, pH 7.6, blocks were prein-
cubated for atleast 2 hrin 1 mg/ml DAB solution in 0.05 M Tris buffer, pH
7.6, at 4°C in the dark. The preincubated blocks were mounted on glass
slides, covered with fresh cold 1 mg/ml DAB solution, and illuminated
for 1.5-2.5 hr until a dark DAB reaction product appeared in the Dil-
labeled neurons. The DAB solution was replaced approximately every 15
min. The blocks were illuminated through a 10X objective lens using the
rhodamine filter set (excitation, 510—-560; dichroic, 575; emission, 590)
of a fluorescence microscope (Eclipse E600; Nikon, Tokyo, Japan)
equipped with a 100 W mercury lamp. The blocks were postfixed with
Palade’s osmium (Palade, 1952) and stained en bloc with 1% uranium
acetate buffered to pH 6.0 with acetate veronal buffer overnight at room
temperature. They were then dehydrated with several changes of ethanol
gradient concentrations and embedded in Epon. Semithin sections were
cut, stained with toluidine blue, and photographed using a Nikon
Microphot-FXA microscope. Ultrathin sections were collected on
collodion-coated 100 mesh/inch grids, stained with lead citrate (Reyn-
olds, 1963), and examined using a Hitachi H-7100 transmission electron
microscope.

Results

Optical signals evoked by trigeminal nerve stimulation

Figure 1 shows examples of optical recordings obtained from
E14-E16 rat brainstem preparations in response to maxillary
(V,) nerve stimulation. Simultaneous 1020-site optical record-
ings were made in a single sweep in four areas of the intact brain-
stem by moving the photodiode array over the image of the prep-
aration. The recordings displayed in Figure 1 were reconstructed
by combining four individual recordings.

When a positive (depolarizing) stimulating current (8 wA/5
msec), which gave the maximum response, was applied to the
maxillary nerve, optical signals with a short latency (7—15 msec)
were evoked in the lateral region of the brainstem. When a neg-
ative (hyperpolarizing) current pulse was applied, no optical sig-
nal was detected within the brainstem, although an electrotonic
potential-related component was observed within the trigeminal
ganglion (data not shown).

In Figure 2 A, enlarged traces of the optical signals detected
from three regions (cephalic, middle, and caudal) of the brain-
stem (Fig. 1, asterisks) are presented. In these recordings, we
identified two components of the optical signal: a fast spike-like
signal and a delayed long-lasting slow signal. In the E14 prepara-
tion, only the fast spike-like signal was detected from every loca-
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Multiple-site optical recordings of trigeminal responses. Multiple-site optical recordings of neural responses were made in intact preparations of E14 —E16 embryonic rat brainstems.

The optical signals were evoked by applying a brief positive square current pulse (8 A/5 msec) to the right maxillary (V, ) nerve with a microsuction electrode. The evoked optical signals were
detected from the ventral side of the brainstem in a single sweep. The 1020-site simultaneous recordings were made in four different contiguous regions by sliding the photodiode array over the
image of the preparation. The direction of the arrows at the bottom indicates an increase in transmitted light intensity (decrease in dye absorption), and the length of the arrows represents the stated

value of the fractional change A///. The signals indicated by asterisks are enlarged in Figure 2.

tion, whereas in the E15 and E16 preparations, signals consisting
of fast and slow components were recorded. Slow signals in E16
preparations were usually larger than those in E15 preparations.
In some preparations dissected from E15 and E16 embryos, a
second spike-like signal was also detected from several locations
asindicated in Figure 2 A, arrowheads. The expanded time base of
the fast signal (Fig. 2A, bottom) and pseudocolor images of the
optical response (Fig. 2 B) made clear that the optical signals were
conducted from the cephalic region to the caudal region with a
conduction velocity of ~0.4 m/sec.

To examine the wavelength dependence of the evoked signal,
we made similar measurements at 630 nm, at which the NK2761-
dependent extrinsic absorption change is absent (Momose-Sato
et al., 1995). At 630 nm, the evoked signals were mostly elimi-
nated (data not shown). This wavelength dependence indicated
that both fast and slow signals were voltage-dependent absorp-
tion changes in the dye, corresponding to membrane potential
depolarization. In the recordings at 630 nm, small downward

signals (an increase in transmitted light intensity) were some-
times observed in locations where the large signals were detected
at 700 nm (data not shown). Such signals were not observed with
hyperpolarizing pulses, suggesting that they correspond to a
small fraction of intrinsic light-scattering changes, which may be
attributable to volume changes (swelling) in neural cells accom-
panied by a large depolarization (Sato et al., 1997). In the mouse
neurohypophysis, Salzberg et al. (1985) reported an increase in
transparency correlated with neurosecretion. It is possible that
neurotransmitter release from afferent nerve fibers also contrib-
utes to intrinsic optical signals in the embryonic brainstem.

