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ABSTRACT

The chorda tympani nerve (CT), one of three nerves
that convey gustatory information to the nucleus of the
solitary tract (NTS), displays terminal field reorganiza-
tion after postnatal day 15 in the rat. Aiming to gain
insight into mechanisms of this phenomenon, CT axon
projection field and terminal morphology in NTS subdivi-
sions were examined using tract tracing, light micros-
copy, and immunoelectron microscopy at four postnatal
ages: P15, P25, P35, and adult. The CT axons that in-
nervated NTS rostrolateral subdivision both in the adult
and in P15 rats were morphologically distinct from
those that innervated the rostrocentral, gustatory subdi-
vision. In both subdivisions, CT terminals reached mor-
phological maturity before P15. Rostrolateral, but not

rostrocentral axons, went through substantial axonal
branch elimination after P15. Rostrocentral CT synap-
ses, however, redistribute onto postsynaptic targets in
the following weeks. CT terminal preference for
GABAergic postsynaptic targets was drastically reduced
after P15. Furthermore, CT synapses became a smaller
component of the total synaptic input to the rostrocen-
tral NTS after P35. The results underlined that CT axons
in rostrocentral and rostrolateral subdivisions represent
two distinct populations of CT input, displaying different
morphological properties and structural reorganization
mechanisms during postnatal development. J. Comp.
Neurol. 520:3217-3235, 2012.
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The chorda tympani nerve (CT) is a branch of the facial
nerve, conveying sensory information originating from the
fungiform papillae located on the anterior third of the
tongue and the anterior foliate papillae located on the
posterior tongue to the nucleus of tractus solitarii (NTS)
(Whiteside, 1927). While a major termination site for
these axons is in the gustatory, rostrocentral subdivision
of the NTS, which contains cells that project to the waist
region of the parabrachial nucleus (Norgren and Leonard,
1973; Norgren, 1978; Whitehead, 1990; Halsell et al.,
1996; Halsell and Travers, 1997), the CT also sends a
substantial projection to the rostrolateral and caudal ven-
trolateral subdivisions (Whitehead et al., 1999; Corson
et al.,, 2012). Developmentally, an adult-type terminal
field pattern emerges in rat between postnatal days (P)15
and 60, during which initially widespread and dense CT
projections gradually become more compact (King and
Hill, 1991; Krimm and Hill, 1997; May and Hill, 2006; Sol-
lars et al., 2006; Mangold and Hill, 2007, 2008). As this
development also coincides with a similar reorganization
of greater superficial petrosal (GSP) and glossopharyn-
geal (IX) inputs terminating in distinct yet overlapping
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regions of NTS (May and Hill, 2006; Mangold and Hill,
2007, 2008), competitive influences among orosensory
afferent fibers to NTS are deemed important in instruct-
ing axon branch retraction, synapse pruning, and thus ter-
minal field formation (Corson and Hill, 2012).

Competitive pruning of initially exuberant developing
axons is a common strategy for establishing proper func-
tional connections, and provides a substrate for neural
plasticity in developing primary sensory and motor inputs.
Developmental stages of axon elimination are encoun-
tered in many systems including neuromuscular junction
motor afferent innervation (Colman et al., 1997; Kasthuri
and Lichtman, 2003), retinogeniculate segregation (Katz
and Shatz, 1996; Penn and Shatz, 1999; Demas et al.,
2006; Ziburkus and Guido, 2006), and sensory map
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formation (O’Leary et al., 1990, 1992; McLaughlin et al.,
2003; Kamiyama et al., 2006; Inan and Crair, 2007). In
those systems, synapse pruning is instrumental in elimi-
nation of polyneuronal convergence, which may underlie
Hebbian-type interactions in determining lifelong targets
of sensory afferent fibers. Furthermore, this competitive
pruning occurs while the axons are still in the early stages
of their maturation. These exuberant synapses are mor-
phologically immature (Campbell and Shatz, 1992; Sanes
and Lichtman, 1999; Kasthuri and Lichtman, 2003), and
the elaboration of synapse number and morphology con-
tinues after the pruning stages are completed (Luo and
O’Leary, 2005).

Aiming to gain insight into the mechanisms of develop-
mental CT axonal reorganization, we tested the hypothe-
sis that CT axonal pruning between P15 and adult in the
rat NTS coincides with a stage of morphological matura-
tion similar to mechanisms observed in other systems in
the vertebrate brain. Further, we determined whether any
differences exist between the CT axons that are located
in regions from which major axon retraction occurs after
P15 and those that continue to receive the majority of CT
input. In order to test these hypotheses, we examined
subdivision specificity for axon retraction and the mor-
phological properties of CT terminals and their postsynap-
tic targets at four postnatal ages (P15, P25, P35, and
adult) at both the light and electron microscopic levels.

MATERIALS AND METHODS

All data were obtained from 28 Sprague-Dawley rats
(Harlan, Indianapolis, IN) at P15 (n = 10; included ani-
mals at P15 or P16), P25 (n = 4), P35 (n = 4), and adult
(P60 or older; n = 10). Three of the adult animals were
also used in a previous light microscopy study (Corson
etal., 2012). All animal procedures were performed in ac-
cordance with National Institutes of Health (NIH) guide-
lines for humane handling of animals and all protocols
were approved by the Institutional Animal Care and Use
Committee at the University of Virginia.

Tracer application and tissue preparation
Rats were maintained on a standard diet throughout
the experiments and nerve-labeling surgeries were per-
formed at each designated age. For application of tracers,
each animal was anesthetized with medetomidine /keta-
mine (0.2, 20 mg/kg; intramuscularly [IM]), and placed
on a water-circulating heating pad to maintain body tem-
perature. A nontraumatic head holder (Erickson, 1966)
was used to stabilize the animal and the ventral surface
of the neck incised. Blunt dissection of muscle and con-
nective tissues allowed access to the tympanic bulla (Sol-
lars and Hill, 2005), in which a small hole was made to ex-

pose the CT. The CT was then cut peripheral to the
ganglia and crystals of 3 kD biotinylated dextran amine
(BDA, Invitrogen, Carlsbad, CA) were placed on the proxi-
mal end of the nerve. The incision was then sutured and
the rat was injected with atipamezole (IM, 1.6 mg/kg) to
reverse the anesthesia. Following 48-hour survival time,
each rat was deeply anesthetized with urethane (3 g/kg)
and transcardially perfused with Tyrodes Buffer (137 mM
NaCl, 5.5 mM dextrose/glucose, 1.2 mM MgCl,, 2 mM
KCl, 0.4 mM NaH,PO,4, 0.9 mM CaCl,, 11.9 mM NaHCOj3;,
in 1L dH,0; pH 7.3) at room temperature, followed by ei-
ther 4% paraformaldehyde (for light microscopy) or a mix-
ture of 4% paraformaldehyde and 1% glutaraldehyde (for
electron microscopy) in 0.1 M phosphate buffer (PB, pH
7.4). The brains were removed and postfixed in the same
fixative overnight. The medulla was then blocked and sec-
tioned either horizontally or coronally on a vibratome
(Leica VT1000S) at 50-um thickness. Sections were col-
lected in phosphate-buffered saline (PBS; 0.01 M PB +
0.9% NaCl; pH 7.4) at room temperature, then reacted
with 1:100 avidin-biotin peroxidase complex (ABC; Vec-
tor, Burlingame, CA) in PBS overnight at 4°C. For sections
that were examined only with the light microscope, 0.1%
Triton X-100 was added to the ABC solution. Following
3 x 3-minute rinses in PBS, all sections were treated with
0.06% diaminobenzidine (DAB) and 0.01% H,0, in PBS for
5-12 minutes. Sections were then either mounted onto
subbed glass slides for light level analysis or prepared for
electron microscopy.

