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ABSTRACT

The terminal fields of nerves carrying gustatory information to the rat brainstem show
a remarkable amount of expansion in the nucleus of the solitary tract (NTS) as a result of
early dietary sodium restriction. However, the extent to which these axonal changes repre-
sent corresponding changes in synapses is not known. To identify the synaptic characteristics
that accompany the terminal field expansion, the greater superficial petrosal (GSP), chorda
tympani (CT), and glossopharyngeal (IX) nerves were labeled in rats fed a sodium-restricted
diet during pre- and postnatal development. The morphology of these nerve terminals within
the NTS region where the terminal fields of all three nerves overlap was evaluated by
transmission electron microscopy. Compared to data from control rats, CT axons were the
most profoundly affected. The density of CT arbors and synapses quadrupled as a result of the
near life-long dietary manipulation. In contrast, axon and synapse densities of GSP and IX
nerves were not modified in sodium-restricted rats. Furthermore, compared to controls, CT
terminals displayed more instances of contacts with postsynaptic dendritic protrusions and
IX terminals synapsed more frequently with dendritic shafts. Thus, dietary sodium restric-
tion throughout pre- and postnatal development had differential effects on the synaptic
organization of the three nerves in the NTS. These anatomical changes may underlie the
impact of sensory restriction during development on the functional processing of taste

information and taste-related behaviors. J. Comp. Neurol. 508:529-541, 2008.
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Established paradigms of sensory deprivation in mam-
mals involve anatomical changes in the brain (Hubel and
Wiesel, 1970; Harris and Woolsey, 1981; Smith et al.,
1983; Frazier and Brunjes, 1988; May and Hill, 2006).
Mediated by plasticity of synaptic connections, such ana-
tomical restructuring has been widely studied at both the
thalamic and cortical levels (Buonomano and Merzenich,
1998; Katz and Crowley, 2002; Shepherd et al., 2003). To
a lesser extent, experimentally induced changes have also
been demonstrated in the anatomical organization of the
gustatory system at the first central synaptic relay, in the
nucleus of the solitary tract (NTS) (Bradley, 2007). This
medullary structure is especially attractive for studies of
neural plasticity because it receives overlapping sensory
input from three separate nerves: the chorda tympani
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(CT) nerve, which innervates taste receptor cells located
in the anterior tongue, the greater superficial petrosal
(GSP) nerve, which innervates taste receptor cells located
in the palate, and the glossopharyngeal (IX) nerve, which
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innervates taste receptors on the posterior tongue (May
and Hill, 2006).

Regionally specific, anatomical alterations confined to
the terminal field of the CT in the NTS have been induced
during development by limiting taste experience (Lasiter
and Diaz, 1992; Lasiter, 1995), damaging taste receptor
cells (Lasiter and Kachele, 1990), and implementing diets
low (King and Hill, 1991; Krimm and Hill, 1997; Mangold
and Hill, 2007) and high (Pittman and Contreras, 2002) in
NaCl. For example, May and Hill (2006) reported that rats
maintained on a diet low in NaCl (0.03% NaCl) from early
gestation showed a 2-fold increase in the volumes of both
CT and IX terminal fields compared to rats fed a standard,
sodium-replete diet (0.3% NaCl). The most profound ef-
fects of this dietary manipulation occurred in the dorsal
portion of the rostral NTS. CT and IX fields extended past
their normal boundaries, significantly increasing the over-
lap among all three terminal fields. Furthermore, this
increase was selective in that the volume of the GSP
terminal field was not affected by the dietary manipula-
tion (Sollars and Hill, 2000; May and Hill, 2006). None of
these studies quantified terminal field densities because
conclusions were based solely on terminal field volumes,
primarily because of inaccuracies inherent in making and
interpreting density measurements at the light micro-
scopic level. Therefore, it is not clear if the expanded
terminal field volumes are accompanied by a correspond-
ing increase in axonal arbor densities (and synapses) or if
the axonal arbor densities and synaptic inputs are unal-
tered but merely distributed throughout larger terminal
field volumes. The examination of afferent axons and syn-
apses by quantitative electron microscopy in the current
study addresses these questions directly.