Fast and slow components

Previously, we reported that trigeminal nerve stimulation in the
embryonic chick brainstem evoked similar two-component sig-
nals in the region corresponding to the trigeminal nuclear com-
plex, and that fast and slow responses reflected the action poten-
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Figure 2.  Enlarged traces and color images of the optical signal. 4, Top, Enlarged traces of
the optical signals detected from three positions (cephalic, middle, and caudal regions) indi-
cated by asterisks in Figure 1. Arrowheads show the second spike-like signal. Bottom, Expanded
time base of the fast component. Signals detected from the three positions (ce, cephalic; m,
middle; ca, caudal) are superimposed. The stimulation was applied 3 msec before the onset of
the signal. B, Time-lapse imaging representations of the neural response evoked by maxillary
(V,) nerve stimulation in an E16 preparation. Color images were constructed from optical sig-
nals detected from the area indicated by the square in the right inset using Neuroplex software
(RedShirtimaging, Fairfield, CT). The numerals show the time after stimulation.

tial and glutamate-mediated postsynaptic response, respectively
(Sato et al., 1999).

We examined the effects of the glutamate receptor antagonists
DL-2-amino-5-phosphonovaleric acid (APV, an NMDA receptor
antagonist) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,
a non-NMDA receptor antagonist) on the evoked optical signal
as seen in Figure 3. The preparation was dissected from an E16
embryo, and the maxillary (V,) nerve was stimulated. When we
applied APV (200 uwm; Fig. 3A) or CNQX (5 uM; Fig. 3B), the slow
signals were partly reduced. The initial phase of the slow signal
was much more sensitive to CNQX, whereas the later phase was
reduced by APV. Slow signals were mostly inhibited with the
application of both APV and CNQX (Fig. 3C) and Cd*" (10 um;
data not shown). When we applied tetrodotoxin (2 uM), the fast
spike-like signals were eliminated together with the slow signals
(data not shown). This implies that the fast signal corresponds to
the sodium-dependent action potential and that the slow signal
reflects postsynaptic events including EPSPs and asynchronous
postsynaptic firings. These results also suggest that synaptic
transmission from the trigeminal nerve afferents is mediated by
glutamate, and both NMDA and non-NMDA receptors are
included.

A study by Waite et al. (2000) demonstrated that GABAergic
responses appeared at later stages and were maximal from E20 to
postnatal day 1. They also reported that small postsynaptic re-
sponses mediated by neither glutamate nor GABA were present
in many preparations. In the present experiment, postsynaptic
responses detected from E15-E16 preparations were primarily
inhibited by glutamate blockers, whereas other components were
not significantly identified.

To examine the properties of the synaptic response, we stud-
ied the effect of repetitive stimuli on the slow optical signal. As
shown in Figure 3D, the amplitude of the slow signals decreased
gradually after applying repetitive stimuli (0.1 Hz). This decline
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Figure3. Effectsof glutamate blockers and repetitive stimuli on the slow signal. A-(, Effects
of APV and CNQX on the evoked optical signals. The data were obtained from E16 preparations
with maxillary (V,) nerve stimulation. Thicker traces show controls, and thinner traces were
obtained in APV (200 um)-containing solution (A), CNQX (5 wm)-containing solution (B), and
APV (190 um)- and CNQX (5 pum)-containing solution ( €). D, Decreasing slow signal amplitude
with repetitive stimuli (0.1 Hz). The relative amplitudes of the slow signals in response to
maxillary (V,) nerve stimulation are plotted against the time in seconds. Data were obtained
from an E16 preparation. The different symbols correspond to different positions.

seems to reflect synaptic fatigue, and it suggests that the slow
signal is closely related to the postsynaptic response.