Light microscopy

Five P15 and three adult brains were used for light
microscope identification of CT terminal fields within NTS
subdivisions. For this, brains were sectioned coronally in
three series. Two of the series were immediately mounted
on subbed glass slides and were processed for either
Nissl or myelin staining. The sections from the third series
were collected and maintained in multiwell culture plates
throughout ABC and DAB processing, after which they
were mounted onto subbed glass slides, dehydrated, and
coverslipped. Thus, we were able to preserve the serial
order of all sections through NTS, stained with three dif-
ferent markers (Nissl, myelin, and CT axons), as
described in detail previously (Corson et al., 2012).
Briefly, one series was stained for Nissl using standard
procedures with cresyl violet. The myelin stain was per-
formed using a previously established gold chloride
method (Schmued, 1990; Schmued and Slikker, 1999)
with modifications. Sections were rehydrated in PBS and
stained for 15-30 minutes in 0.2% gold hydrochloride
(HAuCl4 in 0.02 M PBS, pH 7.4) at 60°C followed by 2-3
minutes in 0.2% gold potassium chloride (KAuCly in 0.9%
NaCl) also at 60°C. Staining was determined to be
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complete when fine black myelinated fibers were
observed in the lateral NTS and sections were stained
uniformly. The slides were then rinsed 2 x 2 minutes in
PBS and incubated for 3 minutes in 1% sodium thiosulfate
at 60°C, followed by rinses in PBS, dehydration, and cov-
erslipping. The sections containing NTS were photo-
graphed at 5x, 20X, or 40 x magnifications using a Leica
DC200 camera. Adjacent myelin, Nissl, and CT-labeled
sections were overlaid with Photoshop and lllustrator
(Adobe, San Jose, CA), and structural borders and land-
marks from myelin and Nissl were transposed onto the
adjacent CT-labeled section.

Electron microscopy

DAB-stained sections (coronal or horizontal sections)
were incubated in 1% osmium tetroxide in PB for 1 hour
and in 4% uranyl acetate dissolved in 70% ethanol for 2-
18 hours. They were then dehydrated sequentially in
increasing concentrations of ethanol and acetone (EM
grade, Electron Microscopy Sciences, Fort Washington,
PA, EMS). Sections were then treated with 50/50 ace-
tone/resin (EMBED812; EMS) for 2 hours, followed by full
resin overnight. Sections were placed between two ace-
tate sheets and cured in a 60°C oven for 1-2 days. These
flat-embedded sections were examined with a light micro-
scope to detect DAB-labeled CT projection fields in the
rostral NTS; tissue landmarks and the labeled region
were drawn with a camera lucida. The regions of interest
were further trimmed and repolymerized at the bottom of
BEEM capsules. The features of capsule-embedded sec-
tions were sketched in detail and the block was trimmed
to a 2 x 1 mm trapezoidal block that spanned the NTS
mediolaterally and contained the CT-labeled region. In
horizontal sections the trapezoid typically contained the
densest CT label field. In coronal sections the trapezoid
contained either both the rostrocentral and rostrolateral
subdivisions, or it contained the ventrolateral subdivision
of the caudal NTS. Using a Leica Ultracut UCT, ultrathin
sections (70-90 nm) were cut at a plane near-parallel to
the surface of thick vibratome sections. This approach
ensures that the top 5-10 pum of thick vibratome sec-
tions, where immunolabeling is present, are sectioned to
yield a wide (100-200 pm) strip of labeled ultrathin tis-
sue, called the tissue-resin interface. Sections were col-
lected on 200-mesh nickel grids.

Postembedding GABA immunostaining
Previously published methods were used to achieve
GABA labeling in postembedded tissue (Phend et al.,
1992; Bickford et al., 1994; Erisir et al., 1997). Briefly, af-
ter ultrathin sectioning grids containing sections through
tracer-labeled region of NTS were rinsed in 0.05 M Tris
buffer with 0.9% NaCl and 0.1% Triton X-100 (TBST, pH
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7.6), and subsequently placed under droplets of a
1:1,000 to 1:2,000 dilution of rabbit anti-GABA antibody
(Sigma Chemical Company, St. Louis, MO; A#2052) in
TBST overnight. The immunogen used to produce the
GABA antibody was GABA-bound to bovine serum albu-
min (BSA). The GABA antibody shows positive binding
with GABA and GABA-keyhole limpet hemocyanin, but not
BSA, in dot blot assays (Sigma product information). Post-
embedding staining produced secondary binding that
showed selectivity to only a portion of neuropil profiles,
and it resulted in background gold binding that is compa-
rable to previously published work using the same anti-
body (Brown et al., 2000; Erisir and Dreusicke, 2005;
Bickford et al., 2010; Wang and Bradley, 2010; also see
Tamamaki et al., 2003, who demonstrated specificity of
this antibody in GAD67-containing cells). After primary
antibody incubation, the sections were rinsed in TBST
and incubated in 1:25 dilution of goat antirabbit 1gG con-
jugated to 15-nm gold particles (Amersham, Arlington
Heights, IL) in TBST for 1 hour. Uranyl acetate (4%) or
lead citrate (2%) counterstaining was applied for contrast.

EM data collection from tracer-labeled tissue

Ultrathin sections were examined on a JEOL 1010 elec-
tron microscope. Consistent anterograde tracer labeling
was found within 100 pm from the tissue-resin transition
line and data collection was limited to a 5-50-um wide
strip at the tissue-resin interface. A 16 M pixel digital
camera (SIA-12C, Scientific Instruments and Applica-
tions, Duluth, GA) was used to capture images at 8,000 x
or 12,000 x magnification. For analysis of CT synapse vol-
umetric density (Nv, see below), images from near-adja-
cent regions were made into a montage to form a com-
posite of a uniformly stained expanse of tissue. Images
were examined at about 50,000 x final screen magnifica-
tion and several measurements were taken using Image
Pro Plus (v. 5.1, Media Cybernetics, Silver Spring, MD).
The total area of neuropil appearing in the images (A) was
calculated by excluding the areas occupied by cell
somata, blood vessels, and myelinated axons. The aver-
age area of neuropil examined from each brain was 1.14
+ 0.02 x 10% pm?. Within each composite area the fol-
lowing profiles were identified: 1) labeled profiles (antero-
gradely labeled CT fibers) that displayed a synapse at the
cross-section; 2) labeled profiles without a synapse; 3)
unlabeled profiles with a synapse; 4) profiles that were
postsynaptic to labeled terminals with a synapse. From
these profiles the following measurements were taken: i)
synapse length of labeled terminal with a synapse (SL),
and synapse length of unlabeled terminals (SL,); ii) area
of synaptic terminal (TA)); iii) minimum (C,,») and maxi-
mum (Cnax) calibers of labeled profiles; iv) minimum cali-
ber (Cin) of profiles postsynaptic to labeled terminals; v)
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number of synapses formed by labeled terminals (Ng)
and by all terminals (Ng). We used counting methods and
correction for synapse size bias, as done previously by us
and others (DeFelipe et al., 1999; Erisir and Harris, 2003;
May et al., 2007).

