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Abstract
The embryonic development of synapses in the rostral nucleus of the solitary tract (rNST) was
investigated in rat to determine when synapses begin to function. Using a brain slice preparation
we studied appearance of synaptic receptors on second order rNST neurons and investigated the
development of postsynaptic responses elicited by afferent nerve stimulation. Prenatal excitatory
and inhibitory synaptic responses were recorded as early as E14. Glutamatergic and GABAergic
postsynaptic responses were detected as early as E16. Both NMDA and AMPA receptors
contributed to glutamatergic postsynaptic responses. GABAergic postsynaptic responses resulted
primarily from activation of GABAA receptors. However, functional GABAC receptors were also
demonstrated. A glycinergic postsynaptic response was not found although functional glycine
receptors were demonstrated at E16. Solitary tract (ST) stimulation -evoked EPSCs, first detected
at E16, were eliminated by glutamate receptor antagonists. ST-evoked IPSPs, also detected at E16,
were eliminated by GABAA receptor antagonist. Thus, considerable prenatal development of
rNST synaptic connections occurs and this will ensure postnatal function of central taste
processing circuits.
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1. Introduction
The rostral nucleus of the solitary tract (rNST), the first relay in the central taste pathway,
receives afferent projections from cranial nerves VII and IX that innervate taste receptors in
the oral cavity. Central processes of the afferent taste fibers enter the lateral brainstem and
establish the solitary tract (ST) that sends medially directed collateral branches to terminate
in synapses with rNST neurons (King, 2006). Afferent synapses are located in clusters of
nerve endings that contact dendritic processes but not the neuronal soma of second order
neurons (Whitehead, 1986; Brining and Smith, 1996). A number of investigators have
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demonstrated that significant taste processing occurs at the rNST level of the central taste
pathway in complex circuitry for sensory information within the brainstem, subsequently
directed to the cortex (Smith and Lemon, 2006). Because newborns ingest milk and begin to
sample food in the environment (Mistretta and Bradley, 1985), the rNST must be functional
at birth. Thus, considerable prenatal development of rNST synaptic connections must occur
to ensure postnatal function.

Previous electrophysiological investigations of the synaptic characteristics of adult rNST
neurons have demonstrated a division into depolarizing excitatory postsynaptic potentials
(EPSP), hyperpolarizing inhibitory postsynaptic potentials (IPSP) and a mixed EPSP and
IPSP response (Wang and Bradley, 1995). Excitatory glutamatergic synapses are mediated
by NMDA- and non-NMDA (AMPA/kainate)-type receptors in rNST (Wang, 1995).
Application of the AMPA glutamate antagonist CNQX either reduces or blocks all EPSPs,
and the NMDA receptor antagonist APV also reduces the amplitude of the EPSPs When
both antagonists are applied, the EPSPs are entirely eliminated (Wang and Bradley, 1995).
Furthermore, use of glutamate receptor antagonists in vivo results in the elimination of all
taste evoked responses of rNST neurons (Li and Smith, 1997). In all, these results
demonstrate that excitatory synapses between gustatory afferents and rNST neurons are
glutamatergic, involving both AMPA and NMDA receptors.

Inhibitory activity in rNST has been studied by superfusing GABA agonists and antagonists
over brain slices of the medulla while recording from rNST neurons. All rNTS neurons
respond to GABA (Wang and Bradley, 1993; Du and Bradley, 1998), and use of the
GABAA receptor agonist muscimol and antagonist bicuculline confirm that GABAA
receptors are the predominant GABA receptor in rNST.

A time line for the emergence of these different types of synaptic activity is not known for
rodent rNST. However, ion channel development has a widely ranging prenatal course and
changing channel properties can contribute to emergence of synaptic properties and initial
establishment of neural circuits in rNST neurons (Suwabe et al., 2011). NST synaptic
thickenings appear at E15 and simple symmetrical membrane thickenings are seen at E17
followed by the appearance of vesicles at E19 (Zhang and Ashwell, 2001a). The sparse
information on postnatal NST synapse maturation includes descriptions of transformations
in the morphology of axon terminals (Rao et al., 1999), dendritic spines and filopodia
(Vincent and Tell, 1999) and synaptic density (Lachamp et al., 2002). GABAergic synaptic
density reportedly increases from E20 to P20 (Dufour et al., 2010; Yoshioka et al., 2006).