In experiments using blockers of synaptic transmission or ex-
periments using repetitive stimuli, the fast optical signals were
sometimes reduced in amplitude. This reduction was usually ac-
companied by elimination of the second spike-like signal. As-
suming that the amplitude of the fast signal is the sum of presyn-
apticand postsynaptic spikes (Komuro etal., 1991; Momose-Sato
etal., 1997; Sato et al., 1998), it is possible that the reduction in the
fast signal amplitude is attributable to a reduction in postsynaptic
firing resulting from a blockade of synaptic transmission.

Considering the nature of the fast and slow optical signals, it is
reasonable to interpret that the optical response area shown in
Figure 1 corresponds to the trigeminal sensory nuclear complex,
which includes the principal nucleus and the spinal nucleus of the
trigeminal nerve. In the rat brainstem, the principal nucleus and
the subregions of the spinal nucleus (oralis, interpolaris, and cau-
dalis) are aligned contiguously from the level of the trigeminal
ganglion to the upper cervical spinal cord (Altman and Bayer,
1980, 1995; Waite and Tracey, 1995). In the recordings shown in
Figure 1, optical signals were not identified in the region just
caudal to the trigeminal ganglion. In the present experiment, the
meningeal tissue surrounding the ganglion was not removed to
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Figure 4.  Optical recordings of V/;—V; responses. Multiple-site optical recordings of neural
responses to ophthalmic (V,), maxillary (V,), and mandibular (V;) nerve stimulation were
made in E14 (top) and E16 (bottom) brainstem preparations. Optical signals detected from the
area indicated by the small squares in the right insets are presented.

keep the trigeminal root intact, and this might have resulted in
difficulty in recording optical signals.

V,-V; responses and their developmental changes

Next, we examined optical responses to stimulation of the three
branches of the trigeminal nerve and compared their develop-
ment and spatiotemporal patterns. Figure 4 shows examples of
optical recordings obtained from an E14 (top) and E16 (bottom)
brainstem preparation in response to individual stimulation of
the ophthalmic (V; left recordings), maxillary (V,; middle re-
cordings), and mandibular (V; right recordings) nerves. In each
preparation, signals detected from the region indicated by the
small squares in the right insets are presented. Spatiotemporal
propagation patterns of signals in the entire region of the trigem-
inal nuclear complex (Fig. 4, large squares in insets) are also
illustrated in Figure 5.

When the three branches of the trigeminal nerve were stimu-
lated, optical signals with similar waveforms were obtained. In
the E14 preparation, the signals exhibited a simple spike-like
shape, and in the E16 preparation, fast and slow components
were identified. The amplitude of the optical signals was usually
larger in the maxillary (V,) nerve than in the ophthalmic (V;) and
mandibular (V;) nerves (also see Fig. 6). Characteristics of fast
and slow signals evoked by three-nerve stimulation were basically
the same, with the fast signal corresponding to the action poten-
tial and the slow signal reflecting the glutamate-mediated
postsynaptic response.

To trace developmental expression of the presynaptic and
postsynaptic activities in the three nerve pathways, we examined
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at what stages fast and slow optical signals were detected with
each nerve stimulation (Fig. 6). The action potential-related fast
optical signal was recorded from the region corresponding to the
trigeminal tract from E13 for every nerve (V,—V;) stimulation. At
E14, each nerve stimulation produced only the fast response in
most preparations (n = 4), as shown in Figures 1, 2, and 4. How-
ever, in one E14 preparation, small but significant [change in the
light intensity divided by DC background intensity (AI/I) =
3.0 X 10~*] slow signals were detected together with the fast
signal when the maxillary (V,) nerve was stimulated. Examples of
positive slow signals in the E14 preparation are shown in Figure
7A, top left traces (V,, control). At E15 and E16, slow signals were
detected from all tested preparations (n = 4 at E15 and 5 at E16)
with every nerve stimulation. The amplitude of the slow signal
gradually increased as development proceeded (Fig. 6).

In the embryonic chick and rat nucleus of the tractus soli-
tarius, it was reported that removal of Mg>" from the bathing
solution resulted in the appearance of an NMDA receptor-
mediated postsynaptic response that was not significant in nor-
mal Ringer’s solution (Momose-Sato et al., 1994; Sato et al.,
1998). Thus, we examined the effects of Mg”—free solution on
the E14 preparation. Figure 7A shows examples of optical signals
obtained from an E14 preparation in normal (left traces) and
Mg>"-free (right traces) solutions. In this preparation, maxillary
(V,) nerve stimulation evoked small slow signals in normal Ring-
er’s solution, but postsynaptic responses were not significant
(AI/I <1.5 X 10 ~*) with the ophthalmic (V,) and mandibular
(V) nerves. When we replaced extracellular Mg>" with Ca>"
(right traces), slow signals induced by maxillary (V,) nerve stim-
ulation were markedly enhanced. In addition, a small slow com-
ponent appeared with mandibular (V;) nerve stimulation (also
see Fig. 6, inset).