The estimated total axon length (La,) was calculated
using a previously described quantification approach (Eri-
sir and Dreusicke, 2005; May et al., 2007). For this, the
formula, Z[(C?,,,-C2;, )% °+t], was applied, where t is the
thickness of the ultrathin section (70 nm). This calcula-
tion yields an estimate of total axon length represented
by the cross-sections of labeled axon within the examined
area. This measure is then applied to calculate areal axon
density (Lax/A) and axon synapsing frequency (Ng./Lax)-
Volumetric density of labeled synapses (Nv.) was also
calculated using a previously described quantification
approach (Ng_ / [A * Lg.]; DeFelipe et al., 1999; Erisir and
Harris, 2003). A similar formula was applied (Ns / [A; *
Ls]) to compute volumetric density of all synapses (la-
beled and unlabeled, Nv; Ls denotes the average length of
all synapses) within the analyzed region. The use of volu-
metric density rather than simple area density measure-
ments aims to eliminate the sampling biases that may
occur in data collection strategies in which sampled units
(in this case, synapses) are larger than the tissue thick-
ness, and variables (labeled vs. all synapses) may have
different thicknesses, thereby having different sampling
probabilities. The ratio of all synapses within a given
region that are formed by CT axons was then obtained.

Data collection from anterograde tracer and
GABA-labeled tissue

Ultrathin sections containing DAB-labeled CT terminals
and gold-labeled GABAergic dendrites and axons were an-
alyzed. All synaptic contacts made by labeled terminals
and their postsynaptic targets were photographed at
8,000x magnification. Images were examined using
Image Pro Plus, and the areas of postsynaptic profiles as
well as the number of gold particles contained therein
were measured to calculate a gold density index (number
of gold / area of profile) for each postsynaptic profile.
The value for background gold density was determined in
DAB-negative presynaptic profiles that formed asymmet-
ric synapses (thus, presumed GABA-negative). The top
95th percentile gold density obtained from morphologi-
cally non-GABAergic profiles was used as the criterion for
GABA positivity; that is, the minimum gold density for
GABA+ classification. This criterion approach ensures
eliminating the variability that may arise from immuno-
staining conditions of each brain, and it is not affected by
the variability of GABA amount in different neurons and at
different ages. The gold density index was also deter-
mined in DAB-negative (non-CT) terminals that made a

synapse on the same postsynaptic profile as the DAB-
positive (CT) terminal.

Statistical analysis

Statistical comparisons among the four age groups
were performed by analysis of variance (ANOVA). Post-
hoc comparisons were accomplished with least signifi-
cant difference (LSD) tests, unless the variances were not
homogeneous, which was determined by the Levene test.
The variances were not homogeneous for tests of axonal
density, total volumetric density, and synaptic length. For
these tests, post-hoc comparisons were performed with
Dunnett’s T3 test. For comparisons of frequency distribu-
tions of pooled populations, nonparametric Kruskal-
Wallis and Mann-Whitney U-tests were used. A chi-
square test was used to examine the synaptic frequency
of CT terminals across different ages. The alpha level of
0.05 was used to determine statistical significance.

RESULTS

Light microscopic characterization of CT
projections

BDA placed at the cut nerve resulted in labeling of CT
axons in the NTS at all ages examined. Superior salivatory
nucleus cells, which innervate the parasympathetic sub-
mandibular ganglion via CT, were also retrogradely la-
beled in all cases. In order to determine the subdivisional
localization and spread of CT labeled axons within NTS,
we examined the entire brainstem stained for BDA (CT
axons), myelin, and Nissl on adjacent sections (Fig. 1). As
also described in our previous work (Corson et al., 2012),
this allowed the identification of NTS subdivision borders
on tracer-labeled tissue, and for the construction of com-
plete sequences of tracer-labeled areas on a coordinate
plane anchored at the anterior-most aspect of area post-
rema. The myelin stain allowed clear identification of the
course of the solitary tract and dorsal and medial borders
of the nucleus in both adult and P16 animals (Fig. 1B,E).
The pattern of myelinated axon bundles of reticular for-
mation tentatively defined the ventral border of the NTS
at both ages, although in P15 brains the reticular forma-
tion myelination seems to still be in progress. The border
between rostrocentral and rostrolateral subdivisions was
identified based on the dense network of unbundled my-
elinated fibers, as described in Corson et al. (2012); this
criterion was also useful in P15 animals. Nissl-stain-based
criterion for the rostrocentral-rostrolateral border
(smaller, densely packed, round or elongate cells in ros-
trocentral subdivision vs. sparse cells with pale cyto-
plasm in rostrolateral subdivision) was more useful in
adult than P15 animals. The criterion landmark to identify
the dorsal border of the ventral subdivision (i.e., anterior-
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P16

Figure 1. Identification of NTS, its subdivisions and CT projection fields in an adult (A-C,G,H) and a P16 (D-F,l,)) brain. Adjacent coronal
sections through rostral NTS, stained for Nissl (A,D), myelin (B,E), or ABC-DAB for tract-tracer in CT fibers (C,F). NTS and subdivision bor-
ders (insets in B,E) were identified on myelin and Nissl sections and transposed on adjacent tracer labeled sections. G-J: Higher-magnifica-
tion views of CT labeled sections in C (adult) and F (P16). DAB labeled, fine CT fibers densely filled the rostrocentral subdivision (H,)),
while thicker yet sparser fibers were noted in the rostrolateral (G,l) subdivision at both ages. RC, rostrocentral; RL, rostrolateral; V, ventral
subdivision; 4V, fourth ventricle; sp5, spinal trigeminal tract; icp, inferior cerebellar peduncle; dcn, dorsal cochlear nucleus. Scale bars =
1000 pm in C (applies to A-F); 125 um in J (applies to G-J).

posteriorly coursing myelinated bundles within NTS similar in adult and P15 brains (Fig. 1G-]). Compared to
proper) was distinct in both adult and P15 brains. adult brains, coronal sections from P15 brains were

Qualitative appearance of tracer labeled fibers in ros- noticeably smaller than those from adult brains, yet the
trocentral and rostrolateral subdivisions were remarkably NTS dimensions at mediolateral and dorsoventral aspects
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Figure 2. The distribution of CT terminal field in the rostral portions of the NTS at adulthood (A) compared with p16 (B). Both sections
were located about 450 pum posterior to the rostral pole of the NTS. The subdivision borders are identified on adjacent Nissl- and myelin-
stained (insets in both panels display myelin-stained sections with outlines) sections and superposed on the anterograde DAB-labeled sec-
tions. The spread of CT labeling in the p16 animal is very similar to that of the adult. In both ages the densest terminal field is found in
the rostrocentral (RC) while sparser labeling in the rostrolateral subdivision (RL) covers the dorsal half and extends to the lateral NTS bor-
der. However, the qualitative density of the fiber populations is quite different. The terminal field in the rostrolateral subdivision is much
denser at p16 than in the adult. At this level the solitary tract appears as sparse yet thick bundles of axons coursing anterior to posterior
direction through the labeled fields in rostrocentral subdivision (marked with an asterisk). Scale bar = 250 pm.

seemed similar between two ages (Fig. 1A-C vs. D-F).
However, the anteroposterior dimensions of NTS were
considerably smaller in P15 brains: The mean distance
from the area postrema landmark (AP = 0, the most ante-
rior coronal section in which area postrema was present)
to the rostral pole was 2.36 = 0.08 mm in adult (n = 3)
and 1.95 = 0.04 in P15 (n = 5) animals (P < 0.02, t-test).