Understanding how and when rNST synapses begin to function during embryonic
development is a necessary first step for any future studies about regulatory factors in the
formation of rNST circuits involved in taste processing. Also, because a remarkable
plasticity is documented in the postnatal taste system (Hill and May, 2006), study of
temporal events in development of rNST function is necessary to understand the biological
underpinnings and limitations of taste plasticity. In the current study we investigated the
development of synaptic function of rNST neurons in prenatal rodents detailing both
electrophysiological and pharmacological properties during a broad gestational period.

2. Results
2.1. Location of the recording sites

Neuron location was confirmed in calbindin and neurofilament immunoreacted slices after
recording (three embryos each at E16, E18 and E20). Lucifer yellow stained, recorded
neurons were observed among calbindin-immunopositive neurons (Fig. 1A, A’, B, B’)
demonstrating that recording sites were located in the presumptive rNST. With
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neurofilament immunoreactions (three embryos each at E16, E18 and E20) we defined the
relationship of neurons to the developing ST. As shown in Fig. 1C, C’, D, D’, the Lucifer
yellow filled neurons are located medial to the ST in a meshwork of neurofilament stained
fibers that appear to be collateral branches of the ST. Again this places recorded neurons in
the area of the presumptive rNST.

2.2. Passive membrane properties
Included in data analysis were 93 neurons, with an average Vrest of −46 ± 1 mV; Rinput 2.4 ±
0.1 MΩ; membrane time constant 82 ± 4 ms; and, membrane capacitance 35 ± 1 pF. These
values are within the range of basic neuronal characteristics that we reported for embryonic
rNST neurons (Suwabe et al., 2011). We note embryo age and numbers of neurons
throughout the results.

We studied embryonic synapse properties with two broad approaches: (1) to identify
synaptic receptor types in rNST neurons and, (2) to characterize postsynaptic potentials
elicited by ST stimulation. Results are organized to present excitatory and inhibitory
synaptic properties.

2.3. Synaptic receptor expression in prenatal rNST neurons
2.3.1. Excitatory receptor expression—rNST neurons at E14 respond to glutamate
(0.5 mM) which depolarized Vm by 14 ± 0.3 mV in all E14 neurons tested (n = 5) (Fig. 2A).
The presence of NMDA and AMPA/kainate glutamate receptors in prenatal rNST was
determined by superfusion of 100 μM NMDA and 10 μM AMPA at E16 (n = 8) and E20 (n
= 4). All neurons tested responded to NMDA and AMPA application by average membrane
depolarization of 24 ± 3 mV and 30 ± 7 mV (Figs. 2B and 2C), respectively. Thus,
glutamate is an excitatory neurotransmitter at E14 and both NMDA- and AMPA-type
receptors are expressed and functional in rNST neurons as early as E16.

2.3.2. Inhibitory receptor expression—All E14 neurons tested (n = 5) (Fig. 3A) also
respond to 0.5 mM GABA which hyperpolarized the neurons by 35 ± 3 mV. These changes
in Vm were associated with reductions of Vm responses to hyperpolarizing current pulses
indicating reductions of Rinput. Thus, rNST neurons express GABA receptors as early as
E14.

GABA receptors are of three subtypes, GABAA, GABAB and GABAC. GABAA and
GABAB receptors have been shown to be involved in inhibitory synapses in adult rNST
(Wang and Bradley, 1995). To test for expression of GABA receptors in prenatal rNST
neurons, we recorded responses to the GABAA receptor agonist muscimol and GABAB
receptor agonist baclofen at E16 (n = 7) and E20 (n = 10).