Recently, the fine structural properties defining the
GSP, CT, and IX axon terminals and their synapses onto
postsynaptic targets in the dorsal NTS were described in
normal adult rats (May et al., 2007), providing fundamen-
tal fine structural information about this zone. While
GSP, CT, and IX terminals all display similar character-
istics of primary afferent nerves (i.e., synaptic vesicle-
filled terminals engaging in asymmetric synaptic junc-
tions), the terminals are somewhat distinct in their
terminal size, and in their targeting, frequency, and den-
sity distribution of synapses onto NT'S neurons. Most no-
tably, differences in fine structure were present between
IX and both CT and GSP afferent nerves in the NTS
region where their terminal fields overlap. IX terminals
were larger than CT and GSP terminals, they engaged in
synaptic contacts more often with dendritic spines (CT
and GSP terminals contacted dendritic shafts), and they
accounted for the majority of the synaptic input to the
zone of the NTS that was identified as changing the most
during normal development and identified as being espe-
cially susceptible to the dietary manipulation (Sollars and
Hill, 2000; May and Hill, 2006).

Since dietary sodium restriction throughout develop-
ment results in specific increases in terminal field volume
and increased overlap among terminal fields, correspond-
ing changes in synaptic arrangements may occur as well.
To discover the specificity and extent of synaptic changes
in the NTS as a consequence of dietary sodium restriction
throughout development, the fine structure of labeled
GSP, CT, and IX axon terminals from developmentally
sodium-restricted rats were examined with an electron
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microscope. These data were then compared with corre-
sponding data from rats fed a standard, stock rat chow.

MATERIALS AND METHODS

All animal procedures were done in accordance with
National Institutes of Health (NIH) guidelines for hu-
mane handling of animals, and all protocols were ap-
proved by the Institutional Animal Care Committee at the
University of Virginia.

Animals and the sodium-restricted diet

Pregnant rats (Sprague—Dawley supplied by Harlan,
Indianapolis, Indiana) were fed a 0.03% NaCl diet (MP
Biomedicals, Solon, OH) and distilled water ad libitum
from 3 days postconception through weaning at 21 days
postnatal. The offspring of these dams were weaned and
retained on the same dietary regimen throughout adult-
hood. Data from nine developmentally sodium restricted
rats were used for the present study and were compared
with data obtained from nine age-matched (50-60 days
old) control rats that were used in a previously published
study (May et al., 2007). The control animals were main-
tained on a standard, stock rat chow (Harlan Teklad Ro-
dent Diet, #8604, Madison, WI) consisting of 0.3% NaCl
throughout development. All data were collected from
sodium-restricted and control rats during the same period
and by the same experimenter, and all procedures were
identical for both groups.

Anterograde labeling and perfusions

For anterograde labeling of the GSP, CT, or IX nerve,
animals were anesthetized with medetomadine hydrochlo-
ride (IM; 0.2 mg/kg; Pfizer Animal Health, Exton, PA)
followed by ketamine (IM; 20 mg/kg; Fort Dodge Animal
Health, Fort Dodge, IA) and placed on a water-circulating
heating pad to maintain body temperature at 36°C.
Briefly, rats were placed in a nontraumatic head holder
(Erickson, 1966), access to the CT and GSP was made
through a ventral approach to the right tympanic bulla,
and access to the IX was made in the ventral side of the
neck medial to the tympanic bulla (May and Hill, 2006).
Each nerve was cut peripheral to the ganglia, crystals of 3
kD biotinylated dextran amine (BDA) (Invitrogen, Carls-
bad, CA) were carefully placed on the proximal cut ends of
the nerves, and petroleum jelly was applied over the prox-
imal stump to hold dye crystals in place. The incision was
then sutured and animals were injected with atipamezole
(IM; 1 mg/kg; Pfizer Animal Health) to reverse the effects
of medetomadine HCI. Rats were allowed to recover from
the anesthetic on a heating pad and then transferred to
their home cage. After ~24 hours survival, which has been
optimal for BDA transport to the NTS (Sollars and Hill,
2000; May and Hill, 2006; Sollars et al., 2006; Mangold
and Hill, 2007), animals were injected with a lethal dose of
urethane (2 g/kg body weight) and perfused transcardially
for 3—4 minutes with a Krebs solution that contained 1%
heparin followed by a mixture of 4% paraformaldehyde
and 1% glutaraldehyde in 0.1 M phosphate buffer (PB, pH
7.4).