In adult brains, three distinct zones of CT axonal pro-
jections were evident (Figs. 2A, 3A, 4A) in the rostrocen-
tral, rostrolateral, and ventrolateral subdivisions. In the

rostrocentral subdivision, labeled CT axons formed a
dense plexus of fibers (Fig. 2A), and was qualitatively dis-
tinct from less densely packed and thick fibers of rostro-
lateral (Fig. 2A) and ventrolateral subdivisions (Figs.
3-4A) of the NTS. The transition between the rostrocen-
tral and rostrolateral projections was not gradual; a clear
separation of distinct anatomical structures was often
evident (Figs. 2-3A). A dense CT-projection region
remained within the confines of the rostrocentral subdivi-
sion borders. At approximately the coronal level that NTS
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Figure 3. The distribution of CT terminal field in the intermediate portions of the NTS at adulthood (A) compared with p16 (B). The subdi-
vision borders (dashed lines) and an envelope of solitary tract (shaded gray) are identified on adjacent Nissl- and myelin-stained (insets in
both panels) sections and superposed on the anterograde DAB-labeled sections. Both sections were located just anterior to the NTS-fourth
ventricle junction, the operatively defined transition region between rostrocentral subdivision and caudal NTS, and between ventral and
ventrolateral subdivisions (V/VL). CT axons are present sparsely in all compartments. As with rostral sections, terminal field labeling
appears qualitatively denser in the p16 than the adult NTS, while subdivisional distribution of label in the NTS appears the same. The
intermediate-lateral (IL) subdivision, which is defined by lack of CT innervation in adult brains, is also devoid of fibers at P16. Scale bar =

250 um.

separates from the fourth ventricle (operationally defined
as the border between rostral and caudal divisions of
NTS), sparse CT fibers surrounded and avoided a distinct
region, which we previously identified as the intermediate
lateral subdivision (Corson et al., 2012). The sparse CT
projections are detected throughout the NTS, from the
rostral pole to as caudal as 600 um posterior to the AP
landmark. It should be noted that the densely labeled
rostrocentral subdivision of the NTS was the focus in our
previously published material (May et al., 2007, 2008).

Similar to the adult, P15 CT axons appeared in
three distinct zones in the NTS; densely branching
fine fibers were confined to rostrocentral subdivision
and sparsely branching thick fibers spread in rostrolat-
eral and ventrolateral subdivisions (Figs. 2B, 3B, 4B).
The shape and qualitative density of CT fibers in the
rostrocentral subdivision in P15 was similar to that in
adult. Similar to adult brains, there were sparsely
branching, thick CT axons in regions lateral, and
ventral to rostrocentral subdivision. However, the
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Figure 4. The distribution of CT terminal field in the caudal portions of the NTS at adulthood (A) compared with p16 (B). The subdivision
borders (dashed lines) are identified on adjacent Nissl and myelin sections and were superposed on the anterograde DAB-labeled sections.
Both sections were located at levels where the NTS borders the anteriormost portion of area postrema (i.e., AP = 0). Sparse terminal field
is found only in the ventrolateral subdivision (VL). Labeled fibers, which do not bear any swellings (i.e., axons of passage), course through
the solitary tract (shaded gray). Subnuclei in caudal NTS are identified based on terminology and criteria defined in Herbert et al. (1990).
As with rostral and intermediate sections, terminal field labeling appears qualitatively denser in the p16 and adult animal, while distribu-
tion pattern of label in NTS subdivisions is similar. ce, central nucleus; pc, parvicellular nucleus; m, medial nucleus; dm, dorsomedial

nucleus; |, intermediate nucleus; ap, area postrema. Scale bar = 250 um.

qualitative density of these axons was visibly more
pronounced in P15 than in the adult (Fig. 3B). The in-
termediate lateral subdivision, which receives afferent
inputs from IX nerve but not from CT or GSP in adult
animals (Corson et al., 2012), was devoid of CT fibers,
both in adult and P15 brains (Fig. 3). These patterns
of CT afferent innervation in P15 and adult brains sug-
gest that exuberant projections found in P15 animals
do not extend beyond the NTS subdivisions that they
will eventually occupy at adulthood.

In order to quantitatively evaluate the extent of axon
withdrawal from NTS subdivisions between P15 and adult
ages, the entire NTS was examined in five P15 and three
adult animals (Fig. 5), noting the distance of posterior and
anterior borders of CT labeled regions in rostrocentral,
rostrolateral, and ventrolateral subdivisions relative to
the AP landmark (AP = 0). The anterior-posterior dis-
tance between the rostral pole of the NTS and AP = 0,
and between where the NTS contacted the fourth ventri-
cle and AP = 0 were also noted. As conventional in the
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Figure 5. lllustration of anterior-posterior size of NTS and CT
labeling by subdivision from the rostral pole to area postrema
landmark (APO; the anteriormost coronal section that AP is pres-
ent) in each of five P15 and three adult animals. The anteriormost
section that NTS lined the fourth ventricle marked with dashed
lines for each brain; this landmark is conventionally designated
the arbitrary border of rostral and caudal NTS. Open bars indicate
the expanse of NTS from APO to the rostral pole. Filled bars
superposed on open bars illustrate the expanse of CT labeling
found in NTS subdivisions identified in adjacent Nissl/myelin ref-
erence sections. Black bar denotes CT label in the rostrocentral
subdivision, dark gray bar in the rostrolateral subdivision, and
light gray bar in the ventrolateral subdivisions. Because the cau-
dal pole of NTS could not be identified in our material, the exten-
sion of NTS posterior to APO is not illustrated; however, all
sections that displayed CT label in ventrolateral subdivisions are
included. The NTS in all adult brains was significantly larger than
in P15 brains. While CT label in rostrocentral subdivision did not
differ between p15 and adult, more sections contained CT termi-
nal field in the rostrolateral subdivision in P15 than in adult.

past literature, this landmark is used as the arbitrary bor-
der of rostral and caudal divisions of NTS. While the APO
to rostral pole distance is larger in the adult (1,900 * 41
pmin P15vs. 2,316 = 78 um in adult, P = 0.01, reported
above), fourth ventricle to rostral pole size was not statis-
tically different (1,240 = 33 in P15 vs. 1,483 = 108 pum
in adult, P = 0.14). However, interestingly for every case,
the rostrocentral labeling was closer to the NTS-fourth
ventricle junction in P15 than in adult (P < 0.05, t-test;
Fig. 5). Thus, the growth of NTS size between P15 and
adult occurs mainly in the caudal divisions of the NTS.
Examination of CT labeling in the anterior-posterior
axis revealed that while CT projections (i.e., number of
coronal sections containing CT label) in the rostrocentral
subdivision did not differ between P15 and adult (1,080
* 56 pmvs. 1,050 = 0 um; P = 0.6, t-test), the CT input
in the rostrolateral subdivision was significantly larger in
P15 than in the adult (690 = 36 vs. 450 = 0 um; P =

Postnatal development of CT axons in NTS

0.003, ttest; Fig. 5A). In contrast, ventrolateral projec-
tions occupied a larger area in the adult (1,380 = 56 um
in P15 vs. 1,950 um in adult, P < 0.001, t-test). These
results suggest that CT axon retraction after P15 occurs
mainly in the rostrolateral subdivision. In contrast, CT
axons continue to expand caudally in the ventrolateral
subdivisions after P15, possibly paralleling the anterior-
posterior growth of NTS.