The GABAA agonist, 10 μM muscimol, hyperpolarized Vm by 16 ± 1 mV with a reduction
of Vm (Fig. 3B). In contrast, none of the neurons that responded to muscimol responded to
100 μM baclofen (Fig. 3C). We used a higher concentration (1 mM) of baclofen in neurons
at E18 (n = 5), but none of the neurons showed significant response to baclofen. All of these
neurons were hyperpolarized by 0.5 mM GABA that was applied after washout (> 20 min)
of baclofen. These results indicate that whereas GABAA receptors are functional in
embryonic rNST neurons (muscimol effects), neural responses to GABA via GABAB
receptor were not discernible in prenatal rNST neurons. However, we found that baclofen
hyperpolarized Vm in rNST neurons at postnatal (P) day 40 (n = 5) confirming a previous
report of GABAB receptor activity in adult rNST (Wang and Bradley, 1995).
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GABAC-receptor-mediated responses have been reported in early postnatal neurons between
P0 and P14 but not after P21 (Grabauskas and Bradley, 2001). In investigating the
expression of GABAC receptors in prenatal rNST neurons that responded to GABA, we
recorded GABA-induced hyperpolarization in the presence of the GABAA receptor
antagonist bicuculline (BMI) at E16 (n = 5) and E20 (n = 5). At high concentrations (100 or
200 μM) BMI reduced the amplitude of the hyperpolarization induced by 1 mM GABA
application (Fig. 4A). Because we have already demonstrated that GABAB-receptor-
mediated neural response was negligible in prenatal rNST neurons, the BMI-insensitive
hyperpolarization must represent GABAC receptor activity. Furthermore, as shown in Fig.
4B, the decay of GABA-induced hyperpolarization was slower in the presence of BMI (48%
and 6% decay 10 s after the peak in the absence and presence of BMI respectively)
indicating that desensitization to GABA was weaker in the presence of BMI. Insensitivity to
BMI and relatively weak desensitization to GABA are established characteristics of GABAC
receptor activity (reviewed in Bormann and Feigenspan, 1995).

Glycine is a major inhibitory synaptic transmitter in rat brainstem including the NST (Batten
et al., 2010; Dufour et al., 2010a; Dufour et al., 2010b; Rampon et al., 1996; Zafra et al.,
1995). We tested expression of glycine receptors in prenatal rNST neurons (n = 10 at E16)
and found that 1 mM glycine hyperpolarized Vm by 15 ± 4 mV associated with reduction of
Vm responses to hyperpolarizing current pulses (Fig. 5). The data indicate that glycine
receptors are expressed and functional as early as E16 in rNST neurons.

In all, we find evidence of GABA and glycine receptors in rNST as early as E16. Further,
we demonstrated GABAA and GABAC, but not GABAB, function in embryonic rNST.
GABAB receptor function is, however, documented in postnatal rNST (Wang and Bradley,
1995), with a distinctive developmental time course.

2.4. Postsynaptic responses evoked by ST current stimulation in prenatal rNST neurons
Having determined that glutamate, GABA and glycine receptors are functional in embryonic
rNST, we investigated the characteristics of prenatal postsynaptic responses by stimulation
of the ST in rNST neurons at E16 (n = 5), E18 (n = 2) and E20 (n = 2). ST-evoked EPSCs
were already detectable at E16. EPSCs, observed in voltage-clamp recordings (61 ± 3 pA;
filled arrowhead in Fig. 6A), were eliminated by an AMPA/kainate receptor antagonist
CNQX (10 μM) (n = 9; open arrowhead in Fig. 6B).

In a further set of neurons at E16 (n = 5) and E20 (n = 5), EPSPs were observed in current-
clamp recordings (5 ± 2 mV; arrowhead in Fig. 7A) when slices were superfused with
normal ACSF. The amplitude of EPSPs significantly increased (22 ± 5 mV; double
arrowhead in Fig. 7B) when normal ACSF was replaced with Mg2+-free ACSF. The
enlarged EPSPs were significantly suppressed (5 ± 1 mV; open arrowhead in Fig. 7C) by an
NMDA-type receptor antagonist APV (50 μM). The EPSP amplitude returned to prior levels
after APV washout (double arrowhead in Fig. 7D). Thus, AMPA/kainate and NMDA
receptor-mediated glutamatergic synapses are established as early as E16 in rNST,
confirming data with superfused AMPA and NMDA in Fig. 2.

ST-evoked IPSPs were also detectable at E16. IPSPs were observed in current-clamp
recordings (n = 5 at E16 and n = 5 at E20; Figs. 8A and 8C). These IPSPs were eliminated
by 100 μM BMI alone (Figs. 8B and 8D) indicating that a GABAergic inhibitory neural
network between the ST and rNST neurons was established by E16. It should be noted that
no other IPSPs (e.g., GABAC- or glycine-receptor-mediated IPSP) were observed during the
application of BMI. The onset time of IPSPs largely varied with trials and single stimulation
sometimes evoked multiple IPSPs (asterisks in Fig. 8C). These results suggest convergence
of polysynaptic neural pathways to single rNST neurons. In a further group of rNST neurons
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at E18 (n=5), IPSPs and EPSPs were eliminated by a mixture of 10 μM CNQX and 100 μM
APV (data not shown) suggesting that polysynaptic inhibitory neural pathways involve
glutamatergic synapses.