Tissue preparation

After postfixing in 4% paraformaldehyde overnight, the
medulla was blocked and sectioned on a vibratome hori-
zontally at 50 pm through the entire NTS. Tissue sections
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were then reacted in a 1:100 avidin-biotinylated peroxi-
dase complex in PBS overnight at 4°C, followed by 1%
diaminobenzidine (DAB) and 0.0003% H,0, for 5—8 min-
utes.

The tissue was embedded in plastic resin following stan-
dard procedures (Hayat, 2000; Erisir and Dreusicke,
2005). Tissue was fixed with 1% osmium tetroxide for 1
hour, sections were counterstained en bloc with 4% uranyl
acetate in 70% ethanol for 1 hour, and dehydrated sequen-
tially in increasing concentrations of ethanol. Next, sec-
tions were infused with resin (EMbed-812; Electron Mi-
croscopy Sciences, Fort Washington, PA), flat-embedded
between two acetate sheets (Aclar, Electron Microscopy
Sciences), and placed in a 60°C oven overnight.

Tissue sampling

We chose to focus our electron microscopic characteriza-
tion of the NTS on only the dorsal zone of the composite
fields (Fig. 1), as described in horizontal sections by May
and Hill (2006). This zone likely corresponds predomi-
nantly to the rostral central subdivision defined previ-
ously in coronal sections (Whitehead, 1988; Halsell et al.,
1996). Since the NTS is inclined ventrally as it extends
rostrally, our term “dorsal” also refers to a dorsal/caudal
location within the rostral half of the NTS (Fig. 1C,D).

To locate tissue sections that contained this zone, the
outlines of the NTS, DAB-stained terminal fields, and
landmarks, such as the fourth ventricle, the shape of the
solitary tract, and the position of the spinal trigeminal
tract were drawn with a camera lucida. A trapezoid-
shaped portion of tissue, containing only the rostral part
of the densely labeled terminal field, was cut from thick
(50 wm) tissue sections (Fig. 1). The excised portion of the
tissue sections was repolymerized on the bottom of BEEM
capsules. The features of capsule-embedded sections were
again drawn in detail with the aid of a camera lucida in
order to confirm the location of the region of interest
relative to the borders of the trapezoid. Ultrathin sections
were cut at 80 nm, collected on 200 mesh copper grids, and
viewed with a JEOL 1010 electron microscope. Photo-
graphs were taken using either an analog film camera or
a 16 Mpixel SIA-12C digital camera (Scientific Instru-
ments and Applications, Duluth, GA), using MaxIm DL
CCD software (Diffraction Limited, Ottawa, Ontario, Can-
ada). Photographic film was developed, digitized at 600
dpi with an Epson Perfection 1200 Photo Scanner, and all
images were examined at a final 30,000X-50,000X mag-
nification on a computer monitor.

Quantitative analysis

Ultrathin sections contained the densely labeled region
of the dorsal NTS (trapezoid in Fig. 1). The copper grids,
upon which these sections were placed, provided a means
to arbitrarily divide the sections into small squares of
tissue. From each ultrathin section one tissue square was
selected for examination. The tissue square corresponded
to the region of interest in the NTS and contained the
tissue-resin interface, resulting in near-parallel sections
to the surface of the thick section. Within each grid-square
a series of adjacent pictures were taken at low magnifica-
tion (1500X); a montage of the tissue in the grid-square
was constructed using Photoshop 7.0 (Adobe Systems, San
Jose, CA). The area of the sample was measured using
quantification software (Image Pro Plus, v. 4.5; Media
Cybernetics, Silver Springs, MD), excluding any blood ves-