Concerning the ophthalmic (V) nerve, we could not identify
significant slow signals in E14 preparations either in normal or
Mg?**-free solution (n = 3). This result might be interpreted as
indicating that the time course of functional synaptogenesis is not
the same for the three nerve pathways. However, because the
ophthalmic (V) nerve responses were extremely small compared
with other nerves (Fig. 6), and the sensitivity of the measuring
technique is dependent on the signal-to-noise ratio, it was diffi-
cult to make a definite conclusion concerning the difference in
the time course of synaptogenesis. Unfortunately, because the
slow signal in early embryonic preparations was easily fatigued
(Fig. 3D), we could not average many trials to further improve the
signal-to-noise ratio.

In the Mg>*-free experiment, it is possible that magnesium
affects not only NMDA receptors but also transmitter release in
being competitive to calcium (Katz and Miledi, 1969) and the
excitability of neurons attributable to a reduction in the action
potential threshold (Frankenhaeuser and Hodgkin, 1957). Thus,
we examined the effects of APV and CNQX on Mg>" sensitivity.
Slow signals that were induced in the E14 preparation in Mg>*-
free solution were specifically blocked in the presence of APV
(Fig. 7B). Furthermore, in the E16 preparation, the slow signal
was markedly enhanced in Mg?* -free solution in the presence of
CNQX (Fig. 7C, left) but was not changed significantly in the
presence of APV (Fig. 7C, right).

These results suggest that by the E14 embryonic stage,
postsynaptic function mediated by NMDA receptors is poten-
tially generated within the trigeminal nuclear complex, although
it is mostly suppressed by external Mg®" in normal bathing
solution.
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Figure 6.  Developmental changes in the slow signal amplitude. The amplitude of the slow

optical signals (mean = SD) in response to ophthalmic (V,), maxillary (V,), and mandibular
(V5) nerve stimulation is shown. The inset shows the amplitude of the slow signals detected
from E14 preparations in Mg ® " -free solution. The slow signal was considered positive when
the signal amplitude was >1.5 X 10 ~* (signal-to-noise ratio = 2 in the 2-averaged record-
ing). nd, Not detected in all tested preparations.

Spatial distribution patterns of the V,—V; responses

In Figures 4 and 5, we noted that there was a difference in the
spatial distribution patterns between the three nerve responses.
In Figure 4, the ophthalmic (V;) nerve response was detected

70 ms

70 ms

VNN NAAAT

Spatiotemporal activity maps of V-V responses. Time-lapse imaging representations of the neural responses in
E14 (top) and E16 (bottom) preparationsare shown. V, ,V, ,and V; correspond to the images in response to ophthalmic, maxillary,
and mandibular nerve stimulation, respectively. Color images were constructed from optical signals detected from the area
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from the medial region, whereas the man-
dibular (V) nerve response was observed
in the lateral region. Using the optical
technique for monitoring membrane po-
tential changes, the linearity of the optical
signal with changes in membrane poten-
tial has been established (Cohen and Sal-
zberg, 1978). It is also assumed that the
fractional signal size is proportional to the
magnitude of the membrane potential
changes in each cell and process as well as
the number and membrane area of acti-
vated neural elements within the field de-
tected optically by one photodiode under
conditions in which the amount of dye
bound to the membrane is uniform (Sal-
zberg et al., 1977; Obaid et al., 1985; Or-
bach et al., 1985; Kamino et al., 1989). To
reveal the functional organization of the
three nerve areas, we constructed contour
line maps of the three nerve responses in
E14-E16 preparations (Fig. 8).