Electron microscopic characterization
of CT projections
Morphology of rostrocentral CT terminals

In order to quantify morphological maturation of CT
axons from P15 to adulthood, regions from the middle of
dense CT projections medial to solitary tract (which coin-
cides with the center of rostrocentral projection field)
were examined with the electron microscope. As
described previously by May et al. (2007), CT terminals
appeared as densely DAB-labeled profiles, with dark mito-
chondria and clear vesicles, forming asymmetric synap-
ses onto dendrites with varying calibers (Fig. 6). The syn-
apses formed by CT terminals displayed thick
postsynaptic densities and occasional perforations (Fig.
6C). Protrusions emerging from postsynaptic profiles that
extended into the terminal bouton were also observed
(Fig. 6C). Although unbundled myelinated axons coursed
through the CT projection field in the rostrocentral subdi-
vision (Fig. 6E,F), none of these myelinated axons con-
tained the DAB label, suggesting that CT axons that
extend to terminate in the rostrocentral subdivision are
unmyelinated. There were no qualitative differences in
label quality, labeled terminal morphology, or neuropil
packing among brains at any age examined (Fig. 6A-F).

For quantitative analysis, minimally overlapping regions
labeled terminals that displayed a synapse at the level of
section were imaged in three brains each at P15, P25,
P35, and adult. Comparisons of quantitative morphomet-
ric properties of rostrocentral terminal boutons revealed
that CT terminals attain morphological properties charac-
teristic of adult animals before P15, the youngest age
examined. This was evident in several parameters exam-
ined: Although a wide range of terminal cross-section
areas were found at all ages (0.12-5.0 um?), no statisti-
cal difference of terminal cross-section area means or
distributions was found between any consecutive age
group studied (mean terminal cross-section areas were
1.26 + 0.10 um? (n = 73) in P15, 1.28 = 0.12 pm? (n =
62)in P25, 1.36 = 0.11 um? (n = 59) in P35, and 1.29 +
0.12 pm? (n = 55) in adult animals; P > 0.5; Kruskal-
Wallis and Mann-Whitney U; Table 1, Row A). Terminal
cross-section areas obtained from adult animals were
statistically comparable to previously published
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Figure 6. Electron microscope images of CT terminals from rostrocentral NTS, in adult (A-C), and P15 (D-F) brains. Qualitatively and
quantitatively, CT terminals in P15 are indistinguishable from those in adult. A: High-magnification view of a small CT labeled terminal
forming a synapse with thick postsynaptic density. At both ages, terminals with a wide range of cross-section areas, including small en
passant terminals (B,D) and large terminal boutons (C,E,F), which may contain unlabeled inclusions (p) protruding from postsynaptic den-
drites (d). Arrows point to asymmetric synapses formed by labeled CT terminals (CT); arrowheads point to other sample synapses within
the same field formed by unlabeled terminals (t). Myelinated axons (a) were encountered within the same region; no instances of label
containing myelinated axon was encountered in rostrocentral NTS Scale bars = 0.5 pm.

measurements (May et al., 2007). Similarly, we measured
the length of synaptic zones of labeled CT terminals, an
index for the diameter of active zones. These also dis-
played a wide range of cross-sectional lengths (compare

synapses in Fig. 6B,D to 6C,F), and there were no
statistical differences among the means or the distribu-
tions at different ages (359 = 18 nm (n = 88) in P15,
354 = 19 nm (n = 73) in P25, 363 = 18 nm (n = 63) in
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TABLE 1.
Quantitative Parameters for Chorda Tympani Axon and Terminal Development in the NTS

P15

A: Terminal area -rostrocentral (um?)
B: Terminal area -rostrolateral (pmz)
C: CT axon density rostrocentral
(um axon/pm?)
D: Synapse count per mm axon
(synapsing frequency)

1.26 = 0.1 (n = 73, b)
146 = 0.1 (n = 181, b)
0.15 = 0.0

162.8 + 8.4 (c, d, €)

E: Volumetric Density of CT 66 £ 2 (h)
terminals (X10° synapses/mm°)
F: Volumetric density of all synapses 282 = 33
in rostrocentral (X10° synapses/mm?)
H: Percent GABA-+ targets of CT terminals 9.1% £ 0.3 (j, k, 1)
I: Percent of GABA+ targets of all 9.4% = 2.3

rostrocentral terminals

P25 P35 Adult
128 = 0.1 (n = 62) 1.36 £ 0.1 (n = 59) 1.29 = 0.1 (n = 55, a)
142 = 0.1 (n = 100, a)
0.19 = 0.01 0.19 = 0.04 0.16 = 0.0
1111 £ 75 (cf) 1027 = 14.4 (d, g) 703 = 2.6 (e, f, g)
62 +3 58 =+ 3 (h, i) 34+ 9 ()
252 * 15 233 = 15 211 = 29
5.1% = 0.4, (j) 4.5% + 0.7 (k) 3.5% = 0.5 (I, m)
6.4% + 1.8 6.5% + 1.2 7.8% *+ 0.8 (m)

Averages are based on three brains at each age group, unless specified otherwise for pooled observations for terminal cross-section area analysis.
The statistical comparisons that yielded significant differences are marked with matching letters in parentheses. P < 0.05 (a,b, f, g, k, I, m); P <

0.005 (c, d, e, h, i, j).

P35, 400 = 22nm (n = 63) in adult; P = 0.4). About 12%
of individual terminal cross-sections formed two synapses
onto two separate cross-sections (this is also why termi-
nal area and synapse length measurements that were
obtained from the same image dataset yielded different
sample sizes). The lack of growth in terminal bouton and
active zone sizes suggests that major morphological de-
velopment of CT axon boutons in rostrocentral subdivi-
sion is complete by P15.

Morphology of rostrolateral CT terminals

Similar to those in the rostrocentral subdivision, axon
segments and vesicle-containing boutons were labeled in
the rostrolateral subdivision. Several differences between
CT terminals in the rostrocentral and rostrolateral subdivi-
sions were noted. First, we observed that instances that
CT terminals were located within glomerular arrange-
ments were more frequent in the rostrolateral subdivision
(Fig. 7A). Glomerular arrangements are identified as col-
lections of several terminals and dendrites that are
ensheathed with glial processes only from their collective
external aspect. In order to quantify the involvement of
CT terminals within, we examined labeled terminals in
rostrocentral and rostrolateral subdivisions from the
same brain. Applying the criteria for glomerulus designa-
tion that 1) a labeled terminal shared membrane apposi-
tion with at least two other profiles, and 2) at least two of
the profiles were surrounded by glial processes, we found
24% in rostrolateral versus 8% in rostrocentral CT termi-
nals could be identified as glomerular (n = 60 and 48).
Second, the occurrences that labeled terminals formed
synapses onto unlabeled, vesicle containing profiles were
more common in the rostrolateral regions (Fig. 7C). Such
axo-axonal synapses, commonly wrapped by glial proc-
esses, were not commonly encountered in the rostrocen-

tral subdivision. Finally, in the rostrolateral subdivision we
frequently encountered myelinated DAB-labeled axons
(Fig. 7B). In all rostrocentral sections examined, no
instances of labeled myelinated axons were observed,
indicating that rostrolateral, but not rostrocentral, CT
axons are myelinated.