Fig. 1. Photomicrographs and diagrams of the approximate area
in which samples for electron microscopy were collected are shown.
They are the same as the area sampled in controls. A: Photomicro-
graph of a representative horizontal section through the right NTS
(outlined in yellow) in a control rat. The GSP (green), CT (red), and IX
(blue) terminal fields are shown in their approximate location and
configuration in the rostral NTS. The fields of overlap are depicted by
the overlapping colored areas. The trapezoid (outlined in black, dotted
lines) depicts the approximate area sampled for electron microscopic
analyses. B: Photomicrograph depicting the expanded CT and IX
terminal fields and resultant areas of terminal field overlap in a
developmentally sodium-restricted rat. The colors denote the same
fields as in A. C: 3D reconstruction of the right NTS viewed from the
dorsal aspect. The gray layer represents the approximate single hor-
izontal plane (i.e., third plane from the most dorsal aspect shown)
from which samples were obtained. The green trapezoid in the rostral,
dorsal portion of the NTS is the approximate area sampled for EM
analyses. D: 3D reconstruction of the right NTS viewed from the
lateral aspect. The green polygon in the rostral, dorsal portion of the
NTS denotes the approximate area studied through EM. The orien-
tation guide shown in C also applies to A,B. The orientation guide
shown in D applies only to that panel. R, rostral; L, lateral; V, ventral;
4V, fourth ventricle; sp5, spinal trigeminal tract. Scale bar = 1 mm.

sels, EPON patches, and myelinated axons. Typically,
each area constructed in this manner averaged (= SEM)
4 X 10 = 7 pm?.

Density dataset. Within each selected grid square
every DAB-labeled profile, regardless of whether it con-
tained a synapse, was photographed again at 10,000X
magnification. For each nerve (GSP, CT, or IX) a total of
nine grid squares (three sections from each of three ani-
mals) were examined. Grid squares that were selected
from the same animal did not overlap. Data collected in
this manner were used for all density analyses (see “De-
rived measures” below). For terminal area measurements
only the DAB labeled profiles that displayed a synapse
were used (see below).
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Identification criteria for profiles. Both labeled and
unlabeled profiles were evaluated. When a profile con-
tained DAB chromagen it was identified as a labeled axon
representing the particular nerve. Therefore, we use the
term “labeled axon” to denote axonal fibers regardless of
whether they contained vesicles, formed boutons, or con-
tained synaptic specializations. Both unlabeled and la-
beled profiles that contained vesicles were classified as an
axon terminal, or, briefly, a terminal. Terminals display-
ing synapses were termed “synaptic terminals.” Synapses
were defined by the existence of 1) a parallel alignment of
a segment of the presynaptic membrane to the postsynap-
tic membrane; 2) at least three vesicles in a profile; and 3)
at least one vesicle in the presynaptic profile in contact
with the presynaptic membrane (Colonnier, 1968).
Postsynaptic profiles were classified as a spine, a dendritic
shaft, an axon terminal, or a cell soma. Cell somas were
identified by the presence of an endoplasmic reticulum,
subsynaptic cisterna, a Golgi apparatus, or a nucleus.
Postsynaptic axon terminals were identified by the pres-
ence of vesicles, regardless of the presence of a synapse.
The direction of an axo-axonic synapse was determined
such that the presynaptic element contained vesicles ac-
cumulated by the synapse and the postsynaptic element
displayed a prominent postsynaptic density. Dendritic
profiles displaying microtubules or mitochondria were
classified as shafts; those displaying neither were counted
as dendritic spines (Peters et al., 1970). While there were
cases in which dendritic spines had a spine apparatus, or
they may have been observed as emerging from a den-
dritic shaft, meeting these two criteria was not necessary
to include the structure as a “spine.”

Measurements. Several measurements were taken
using Image ProPlus. 1) Synapse length: The length of the
postsynaptic density along the parallel pre- and postsyn-
aptic membranes of the profiles. 2) Area of synaptic termi-
nals: The perimeter of each labeled terminal that con-
tained a synapse was outlined and the area inside the
outline was calculated. 3) Axon diameters: The feret min-
imum and feret maximum features of Image ProPlus were
used to measure maximum length and width of the out-
lined axon. These measurements represented the largest
and the smallest caliber of the labeled profile, respec-
tively. 4) Postsynaptic profile diameter: The perimeters of
the profiles that were postsynaptic to the labeled synaptic
terminals were outlined and the largest caliber was com-
puted.