Figure 8 shows typical examples of
maps obtained from E14-E16 prepara-
tions. The maps were constructed for fast
(reflecting the presynaptic action poten-
tial; left maps) and slow (reflecting the
postsynaptic response; right maps) optical
signals. In Figure 8, the following features
were depicted: (1) The contour line maps
of the E14 preparation (Fig. 8, top) repre-
sented a single peak pattern with large op-
tical signals distributed in the rostral re-
gion. (2) In the E15 and E16 contour line
maps (Fig. 8, middle, bottom), the signals
were inhomogenously distributed, and
several peak locations were distinguished
along with a rostrocaudal axis (arrow-
heads). One possibility is that these peak locations correspond to
the subregions of the trigeminal nuclear complex. If this is the
case, the result suggests that these subregions of the trigeminal
nuclear complex are functionally differentiated by these develop-
mental stages. (3) At E15, large responses were concentrated in
the rostral area. As development proceeded to E16, large signals
became detectable from the caudal region.

We plotted the location of the largest signal peak identified in
each contour line map in Figure 9, which was constructed by
superimposing data obtained from three or four preparations for
each developmental stage. In Figure 9, the peak response area
shifted caudally as development proceeded. In E14—E16 prepa-
rations, the region corresponding to the trigeminal nuclear com-
plex was almost homogeneously stained, and no clear difference
was observed in dye affinity between the rostral and caudal re-
gions. This implies that the altered distribution of optical signals
is not simply attributable to an altered pattern of dye affinity but
reflects the change in the functional architecture of the trigeminal
nuclear complex. Considering that the amplitude of the optical
signal is proportional to a weighted average of the potential
change and the membrane area imaged onto each detector (Sal-
zberg et al., 1977; Obaid et al., 1985; Orbach et al., 1985; Kamino
etal., 1989), the results shown in Figure 9 suggest that the center
of the trigeminal nuclear complex in which the synaptic activity,
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80 ms
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Figure 7.  Effects of Mg”" -free solution. A, Appearance of the slow signal in Mg?* -free

solution in an E14 preparation. The signals were obtained in response to maxillary (V,) and
mandibular (V;) nerve stimulation. Two trials were averaged. B, Slow signals appearing in
Mg ?2*-free solution (left) were eliminated in the presence of APV (200 uum; right). Data were
obtained from an E14 preparation in response to maxillary (V, ) nerve stimulation. ¢, Optical
signals detected from an E16 preparation. The signals were recorded in Mg 2" -free solution,
CNQX (5 um; left)- or APV (200 pum; right)-containing Mg -free solution, and CNQX (5 pum;
left)- or APV (200 pum; right)-containing Ringer's solution.

number of neurons and functional synapses, or both are highest
shifts caudally with development.

To examine whether somatotopic organization is observed in
the embryonic brainstem, we compared the relative locations of
the three nerve areas by superimposing the outlines of the con-
tour line maps in the same preparation (Fig. 10). Comparison of
the three nerve areas revealed that at E13-E15, the ophthalmic
(V) nerve area is located in the mediorostral region, whereas the
mandibular (V;) nerve area is located separately in the lateral
region. The maxillary (V,) nerve area appeared to be positioned
in an intermediate region. Despite overlapping each other, me-
diolateral alignment of the three nerve areas is in accordance with
the morphological observations of spatially ordered ingrowth of
afferent nerve fibers at early developmental stages (Altman and
Bayer, 1982; Erzurumlu and Killackey, 1983; Erzurumlu and
Jhaveri, 1992). These results suggest that there is some functional
somatotopic organization of the trigeminal nuclear complex at
the onset of nucleus formation.

Concerning the result that the response area, especially that of
the maxillary (V,) nerve, primarily overlapped with other areas,
one interpretation is that somatotopic representation of the tri-
geminal inputs is not strictly defined in the early embryonic
brainstem, and projection areas of the three branches of the tri-
geminal nerve functionally overlap. Another possibility is that the
response area determined by optical mapping was overestimated
compared with the real area because of light scattering in the
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preparation, which blurs the signals detected by each diode ele-
ment and limits the spatial resolution (Orbach and Cohen, 1983;
London et al., 1987).

As development proceeded to E16, the mediolateral align-
ment of the three nerve areas changed. Although the mandibular
(V5) nerve area was still laterally deviated in the rostral region, it
was located medially in the caudal region. At ~E15, the rat brain-
stem is morphologically transformed from a flat, thin tissue to a
thick, three-dimensional structure, which leads to movement of
the lateral brainstem dorsally. The change in the relative locations
of the three nerve areas at E16 seems to be related to such a
morphological transformation.