3. Discussion
We have demonstrated prenatal synaptic activity in the brainstem taste relay nucleus, rNST,
and as early as E14 show that both excitatory (glutamate) and inhibitory (GABA) receptors
are functional. Indeed, glutamatergic and GABAergic postsynaptic responses were detected
as early as E16. As summarized in Fig. 9 both NMDA and non-NMDA (AMPA/kainate)
receptors contributed to glutamatergic postsynaptic responses. Whereas GABAergic
postsynaptic responses resulted primarily from activation of GABAA receptors, functional
GABAC receptors were also demonstrated. A glycinergic postsynaptic response was not
found although functional glycine receptors were demonstrated at E16. The data on
embryonic rNST synapse activity paint an image of potentially complex function as
brainstem taste circuits are emerging.

In rNST neurons, ST-evoked, GABAA-receptor-mediated IPSPs were apparent as early as
E16. The GABAA-receptor-mediated IPSPs are also observed in early postnatal (Grabauskas
and Bradley, 2001) and adult rNST neurons (Wang and Bradley, 1995). In contrast,
GABAC- and GABAB-receptor-mediated postsynaptic responses emerge at different times.
Whereas GABAC receptors are functional at E16 they do not contribute to evoked IPSPs.
GABAC- and GABAB- receptor-mediated IPSPs are detected in early postnatal (P0 - 14) and
adult rNST neurons respectively. This developmentally regulated emergence suggests the
potential for different roles of GABA receptor subtypes in the development of the brainstem
gustatory relay nucleus.

ST-evoked, glycinergic postsynaptic responses could not be recorded in prenatal rNST
neurons. Similar observations have been reported in early postnatal and adult rNST neurons
(Grabauskas and Bradley, 2001; Wang and Bradley, 1995). These data indicate that afferent
fibers of ST do not drive glycinergic input to rNST neurons. However, because glycine
receptors were functional as early as E16 in rNST neurons, glycinergic input may be driven
from other neural pathways or glycine may be spontaneously released from presynaptic
terminals (Dufour et al., 2010).

3.1. Anatomical development of rNST synapses
The developmental progression of synapse formation in rat rNST begins with production of
geniculate (facial nerve) and petrosal ganglion (glossopharyngeal nerve) cells at E10 - E13
(Fig. 9). In classic anatomical data, central processes from the facial and glossopharyngeal
ganglion neurons contribute to formation of the ST at E12 and E14 respectively (Altman and
Bayer, 1982). Simultaneously, presumptive rNST neurons are produced between E10 and
E13 with a peak at E12 (Altman and Bayer, 1980).

Synaptic connections from afferents to rNST neurons were described from E15, and
synaptic vesicles merged at synaptic terminals by E18 (Zhang and Ashwell, 2001a). At E19,
typical synaptic junctions are identified in all NST subnuclei (Zhang and Ashwell, 2001a).

We now have shown that by E14, rNST neurons are already excitable and express functional
glutamate and GABA receptors. In the absence of detailed evidence for morphology of
embryonic synapses and emerging circuitry, we are left with very basic knowledge of early
taste afferents in the ST (E13-E15) and neurons in NST (E11-E14). Aspects of synapse
development are indicated from E15-E19. Our results of synaptic activity from E14 fit
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within the known anatomical constraints; however our functional data suggest that future
studies may well identify synapses in rNST at earlier embryo stages.

Our data indicate that postsynaptic function, ST-evoked glutamatergic and GABAergic
postsynaptic responses, is developed at E16 before the anatomical description of the
establishment of ‘mature’ presynaptic structures at E19 (Zhang and Ashwell, 2001b).
However, it is possible that additional morphological investigation will reveal a different
developmental sequence more synchronized with the functional appearance of synaptic
activity in rNST. Moreover, brainstem postsynaptic responses have been recorded when
presynaptic structures are anatomically immature in the caudal nucleus of the solitary tract
(Balland et al., 2006; Sato et al., 1998) and the trigeminal nuclear complex (Momose-Sato et
al., 2004). In caudal NST excitatory synapses were identified first at E18 (Balland et al,
2006). Inhibitory axon terminals and synapses were noted from E20 (Dufour et al., 2010a).
In the trigeminal complex, postsynaptic function is demonstrated as early as E14 well
(Momose-Sato et al., 2004) in advance of apparent conventional synapses in morphological
studies (E17 and E19) (Al-Ghoul and Miller, 1993). In rostral and caudal NST and the
trigeminal complex, therefore, brainstem synaptic function is demonstrated before mature
synaptic structures.