Rostrolateral terminal cross-section areas

In the rostrolateral division of adult brains, CT terminals
had a mean terminal cross-section area of 1.42 = 0.09
um? (n = 100; Table 1, Row B), and this was statistically
larger than for terminals in the rostrocentral region
(1.29 = 0.12 um?% n = 55; Mann-Whitney U, P <
0.05). We repeated this experiment using material pre-
pared for a previously published study (May et al.,
2007), and again found rostrolateral terminals to be
statistically larger than the rostrocentral terminals (1.41
um? vs. 1.24 um? n = 38 and 81, Mann-Whitney U, P
< 0.05). Figure 7D illustrates pooled data from these
two experiments. Furthermore, the size difference
between rostrolateral and rostrocentral terminals was
also evident in P15 brains (Fig. 7E; Table 1, Row B). At
P15, rostrolateral terminals had an average cross-sec-
tional area of 1.46 + 0.08 um? (n = 181), which was
statistically larger than in the rostrocentral (1.26 = 0.1
um? n = 73; Mann-Whitney U; P < 0.05). Rostrocentral
and rostrolateral terminals found in P15 were not statis-
tically different than their adult counterparts (Fig. 7F,G).
Thus, CT terminals in the rostrolateral subdivision are
morphologically distinct from those in the rostrocentral
projection region. Furthermore, similar to in rostrocen-
tral, CT boutons in rostrolateral subdivision display
mature-like (i.e., terminal cross-section area and syn-
apse length) morphological features at P15.

The Journal of Comparative Neurology | Research in Systems Neuroscience

3227



ang et al.

Cumulative % of Terminals

—— AdultRC
——— Adult RL
--- P15RC
P15RL

4

1 2 3 a2 0 1 2 3 a4
Terminal Area (pmz)

Figure 7. A: A large rostrolateral CT terminal (CT) is located in a glomerulus, ensheathed in glial processes (tinted yellow). This glomeru-
lus also contains other dendrites and axons, which are unlabeled. B: Rostrolateral CT terminal field often contained labeled myelinated
(mye) axon segments (Ct ax). C: A labeled CT axon forms a synaptic contact with another vesicle filled profile (t); these two profiles are
ensheathed with glial processes (tinted yellow), suggesting that the synapse is part of a glomerulus. Images in A-C were obtained within
rostrolateral subdivision of an adult brain. D-G: Terminal cross-section area comparisons of CT terminal populations sampled in rostrocen-
tral subdivision (RC) in the adult (black solid line), in rostrolateral subdivision (RL) in the adult (red solid line), rostrocentral subdivision in
P15 (black dashed line), and rostrolateral subdivision in P15 (red dashed line). Pairs in D,E were statistically different from each other.
Scale bar in B represents 390 nm for A, 450 nm for B, and 300nm for C.

CT branch reduction in NTS subdivisions
Previous work indicated that the CT terminal fields in
the NTS go through an extensive “pruning” during matura-
tion (King and Hill, 1991; Krimm and Hill, 1997; May and
Hill, 2006; Sollars et al., 2006; Mangold and Hill, 2007,

2008). In these studies, the “pruning” is inferred from the
reduction of the NTS volume occupied by labeled afferent
axons, which conceivably included rostrocentral and ros-
trolateral projections. In agreement with those findings,
the material prepared in this study revealed a reduction
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Figure 8. A,B: Method for quantifying CT axon areal density. A: Low-magnification electron micrograph example of CT terminal field. B: To
calculate total area of neuropil analyzed, the image area was measured, excluding the areas of somata (soma) and myelinated axons (ma;
excluded areas are shaded gray). All labeled profiles are outlined, and the ones that form a synapse (*, also in C) are identified. All out-
lines are used in computation of Cmax and Cmin (feret-max and feret-min functions of Image ProPlus; dashed lines at two representative
outline). C: High-magnification view of the synapse-forming terminal from A (tCT). Arrowhead points to the CT synapse. Arrows point to
synapses from unlabeled terminals. D: High magnification of representative cross-section of CT fibers (CT) that do not bear a synapse at
the current level of section. Unlabeled vesicle containing profiles (t) in proximity are marked for comparison. d, dendrite; m, mitochondria.
E: The frequency of synapses formed along the CT axon (number of synapses/total length of labeled fiber observed). F: Volumetric syn-
apse density of the CT terminals. G: Volumetric synapse density of all synapses in the same region. H: Percent ratio of CT volumetric den-
sity to total volumetric density in the rostrocentral subdivision. Error bars indicate the standard error of mean; *P < 0.05, **P < 0.01.
Scale bar = 1 um. Panels C and D are 1.5X enlargements from Panel A.

of NTS area that was occupied by CT axons between P15
and adult ages (Figs. 1-5). Furthermore, identification of
NTS subdivision borders in adjacent myelin and Nissl cor-
onal series revealed that the most substantial reduction
in the NTS volume occupied by CT axons occurred from
rostrolateral subdivision (Fig. 5); a similar reduction was
not observed in rostrocentral subdivision. In order to fur-
ther explore the possibility that CT axon retraction may
have impacted rostrocentral subdivision innervation via
elimination of branches within the confines of this region,
a quantification of labeled fiber density was required.
Fiber density measurements in rostrocentral CT using

light microscopy were not feasible in our material due to
the density of the plexus of CT axonal branches. We took
advantage of a quantification approach we previously
optimized (Erisir and Dreusicke, 2005; May et al., 2007).
This approach uses ultrathin sections and estimates the
length of axon represented by each axon cross-section
(Fig. 8A-D). Comparisons of areal CT axon densities
across the developmental ages revealed no significant
differences (n = 3 at each age, P > 0.15, Table 1, Row
C), suggesting that CT axon branches are not pruned
back within the rostrocentral subdivision of the NTS dur-
ing development.
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Development of rostrocentral circuitry.

While qualitative observations indicate that CT axons
become unambiguously sparser in the rostrolateral NTS
between P15 and adult, more subtle changes occur in the
rostrocentral subdivision circuitry. Even though no
change in the density of CT axons in rostrocentral subdivi-
sion was detected, the number of synapses per unit
length of labeled axons (computed as “synapsing fre-
quency of labeled axons”) changed (Fig. 8E). Progres-
sively fewer synapses were formed per unit length of
axon as the animal aged from P15 to adult. At P15 there
were significantly more synapses per millimeter of axon
than at the other three age groups (Table 1, Row D; 162.8
=+ 8 synapses/mm of axon at P15; 111.1 £ 7 synapses/
mm at P25; 102.7 = 14 synapses/mm at P35; and 70.3
* 2 synapses/mm of axon at adult; P < 0.005). Adults
also had significantly fewer synapses per axon length
than P25 and P35 rats (P < 0.05).

Synaptic pruning without axonal retraction in the ros-
trocentral region after P35 was also evident in the volu-
metric density of CT synapses (Fig. 8F; Table 1, Row E). In
three brains at each age, over 1,000 umz (per brain) of
tissue was examined and volumetric densities of labeled
synapses were computed. There was a significant reduc-
tion in CT synapse density in NTS, most prevalently
between P15 and P35 (P < 0.05) and between P35 and
adult (P < 0.001, ANOVA; volumetric density of CT synap-
ses were 66 = 2 x 10° synapses/mm? at P15; 62 *+ 3 x
10® at P25; 58 = 3 x 10° at P35, and 34 x 10° = 9 at
the adult).