Ultrastructural analysis

To obtain morphological information concerning the structure
of the terminals of the trigeminal nerve during early developmen-
tal stages, an ultrastructural analysis was performed on Dil-
photoconverted material. Placement of Dil crystals on the sec-
tioned root of the trigeminal nerve led to anterograde labeling of
the trigeminal tract and trigeminal nuclear complex (Fig. 11A).
Photoconverted trigeminal nerves and terminal-like swellings
were identified by the DAB reaction product that appeared as
dark brown staining in the light microscope (Fig. 11 B, arrows)
and as electron-dense precipitates in the electron microscope
(Fig. 11C,D, arrows). In all specimens, many labeled axons were
recognized in the trigeminal tract (Fig. 11C) and the trigeminal
nuclear complex (Fig. 11D) on the side of the Dil application.
Some of the labeled axons in the trigeminal nuclear complex were
located close to or adjacent to cell bodies of neurons (Fig. 11D,
arrows). As far as we surveyed, typical synaptic structures could
not be detected for Dil-labeled axons and terminals, although
synapses with typical synaptic structures but no labels were un-
equivocally found in the trigeminal tract and the trigeminal nu-
clear complex. We could not identify the origin of the unlabeled
synapses. The trigeminal sensory neurons are known to receive
several inputs other than primary afferent fibers, including in-
tranuclear projections (Waite and Tracey, 1995) and ascending
projections from the spinal cord (Torvik, 1956). We suggest that
these projections are possible candidates for the synapses with no
labels.

Discussion

The multiple-site optical recordings obtained revealed several
features of the rat trigeminal nuclear complex that have not been
previously addressed. These include spatiotemporal patterns of
the presynaptic and postsynaptic responses, relative contribu-
tions of the three branches of the trigeminal nerve to sensory
information transfer, early generation of postsynaptic function,
as early as E14, and functional architecture of the trigeminal nu-
clear complex and its developmental dynamics.

Development of presynaptic and postsynaptic function

We identified optical signals in a restricted region of the lateral
brainstem in response to trigeminal nerve stimulation. The
evoked optical signals consisted of fast spike-like and slow com-
ponents, which reflected the presynaptic action potential and
postsynaptic response, respectively.

The action potential activity of presynaptic fibers was ob-
served in the region corresponding to the trigeminal tract from
E13. This stage corresponds to the age when central afferents of
the trigeminal nerve begin to grow into the trigeminal tract (Er-
zurumlu and Jhaveri, 1992; Waite et al., 2000; Miyahara et al.,
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markedly larger than those of other nerves,
whereas in the chick, ophthalmic re-
sponses are the largest. This suggests a dif-
ference in somatosensory information
processing between birds and mammals.
In the rat, the maxillary nerve pathway car-
ries sensory information from the vibrissas
and seems to be the most important.

The present study demonstrated that
postsynaptic  function mediated by
NMDA receptors is latently generated
within the trigeminal nuclear complex as
early as E14. This stage is before the age
when production (E11-E15) and migra-
tion (E14—E17) of principal and spinal tri-

o um geminal neurons has been completed

W3 fast

T T T
W1 fast W1 slow Wz slow

Oum 1000 pm 0 pum 1000 pm Oum 1000 pm 0 um 1000 pm

V1 slow 2 fast Vz slow V3 fast

Figure 8.

arrowheads show the largest peaks.

2003). Our results indicate that sensory neurons are already ex-
citable when they send growing fibers to the brainstem.

In normal Ringer’s solution, slow optical signals related to
postsynaptic activity were detected unambiguously from E15
with stimulation of every branch of the trigeminal nerve (V,-V3).
This result is in accordance with a pioneering study by Waite et al.
(2000) in which the ontogenesis of functional synaptic transmis-
sion in the rat trigeminal nuclear complex was assessed by record-
ing electrical activity from the brainstem surface with a single
suction electrode. Properties of the slow optical signal (i.e., wave-
form, slow time course, rapid fatigue, and pharmacological char-
acteristics) were similar to those of the postsynaptic potentials
detected from the chick trigeminal nuclear complex (Sato et al.,
1999). A major difference between the rat and chick is the relative
contribution of the three branches of the trigeminal nerve to
postsynaptic responses. In the rat, maxillary nerve responses are