Responses in morphologically immature synapses might be a type of paracrine intercellular
communication that has been reported in developing hippocampal neurons (Demarque et al.,
2002). In this mechanism, neural transmission is mediated by glutamate and GABA released
without synaptic vesicle formation. Various functional roles for embryonic synapse
structures and activity should be considered as firm data continues to come forward for
prenatal synapses in rNST.

3.2. Development of pre- and postsynaptic function
In the embryo glutamatergic postsynaptic responses are mediated by NMDA and non-
NMDA receptors. GABAergic postsynaptic responses are mediated solely by GABAA
receptors. Whereas GABAC and glycine receptors are already functional in embryonic rNST
neurons, ST-evoked postsynaptic responses mediated by these receptors are not detectable.
GABAC-receptor-mediated postsynaptic responses appear in rNST neurons between P0 and
P14.

Other investigators have reported a similar temporal development of neurotransmitter
receptors that precedes the appearance of synaptic activity and have detailed how
neurotransmitters have various roles in neural development (reviewed in Manent and
Represa, 2007). Both glutamate and GABA have been shown to regulate neuron
proliferation, growth, migration, differentiation and survival (Nguyen et al., 2001; Manent
and Represa, 2007). NMDA and GABAA/C receptors can participate in influencing neuronal
migration in cortical development (Behar et al., 1996; Kihara et al., 2002; Komuro and
Rakic, 1993; Heck et al., 2007; Hirai et al., 1999). In developing mouse cerebellum, NMDA
receptor block decreased the migratory distance before synapse formation (Komuro and
Rakic, 1993). Thus, the early expression of glutamate and GABA receptors in rNST neurons
suggests the potential for similar roles in proliferation, migration and differentiation of
presumptive rNST neurons.

3.4. Possible influence of afferent activity on rNST synaptic development
Neurobiologists have long known that neural activity can refine the patterning of neural
connections (Katz and Shatz, 1996). Glutamatergic synaptic activity influences neural
network formation including axonal growth and sensory afferent projection patterns in the
visual system (Herrmann and Shatz, 1995; Shatz and Stryker, 1988; Sretavan et al., 1988).
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In the developing somatosensory system, activity in postsynaptic NMDA receptors plays an
important role in organization of afferent input in the trigeminal somatosensory pathway
(Iwasato et al., 1997; Schlaggar et al., 1993; Li et al., 1994).

It has been suggested that synaptic activity in rNST affects gustatory terminal field
organization and synaptic connections (Mangold and Hill, 2007; May et al., 2008).
Moreover, because development of the ascending gustatory pathway has been shown to take
place sequentially from the periphery to the parabrachial nucleus (Hill et al., 1982; Hill et
al., 1983; Hill, 1987; Lasiter and Kachele, 1988; Lasiter et al., 1989), synaptic connections
and activity in rNST would influence development of neural circuits in higher gustatory
relays.

Remarkably, dietary sodium restriction in the pregnant dam during early embryonic
development influences the organization of primary gustatory afferents in rNST (Mangold
and Hill, 2007). This restriction alters rNST neuron morphology (King and Hill, 1993) and
the postnatal response magnitudes to lingual application of sodium (Vogt and Hill, 1993).
This suggests that reduced synaptic activity between afferent fibers and rNST neurons
influences the organization of gustatory afferent input, possibly by NMDA receptor-
dependent refinement of synaptic connections (Iwasato et al., 1997).

3.5 Summary
Based on the results of the current investigation and published details of morphological
development, a developmental time line of rNST formation has been summarized in Fig. 9.
Cells of the geniculate and petrosal ganglia are produced between E10 - E13 with a peak at
E12 (Altman and Bayer, 1982). Central processes of the geniculate ganglion enter the
brainstem, turn caudally to form the ST between E13 and E15. Between E12 and E15 the
presumptive neurons of rNST are produced (Altman and Bayer, 1982). Collateral processes
of the ST begin to make contact with developing rNST neurons at E14 and by E18 have
matured with synaptic vesicles and thickenings.

As early as E14, embryonic rNST neurons respond to application of glutamate and GABA.
Use of glutamate and GABA receptor antagonists reveals that both NMDA and AMPA/
kinate glutamate receptors are involved in embryonic glutamate responses and GABAA
receptors predominate in GABA responses. GABAC responses were demonstrated in late
embryonic ages, but GABAB responses were not demonstrated until after birth. From E16,
postsynaptic responses could be evoked by stimulation of the ST. Both EPSPs and IPSPs
were recorded, mediated by NMDA and non-NMDA receptors. Inhibitory responses were
mediated by activation of GABAA receptors. Although glycine responses were elicited via
direct application to the recorded neurons, postsynaptic responses mediated by glycine were
not observed. Postsynaptic responses attributable to GABAC receptors did not appear until
P0.