Reduction in CT synapse density may simply be due to
an increase in NTS neuropil volume (perhaps via expan-
sion of dendrites or increase in astrocytic volume), with-
out necessarily having an impact on the CT circuitry. If
that is the case, increases in neuropil volume should also
reduce the density of all synapses in the region. In order
to determine whether the rostral NTS undergoes a gen-
eral synapse reduction, the volumetric density of all syn-
apses within the same the images used for CT terminal
volumetric density was measured (Fig. 8G). Overall syn-
apse density in NTS displayed a statistically significant
trend toward reduction between P15 and adult (282 =
31 x 10° synapses/mm?® at P15; 252 + 15 x 10° at
P25; 233 + 15 x 10° at P35 and 211 = 29 x 10° at the
adult; n = 3 for each age, average = SEM; ANOVA, P <
0.05; Table 1, Row E), suggesting that neuropil expansion
may have occurred. However, the pattern of reduction in
CT synapse volumetric density was not proportional with
the volumetric density of all synapses (Fig. 8F,G); the con-
tribution of CT synapses to overall rostrocentral synapse
density drops from 25.1% to 16.0% between P35 and
P60. This reduction in ratios of CT versus all rostrocentral
synapses was statistically significant (ANOVA, P < 0.01;

Fig. 8H), suggesting that in addition to neuropil enlarge-
ment, selective loss of CT synapses may have contributed
to their reduction from rostrocentral circuitry.

The targets of CT axons in the NTS include inhibitory
interneurons, which can be identified by their GABA con-
tent. In order to identify how CT synapse elimination in
NTS may reflect on particular postsynaptic targets, selec-
tivity of CT synapses for GABA+ and GABA— targets dur-
ing development was analyzed. For this, NTS sections
containing CT labeled terminals were immunogold-
stained using an antibody against GABA and postembed-
ding procedures. While antibodies against glutamic acid
decarboxilase are better markers for GABAergic cell den-
drites at the light microscopy level (Fong et al., 2005),
GABA-immunogold electron microscopy has been suc-
cessfully used in quantitative analysis of GABAergic neu-
ropil in a variety of systems. In order to quantify the fre-
quency that a CT synapse was formed onto GABAergic
versus non-GABAergic dendrites, P15, P25, P35, and the
adult brains were dually stained for the tracer marking CT
axons (preembedding), and for GABA (postembedding;
Fig. 9). It should be noted that while the area of interest
for this analysis was again the center of rostrocentral sub-
divisions, due to compromise of tissue landmarks during
postembedding processing, conceivably a small number
of terminals from rostrolateral subdivision may have been
included in the sample. Three brains at each age were
examined, and the percentages obtained at each age
were averaged. Background gold density was assessed
within terminals that remained unlabeled with DAB; most
of these terminals displayed clear asymmetric synapse
morphology (presumed glutamatergic), although a range
of postsynaptic density thickness was present. Terminals
that displayed unambiguously symmetrical (presumed
GABAergic) morphology were excluded from background
criterion measurements. Gold density at the 95th percen-
tile confidence level was applied as the criterion to clas-
sify dendrites postsynaptic to DAB-labeled terminals. Cri-
terion density obtained for each ultrathin section
examined yielded a clear separation of postsynaptic den-
drites into GABAergic and non-GABAergic populations
(Fig. 9A). The same criterion also provided a clear separa-
tion of GABA immunoreactivity within general dendrite
populations in the same sections (Fig. 9A), confirming the
reliability of the background criterion. Reliability of the
background criterion was also tested within morphologi-
cally identified, symmetrical (presumed GABAergic) termi-
nals in P15 (n = 20 terminals) and adult (n = 20 termi-
nals) brains; none of the terminals with symmetrical
synapse morphology in P15 and adult brains had GABA-
gold density smaller than the 99th percentile criterion. In
order to quantify the preference of CT terminals for
GABAergic targets, at least 100 DAB labeled synaptic
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Figure 9. A:Top panel: Frequency distribution of gold densities measured in DAB-negative terminals displaying asymmetric synapses in a repre-
sentative brain. The 95th percentile value was deemed the criterion gold density for GABA positivity, and applied to the gold densities measured
in profiles postsynaptic to CT labeled terminals (middle panel). The criterion gold density (vertical gray line) also divided a general dendrite popula-
tion measured within the same section (bottom panel) as GABA+ and GABA— groups. B: A CT terminal (CT) from an adult brain forms an asymmet-
ric synapse (large arrowhead) onto a GABA— dendrite (d—). Compare the gold density within the postsynaptic dendrite with that in surrounding
terminals (t+; thin arrow points to a symmetrical synapse in one) and a dendrite (d+-), which contained above-criterion gold density. C: A CT termi-
nal forms two synapses (arrowheads): one onto a GABA— dendrite (d—) and another onto a GABA- profile that contained vesicles (d/t+). D: ACT
terminal at P15, bearing unlabeled inclusions, forms two synapses (arrowheads) onto a large caliber GABA— dendrite, and a GABA— inclusion. A
GABA+- terminal (t+) and a GABA+ dendrite (d-+) are also present in the same field. Scale bar = 0.5 um; applies to all panels.
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terminals each from three brains for each age were exam-
ined (total from three brains at each age: 329, 332, 384,
and 340, in P15, P25, P35, and adult brains, respectively).
The P15 rats had a significantly higher percentage of CT
synapses onto GABAergic targets than in other three age
groups, displaying a significant drop between P15 and
P25 (9.1 £0.3% vs. 5.1 = 0.4%; n = 3 at each age, t-test,
P < 0.005), and a further decline between P35 and the
adult (4.5 = 0.7% vs. 3.5 £ 0.5%, n = 3, P < 0.005).
Interestingly, many of GABA+ targets of CT terminals at
all ages also contained vesicles (Fig. 9C). These postsy-
naptic GABA+, vesicle-filled profiles probably represent
dendritic appendages that are known to contribute to
triadic arrangements in the NTS glomeruli (Whitehead,
1986). Furthermore, all CT targets that contained vesicles
were GABA+.

Because GABA antigenicity in developmental animals
may differ irrespective of the changes in GABA-contain-
ing neurons, it is important to assess whether reduc-
tion of GABA-positive dendrites that are postsynaptic to
CT terminals is a function of a general shortcoming of
immunocytochemistry in older animals. To that end, we
assessed whether non-CT synapses were subject to a
similar redistribution as CT synapses: Non-CT synapses
(389 in P15, 381 in P25, 428 in P35, and 394 in adult
brains, total in three brains each) and their postsynap-
tic targets were examined in the same sections from
which CT-GABA analysis were performed. The ratio of
non-CT terminals that synapsed on a GABAergic target
did not change across ages examined (9.4 = 2.3% in
P15, 6.4 = 1.8% in P25, 6.5 = 1.2% in P35, and 7.8
* 0.8% in adult, P > 0.1), suggesting that the
observed reduction of CT-GABA connections was not
an outcome of a general reduction in GABAergic tar-
gets or the antibody antigenicity in the rostrocentral
NTS during developmental ages.

DISCUSSION

The results of this study demonstrate that: 1) CT axons
occupying the rostrolateral subdivision of NTS both in the
adult and P15 rats are morphologically distinct from CT
axons that innervate the rostrocentral, gustatory subdivi-
sion of the NTS; 2) CT terminals reach morphological ma-
turity before P15 in both the rostrocentral and rostrolat-
eral subdivisions; 3) rostrocentral CT projections are
spared from substantial axonal branch elimination that is
qualitatively observed in rostrolateral NTS after P15; 4)
CT synapses become a smaller component of the total
synaptic inputs to the rostrocentral NTS after P35; and 5)
the preference of CT synapses for GABAergic targets
drastically falls between P15 and P25, indicating a redis-
tribution of CT synapses onto NTS targets.