W3 slow

(Nornes and Morita, 1979; Altman and
Bayer, 1980, 1982; Miller and Muller,
1989; Al-Ghoul and Miller, 1993a) and
! also before the ingrowth of primary affer-
| | 200 um ent collaterals into the nucleus (E15; Waite
. et al., 2000). Using electron microscopy,
] we could not identify typical synaptic
structures between Dil-labeled trigeminal
nerve terminals and neurons in the tri-

1 1000 um

T 3000 pm

0 pm 1000 pm 0 pm
—_— T 0m

Contour line maps of V-V, responses. Spatial distribution patterns of the optical signals detected from E14 (top),
E15 (middle), and E16 (bottom) preparations are shown. The numerals on the contour line indicate the fractional changes
multiplied by 10*. The y-axes correspond to the midline of the preparation, and the x-axes correspond to the level of the trigeminal
ganglion. The root of the trigeminal nerve is positioned caudal to the x-axes. Arrowheads indicate peak locations. The large

geminal nuclear complex as far as we sur-
veyed in E16 preparations. Al-Ghoul and
Miller (1993b) reported that anti-synapsin
I immunoreactivity (synaptic boutons)
did not appear in the trigeminal tract and
the principal sensory nucleus until E17
and E19 (given as E18 and E20 in their
staging), respectively. These observations
imply that postsynaptic function in the tri-
geminal nuclear complex is generated well
before the appearance of the morphologi-
cal structure of conventional synapses.
The discrepancy between morphological
and functional observations suggests that
communication between presynaptic and
postsynaptic neurons at very early stages is
not mediated by a typical “synapse.” In de-
veloping neuromuscular junctions in cul-
ture obtained from Xenopus embryos, it
was also reported that end plate potentials
can be recorded from immature neuro-
muscular synapses with no presynaptic
specializations such as active zones (Takahashi et al., 1987). At
present, the precise mechanism of functional presynaptic and
postsynaptic neuronal communication is unknown. Possible
mechanisms are transmitter release from the growth cone (Hume et
al., 1983), axonal and dendritic filopodial communication, and mor-
phologically unspecialized functional presynaptic and postsynaptic
contact (Cohen-Cory, 2002). In the present experiment, the
postsynaptic responses appeared to be detected from a wide region
outside the central trigeminal tract even at the stage with no signifi-
cant axon collateral arborization present (Waite et al., 2000). Al-
though we cannot exclude the possibility that the response areas
determined by optical mapping were overestimated because of in-
herent technical difficulties (see Results), this profile suggests that
other mechanisms such as the paracrine mode of intercellular com-
munication, which is observed in the hippocampal neurons before
synapse formation (Demarque et al., 2002), might also be included.
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Figure 9. Developmental changes in the peak response area. The largest peak locations
identified in each contour line map are plotted for stages E14-E16. Peaks 1-3 correspond to
ophthalmic (V, ), maxillary (V,), and mandibular (V;) nerve responses, respectively. Data ob-
tained from three (E14, E15) or four (E16) preparations are superimposed.
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Figure 10.  Comparison of V-V, response areas The relative locations of the areas in which
fast and slow signals were evoked in response to ophthalmic (V, ; blue lines), maxillary (V,;
green lines), and mandibular (V5 ; red lines) nerve stimulation are superimposed.

In developmental processes of synaptic network formation, it
was recognized that neuronal activity influences several events,
including cell survival, dendritic and axonal growth, refinement
of synaptic connections, and fine tuning of functional maps
(Goodman and Shatz, 1993; Katz and Shatz, 1996; Friauf and
Lohmann, 1999; Sur and Leamey, 2001; Wong and Ghosh, 2002).
In the rodent trigeminal system, NMDA receptors are known to
play a fundamental role in activity-dependent stabilization and
refinement of synaptic connections during development of the
trigeminal system (Schlaggar et al., 1993; Li et al., 1994; Iwasato et
al., 1997). Although the experimental condition used in the
present study might have been different from the milieu in vivo,
the results suggest the possibility that NMDA receptor function
appears, although strongly suppressed, in the rat trigeminal nu-
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Figure 11.  Ultrastructure of the trigeminal nerve terminals A, E16 rat brainstem before
photoconversion. The Dil-labeled root of the right trigeminal nerve (black asterisk) and trigem-
inal tract (white asterisk) were observed as a red band. A block was removed from the brainstem
between the two white dotted lines and examined by an electron micrographicstudy. Scale bar,
500 wm. B, Distribution of Dil-labeled trigeminal afferent fibers in the trigeminal tract (white
arrows) and trigeminal nuclear complex (black arrows) on E16. A horizontal section was pre-
pared between the two dotted lines of the brainstem, as indicated in A, and was counterstained
by toluidine blue. The Dil labels were photoconverted and observed as dark brown dots. The
region in the square frame was investigated by electron microscopy. Scale bar, 500 wm. G, D,
Electron micrographs of Dil-labeled trigeminal axons after photoconversion. Arrows point to
labeled axonsin the trigeminal tract ( ) and trigeminal nuclear complex (D). Scale bar, 500 nm.

clear complex at an earlier developmental stage than previously
anticipated (Waite et al., 2000).