The summary of known time courses for ganglion, tract and neuron development, with rNST
neuron formation and acquisition of synaptic receptors and functions, conveys an extensive
panoply of emerging morphology and electrophysiology. The taste system is not quiescent
or passive in the embryo but is poised to respond to, and be shaped by, chemicals in the
amniotic fluid which the embryo swallows (Bradley and Mistretta, 1973; Teicher and Blass,
1977; Bayol et al., 2007). In turn this active, developing, embryonic taste system is set for
further extensive postnatal development as the newborn experiences a maternal diet via
lactation and eventually weans to forage on its own. There is ample opportunity for
chemicals in the diet to alter taste responses as this highly plastic system continues to add
taste buds, receptors, afferents and central structures postnatally, after the embryonic taste
system initiates considerable and potentially complex synaptic action.
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4. Experimental Procedure
4.1. Preparation of brainstem slices

Sprague-Dawley rats at embryonic age (E) 14, 16, 18 and 20 days were used in this study.
All procedures were carried out under National Institutes of Health and University of
Michigan Animal Care and Use Committee approved protocols. Embryos were obtained
from timed pregnant dams (Charles River) by hysterectomy under halothane anesthesia. The
day on which a vaginal plug was found was considered to be E0 (Altman and Beyer, 1982,
define sperm positive as day E1. When quoting the data from Altman and Beyer we have
adjusted the embryonic timing to be consistent with the current investigation). Embryos
were decapitated and the brain rapidly removed and cooled for 5 – 8 min in a 4°C
oxygenated solution in which NaCl was replaced with isosmotic sucrose (Aghajanian and
Rasmussen, 1989). The brainstem was blocked, embedded in agarose, secured to a
Vibratome stage (Technical Products International) and sectioned horizontally into 225 μm-
thick slices. Slices were incubated for at least 1 hour in oxygenated artificial cerebrospinal
fluid (ACSF) at room temperature before a recording. ACSF contained (in mM) 124 NaCl, 5
KCl, 2.5 CaCl2, 1.3 MgSO4, 26 NaHCO3, 1.25 NaH2PO4 and 25 dextrose, was gassed with
a 95% O2-5% CO2 mixture to achieve a solution pH of 7.4.

4.2. Recording
Brainstem slices were transferred to a recording chamber attached to the stage of a fixed
stage microscope (E600FN, Nikon). During recording, the slice was superfused at 2 – 2.5
ml/min with oxygenated ACSF. The recording chamber was kept at 32°C by a heating unit.
Neurons were observed using infrared differential interface contrast optics (IR-DIC, Dodt
and Zieglg nsberger, 1990) via a CCD camera (IR-1000, DAGE-MTI). Neurons were
recorded in whole-cell configuration using a patch-clamp amplifier (AxoClamp 2B, Axon
Instrument).

Borosilicate glass patch pipettes (TW150F-4, World Precision Instruments) were made
using a two-stage puller (PP-83, Narishige) and filled with a solution that contained (in mM)
130 K-gluconate, 10 n-2-hydroxy-ethylpiperazine-N’-2 ethanesulfonic acid (HEPES), 10
ethylene glycol-bis(β-aminoethyl ether)-N’,N’,N’,N’-tetraacetic acid (EGTA), 1 MgCl2, 1
CaCl2, and 2 ATP, buffered to pH 7.2 with KOH. Lucifer yellow (Sigma) was dissolved in
the pipette solution at a concentration of 0.1% to label recorded neurons. Tip resistance of
filled pipettes was 6–8 MΩ.

Neural responses to GABA, glutamate and glycine receptor agonists were recorded in
current-clamp mode in the presence of voltage-gated Na+ channel blocker tetrodotoxin (1
μM) and voltage-gated Ca2+ channel blocker CdCl2 (200 μM) to isolate recorded neurons
from synaptic input. Changes in neuronal input resistance were monitored by injecting
negative constant current pulses (100 ms, 0.1 nA) into the neuron at a frequency of 0.15 Hz.
The concentrations used were based on our earlier studies in adult rNST (Wang and Bradley,
1995).