Morphological and functional heterogeneity
of CT projections in rostrocentral vs.
rostrolateral NTS

Past studies suggested that the CT may bring at least
two morphologically distinct inputs into the NTS (Holland
and Robinson, 1992), based on the presence of at least
two subpopulations of afferent CT axons with different
calibers and myelination properties (Farbman and Helle-
kant, 1978). This morphological heterogeneity may be
reflected by the functional heterogeneity in the CT. Gusta-
tory, mechanical, and thermal stimulation of the tongue
all generate responses in the CT (Nejad, 1986; Harada
et al.,, 1997). While it is likely that temperature responses
may be partially due to dynamic changes in a subset of
taste receptors, rather than activating a specialized ther-
moreceptor (Ogawa et al., 1968; Ninomiya, 1996; Lundy
and Contreras, 1999), at least a subset of CT fibers
responds exclusively to mechanical stimulation, and
others respond exclusively to taste or to a combination of
taste and mechanical stimulation (Biedenbach and Chan,
1971; Matsuo et al., 1995; Smith et al., 2004). Similarly,
iatrogenic damage to the CT leads to taste loss, as well
as numbness, tingling, and pain (Costen et al., 1951,
Perez et al., 2006). Such a loss of complex neural infor-
mation is consistent with the idea that this nerve conveys
multimodal orosensory information in addition to taste,
and that functionally distinct subsets of the CT selectively
innervate different subdivisions in the NTS.

Axonal and synapse elimination and
reorganization after P15

Previous light microscopic studies clearly showed a
compaction of the CT projection zone between P15 and
adulthood (May and Hill, 2006; Sollars et al., 2006). The
present study quantified this reorganization in defined
NTS subdivisions and demonstrated that CT fibers in the
rostrolateral subdivision reorganize by retracting into a
smaller region within the subdivision by losing axonal
branches. A similar axonal retraction was not evident in
the rostrocentral subdivision; neither the volume of the
projections nor the CT fiber density within the rostrocen-
tral subdivision changed during development. Thus, there
is a selective retraction of axons, which undoubtedly is
accompanied by synapse elimination in the rostrolateral
subdivision. Furthermore, suggesting that rostrolateral CT
axons are more susceptible for pathway reorganization,
our results offer additional evidence for the differences
between CT circuitries in rostrocentral and rostrolateral
subdivisions.

In contrast to the rostrolateral subdivision, CT axons in
the rostrocentral subdivision do not undergo pruning,
although existing axons do modify synaptic connections.
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Between P15 and P25, synapses redistribute among tar-
gets such that more of the CT input is poised to drive
non-GABAergic cells rather GABAergic interneurons. In
addition, another wave of reorganization, characterized
by loss of synapses from existing branches, occurs after
P35, resulting in a reduction of the CT contribution to ros-
trocentral circuitry. Thus, while CT circuitry undergoes a
developmental reduction in both subdivisions, different
mechanisms are employed: axon retraction in the rostro-
lateral subdivision and input reorganization in the rostro-
central subdivision.

Could developmental changes in the neuron morphol-
ogy in the rostrocentral subdivision induce CT reorganiza-
tion? That is, do developmental changes in postsynaptic
targets drive presynaptic changes? Indeed, studies exam-
ining morphological development of both GABAergic and
non-GABAergic circuitries indicate that some aspects of
the rostrocentral circuitry continue to mature after P15.
Although maturation of GABAergic soma ratios occurs
before P15 in rat (Brown et al., 2000), a disproportionate
reduction of non-GABAergic cells was noted after wean-
ing (Brown et al., 2000). Similarly, a shift in GABAergic
influences on gustatory neurons was noted after P15 in
rat; sustained hyperpolarization responses following te-
tanic stimulation was diminished after P15 (Grabauskas
and Bradley, 2001). Moreover, gustatory neurons in rat
NTS undergo dendritic remodeling after the fourth post-
natal week (Bao et al., 1995; Renehan et al., 1997), with
a noticeable reduction in NTS cell dendritic branching. If
young CT synapses were formed on the NTS cells that are
remodeled after weaning, then the reduction of CT synap-
ses could be explained by the late maturation of postsy-
naptic cells.

Our data provide further evidence for this mechanism
by discounting other possibilities: CT synapse loss in the
rostrocentral subdivision cannot be explained by an age-
related pruning of presynaptic elements, similar to that
seen in the neuromuscular junction and in the retinogeni-
culate pathway (Shatz and Kirkwood, 1984; Sanes and
Lichtman, 1999; Hooks and Chen, 2006; Guido, 2008;
Bickford et al., 2010; Speer et al., 2010). In these two
systems, synaptic pruning is concurrent with structural
maturation of terminals: prior to pruning, immature termi-
nals display smaller terminal boutons and synaptic zones
(Campbell and Shatz, 1992; Sanes and Lichtman, 1999).
Furthermore, developmental axon pruning precedes ter-
minal maturation by several weeks (Cragg, 1975; Shatz,
1996; Guido, 2008). In rat NTS, facial nerve axons promi-
nently invade brain stem at E17-E19, without undergoing
exuberance (Zhang and Ashwell, 2001). While these
axons form synapses by birth, morphologically mature
characteristics of NTS terminals, such as glomeruli and
axo-spinous connections, are not present at these early
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postnatal ages (Whitehead, 1986; Zhang and Ashwell,
2001). In the current study we demonstrated that CT ter-
minal morphology maturation is complete before P15 in
both the rostrocentral and rostrolateral subdivisions. That
is, the synaptic elimination and axon retraction observed
in these subdivisions occur after CT terminals reach full
morphological maturity. Furthermore, CT synapse reduc-
tion in rostrocentral subdivision seems to be due to selec-
tive loss of CT synapses, in addition to increase in neuro-
pil volume.

Morphological and functional development
of the NTS

The age-related pruning and reorganization of the CT
input into the NTS occurs concomitantly with functional
and anatomical changes resident to the CT and to the
NTS. Although taste responses are present in the CT
nerve at P15, when the terminal fields are large, mature
taste responses are not apparent until about P35-P40
(Hill and Almli, 1980; Ferrell et al., 1981). Thus, matura-
tion of functional responses at the nerve may drive the
age-related retraction of CT terminal fields from rostro-
lateral subdivision, by emphasizing the gustatory activity
relayed to rostrocentral NTS. By comparison, the func-
tional maturation of cells postsynaptic to the CT in the
rostrocentral NTS is more delayed; taste responses from
single NTS neurons located in the rostrocentral subdivi-
sion to stimulation of the anterior tongue with salt stim-
uli increase in magnitude until about P60 (Hill et al.,
1982, 1983), displaying at least 4x amplification in
response magnitudes in NTS cells (Hill, 1987). This de-
velopmental time course is noticeably later than the
time period when major reduction in CT fields was
observed (that is, P15-P25), but it is consistent with the
time course of the synaptic redistribution shown here
for the rostrocentral subdivision. Furthermore, develop-
mental changes in dendritic branching and spread of
NTS neurons were also demonstrated (Lasiter et al.,
1989; Bao et al.,, 1995; Renehan et al., 1997). These
findings together suggest that synaptic reorganization at
rostrocentral CT axons may be a refinement based on
the maturation of postsynaptic cells, and that the devel-
opmental rearrangement of CT axons may be a refine-
ment of functional synapses onto a subpopulation of
NTS cells in the rostrocentral subdivision.

The subdivision-specific developmental alterations that
we describe here for the CT nerve are undoubtedly inti-
mately interrelated with the overall circuitry of the rostral
NTS, thus having a widespread impact on the processing
of orosensory signals. These functional changes may in
turn have significant consequences on age-related behav-
ioral taste preferences and aversions.
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