Developmental organization of the trigeminal

nuclear complex

In conjunction with data obtained by optical recording and those
of morphological and histochemical studies (Fig. 12), we suggest
the developmental organization of the rat trigeminal nuclear
complex is as follows: (1) Trigeminal ganglion cells are produced
during E9-E14 with a peak at E12. Ganglion cell processes are
spatially ordered as they extend their processes to peripheral and
central targets at E12 (Erzurumlu and Jhaveri, 1992). (2) Afferent
nerve fibers grow into the brainstem at E13 in a somatotopic
manner. At this time, sensory neurons are already excitable. (3)
Afferent nerves make functional contacts with second-order neu-
rons in the trigeminal nuclear complex as early as E14, before the
production and migration of target neurons has been completed.
At this stage, postsynaptic function, which is mediated by gluta-
mate, is mostly suppressed in normal physiological solutions and
is expressed when the Mg>™ block on NMDA receptors is re-
moved. (4) From E15, significant postsynaptic activity is ob-
served, with stimulation of every branch of the trigeminal nerve.
Functional synaptic connections are dense in the rostral region of
the trigeminal nuclear complex and appear to be established in a
somatotopic manner. (5) As development proceeds to E16, func-
tional synapses increase, and the region of highest postsynaptic
activity shifts caudally. (6) In parallel with a developmental in-
crease in functional synaptic connections, cell death occurs in the
trigeminal ganglion. This process retracts some axons that inner-
vate the trigeminal nuclear complex and affects somatotopic rep-
resentation, including a whisker-related pattern formation in the
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Figure 12.  Summary of developmental organization of the rat trigeminal nuclear complex. Functional events are compared rosci 12:3946—3955.

with morphogenesis. The embryonic age refers to the first 24 hr after mating, which is designated EO. 1, From Altman and Bayer
(1982); 2, from Forbes and Welt (1981); 3, from Rhoades et al. (1991); 4, from Henderson et al. (1994); 5, from Waite et al. (2000);
6, from Erzurumlu and Jhaveri (1992); 7, from Erzurumlu and Killackey (1983); 8, from Altman and Bayer (1980); 9, from Al-Ghoul
and Miller (1993a); 10, from Nornes and Morita (1979); 11, from Miller and Muller (1989); 12, from Ashwell and Waite (1991); 13,
from Miller and Al-Ghoul (1993); 14, from Al-Ghoul and Miller (1993b); 15, from Miyahara et al. (2003). Nc, Nucleus.

trigeminal nuclear complex (Henderson et al., 1994). (7) Cell
death of second-order neurons occurs beginning at E17 and E18
in both the principal and spinal nuclei (Ashwell and Waite, 1991;
Miller and Al-Ghoul, 1993). This process would also affect and
possibly mediate the functional organization of synaptic connec-
tions in the trigeminal nuclear complex.

Within the trigeminal pathway, a sequential order of develop-
ment from the periphery to the cortex has been proposed (Hicks
and D’Amato, 1968; McAllister and Das, 1977; Altman and
Bayer, 1982; Al-Ghoul and Miller, 1993a), with the unique soma-
totopic pattern appearing successively later along the pathway
(Belford and Killackey, 1979; Killackey and Belford, 1979; Chiaia
et al., 1992; Erzurumlu and Jhaveri, 1992; Al-Ghoul and Miller,
1993b; Waite and Tracey, 1995). Functional mapping of the op-
tical signals demonstrated that some somatotopic arrangements
of presynaptic and postsynaptic neurons were observed in the
brainstem nuclear complex from the beginning of nuclear orga-
nization. Early expressed activity and its pattern in the brainstem
nuclear complex might influence subsequent development and
pattern formation in the higher trigeminal system, such as the
thalamus and somatosensory cortex.
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