To evoke postsynaptic currents (PSCs) or potentials (PSPs) in rNST neurons at E16, E18
and E20, a bipolar electrode (125 μm outer diameter; FHC) was carefully positioned on the
ST and current stimuli (< 1 mA, 0.2 ms duration) delivered by a square pulse stimulator
(S88, Grass Technologies). The stimulating site was separated from the recording site by
approximately 200 – 300 μm. Glutamate- or GABA-receptor antagonists were used to
confirm that the response initiated by the current stimulus was a postsynaptic response, and
not evoked by direct current stimulation. The amplitude of the evoked excitatory
postsynaptic currents (EPSCs) and EPSPs were maintained below action potential threshold
by stimulus current intensity adjustment. EPSCs were recorded in voltage-clamp mode when
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neurons were clamped at −70 mV. EPSPs and IPSPs were recorded in current-clamp mode
when baseline membrane potential (Vm) was maintained at −70 mV and −30 mV by
constant DC current respectively.

4.3. Confirmation of recording site
As described in our previous study (Suwabe et al., 2011) the ST was used as an anatomical
landmark to locate the prenatal rNST in brainstem slices. After recording, patch pipettes
were withdrawn from the neurons and the slices superfused with ACSF for approximately
15 min. Slices were then fixed in 4% paraformaldehyde and incubated in a blocking reagent
containing 10% normal goat serum. Antibodies to rabbit polyclonal anti-calbindin D-28K
(Chemicon) and mouse monoclonal anti-neurofilament (Sigma) were used to locate neurons
and nerve fibers in the ST. The fixed slices were incubated in primary antibody at 4°C and
after rinsing were incubated in secondary antibodies (Alexa Fluor 568-conjugated goat anti-
rabbit or mouse IgG, Invitrogen). DAPI was used for nuclear staining. Slices were mounted
on glass slides and coverslipped with an aqueous mounting medium (Fluoro-Gel, Electron
Microscopy Sciences).

Confocal image stacks of the slices were acquired using a laser-scanning confocal
microscope (Nikon C-1) and image acquisition software (EZ-C1, Nikon). Merged images
were prepared from the confocal stacks using EZ-C1 software. Final images were enhanced
only for brightness and contrast using Photoshop (Adobe).

4.4. Data analysis
Electrophysiological data were analyzed using the data analysis module Clampfit of
pCLAMP 8 (Axon Instrument). The junction potential due to potassium gluconate (10 mV)
was subtracted from Vm values. Whole-cell configuration was first established in current-
clamp recording mode and resting membrane potential (Vrest), input resistance (Rinput) and
membrane time constant were measured. Rinput was calculated from change in Vm evoked
by a hyperpolarizing current (10 pA, 2 s long). Membrane time constant was measured by
fitting a single exponential function to the data points in the hyperpolarizing phase of the
same recording. Membrane capacitance was calculated by dividing the time constant by
Rinput.

Because our preliminary data showed there was no significant difference in amplitude of
evoked PSP among E16, E18 and E20 rats (6 ± 2 mV, 8 ± 2 mV and 11 ± 2 mV,
respectively; n = 6 each, p > 0.1, ANOVA), we did not compare characteristics between age
groups in experiments on postsynaptic response as well as receptor expression.

Statistical analysis was conducted using PASW Statistics 18 (SPSS) software. Effects of
Mg2+-free solution and APV on EPSP amplitude were assessed using Kruskal–Wallis test
followed by multiple Mann-Whitney tests with the Bonferroni correction. Significance level
was set at 0.05. The results are expressed as median ± median absolute deviation; the other
statistic values in the text mean ± SEM. Only responding neurons were included in statistical
analysis.
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Highlights

We detail development of excitation and inhibition in rat brainstem gustatory
nucleus.

We demonstrate appearance of glutamate, GABA and glycine receptors as early as
E14.

We analyze development of rNST synaptic responses to solitary tract stimulation.

The underlying mechanisms of developing synaptic activity are explored.

We correlate functional and anatomical development rNST synapses.
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Fig. 1.
Post-recording immunohistochemistry in E16 and E20 brainstem slices. Recorded neurons
(green) were intracellularly labeled by Lucifer yellow (LY). A, A’, B and B’: Recorded
neurons were located in a cluster of calbindin (CALB)-immunoreactive cells (red)
surrounding ST (indicated by asterisks). C, C’, D and D’: ST and the fibers extending
medially to presumptive NST were neurofilament (NF-M)- immunoreactive (red). Recorded
neurons were located in a meshwork of the NF-M-immunoreactive fibers. Blue color in all
images was derived from nuclear staining with DAPI.
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Fig. 2.
A: Responses to glutamate, E14 neuron. This neuron responded to 0.5 mM glutamate with
depolarization. Hyperpolarizing current pulses were injected to monitor change in Rinput. Vm
was restored to Vrest level (dashed line) with constant DC current (DC) for calculation of
change in Rinput. In this neuron, glutamate decreased Rinput. B and C: Response to glutamate
receptor agonists NMDA and AMPA, E20 rNST neuron. This neuron responded to (B) 10
μM AMPA and (C) 100 μM NMDA with membrane depolarization. AMPA and NMDA
decreased and increased Rinput respectively. Black bars above traces indicate timing and
duration of the drug application. Dashed lines indicate Vrest level.
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Fig. 3.
A: Responses to GABA, E14 neuron. This neuron responded to 0.5 mM GABA with
hyperpolarization. Hyperpolarizing current pulses were injected to monitor change in Rinput.
Vm was restored to Vrest level (dashed line) with constant DC current (DC) for calculation of
change in Rinput. B and C: Response of an rNST neuron to the GABAA receptor agonist,
Muscimol, and GABAB receptor agonist, Baclofen, at E16. This neuron responded to 10 μM
muscimol with membrane hyperpolarization and decrease in Rinput (B) whereas it did not
show significant response to100 μM baclofen (C).
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Fig. 4.
GABA-induced hyperpolarization is insensitive to the GABAA receptor antagonist
bicuculline (BMI), E20 neuron. A: GABA-induced hyperpolarizations in absence (thin-lined
trace) and presence (thick-lined trace) of 200 μM BMI. B: Comparison of the decay
between GABA-induced hyperpolarizations in absence (thin-lined trace) and presence
(thick-lined trace) of BMI. The hyperpolarizations were scaled so that those peaks
superimposed. Dashed line indicates Vrest level.
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Fig. 5.
Response to glycine in an E16 neuron. This neuron responded to 1 mM glycine with
membrane hyperpolarization and reduction of Rinput.
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Fig. 6.
Excitatory postsynaptic currents (EPSCs) evoked by current stimuli to ST in an E16 neuron.
A: EPSCs (filled arrowhead). B: The AMPA/kainate-type receptor antagonist CNQX
eliminated the EPSCs (open arrow). C: The EPSCs reappeared after the washout of CNQX.
EPSCs were evoked by current stimuli repeated at 0.1 Hz (one stimulus per trial). Gray
traces show the average of individual trials (black traces). Arrows point out stimulus onsets.
Dashed lines indicate 0 pA level. Holding potential was set at -70 mV.
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Fig. 7.
NMDA receptor-mediated excitatory postsynaptic potentials (EPSPs) evoked by current
stimuli to ST in an E20 neuron. A: EPSPs in normal ACSF (filled arrowhead). B: The
EPSPs enlarged in Mg2+-free ACSF (double arrowhead). C: The enlarged EPSPs were
suppressed by a NMDA-type receptor antagonist APV (open arrowhead). D: The enlarged
EPSPs reappeared after the washout of APV (double arrowhead). EPSPs were evoked by
current stimuli repeated at 0.1 Hz. Baseline Vm was maintained at -70 mV (dash lines) with
constant DC current.
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Fig. 8.
Inhibitory postsynaptic potentials (IPSPs) evoked by current stimuli to ST in an E20 neuron.
A and B, superimposed series of evoked IPSPs before and after BMI application. A: Evoked
IPSPs (asterisks). B: The IPSPs were eliminated by BMI. IPSPs were evoked by current
stimuli repeated at 0.1 Hz. Baseline Vm was maintained at -30 mV (dash lines) with constant
DC current. C and D, individual traces of evoked IPSPs before and after BMI application. C:
The onset time of IPSPs varied from trial to trial. Single stimulations evoke both single and
multiple IPSPs as indicated by asterisks.
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Fig. 9.
Timelines of the prenatal development of the rNST including synaptic receptor expression
and postsynaptic potentials evoked by ST stimulation. Current knowledge of morphological
events in rNST embryogenesis (Hill, 2006) is also included to provide correlations between
structural and functional developments. (The rodent trigeminal sensory nucleus undergoes a
similar developmental time line (see Fig. 12 in Momose-Sato, 2004)
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