Derived measures of axon and synapse
density

In order to provide an estimate of frequency of axons
and synapses provided by each nerve, we performed three
calculations. First, we estimated the density of labeled
fibers (Areal Axon Density) by using a calculation for
length of axon segment that each labeled profile repre-
sented (see below). Second, the frequency of synapses
along each axon (Synapsing Frequency) is an estimate of
the number of synapses formed by a unit length of axon.
Third, we calculated the Volumetric Density of labeled
synapses; this is a measure of how many synapses a nerve
provides into a unit volume of tissue. These three derived
measures were obtained as follows.

Areal axon density. In order to estimate the density
of labeled axons, we first calculated the length of axon
segment represented by each labeled profile, using a pre-
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viously published approach (Erisir and Dreusicke, 2005;
May et al., 2007). Briefly, the smallest caliber (C,) and
largest caliber (C)) of a profile as well as the section thick-
ness (t), was applied in the formula below to estimate the
length of the axon segment that each labeled profile rep-
resented.

Estimated axon length (mm) = /Cf — CZ + t

Total length of axon was calculated by summing the
estimated length of each labeled profile in each sample
grid square of tissue. An estimate of the axon density
within a unit area was derived by dividing the total esti-
mated axon length by the measured area of the grid
square. Note that this is an estimate of how densely axons
occupy a given area in the brain, which is comparable to
estimating the axon density that can be calculated at the
light microscope level using single thick sections. The
advantage of using electron microscopy (EM) for this anal-
ysis is the added precision of area measurements that
excludes the areas of capillaries and cell bodies.

Synapsing frequency. To estimate the frequency of
synapses along labeled axons, we divided the number of
synapses observed by the total estimated length of all
labeled axons for each grid. The outcome is reported as
number of synapses per mm of axon. Note that this quan-
tification is comparable to bouton counts along axon
lengths measured at the light microscope level, with the
added precision of confirmed synapses.

Volumetric density of synapses. The volumetric den-
sity (Ny,) of labeled synapses was calculated by applying a
previously published quantification approach (Colonnier
and Beaulieu, 1985; DeFelipe et al., 1999), using the for-
mula Ny = N,/ d (d is the average synapse length and N,
is the number of labeled synapses per unit area). The term
for synapse length provides a normalization factor for the
sampling bias introduced by the thickness of the tissue,
which is smaller than the size of the counting unit (i.e., the
length of the synaptic zone).

The volumetric density method was extensively de-
scribed previously; the validity of this quantification ap-
proach is comparable to stereological approaches and it
can be used reliably in estimating the number of synapses
contained within a unit volume (Colonnier and Beaulieu,
1985; DeFelipe et al., 1999; Erisir and Harris, 2003). We
believe this method is best suited for the tissue of study
and for the requisite level of reliability (Guillery, 2002;
Guillery and August, 2002). Counts using single ultrathin
sections (i.e., Size-Frequency/Volumetric Density Method)
were chosen over the dissector approach because, while
both methods produce similar estimates of synapse den-
sity, the former is a simpler approach, thereby allowing
efficient quantification of sparsely distributed labeled el-
ements in wider brain areas in a repeated brain sample
design (Colonnier and Beaulieu, 1985; DeFelipe et al.,
1999). Moreover, using histochemically stained sections
for EM quantification provides an additional reason for
using single ultrathin section quantification approaches.
Namely, the limited penetration of reagents into the thick
tissue sections results in a strip of tissue (usually 10-15
microns wide) that lines the tissue/EPON interface where
the labeled synapses can be sampled. The tissue quality of
the strips at the edge of the interface can be compromised
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from one ultrathin section to the adjacent or near adjacent
ultrathin sections (i.e., the section used as the “look-up”
section in the dissector method). In contrast, the statisti-
cal power is increased when using a single ultrathin sec-
tion design on large tissue areas, in which the experi-
menter confirms the suitability because it allows sampling
of a relatively large number of synapses. On the other
hand, sampling probability in 2D section analyses can be
biased if a large variability exists in the size of the sam-
pled unit because, for example, large terminals would be
cut into a higher number of ultrathin sections. Thus, they
would have a higher probability to be included in the
sample. This possible sampling bias was minimized in the
present analysis by counting the terminals only when they
displayed a synapse. In addition, since the volumetric
density analysis uses average synapse length as the depth
of section that is analyzed, any variability in synapse
length across different cases is reflected and compensated
for in this analysis.

Photomicrograph production

Electron photomicrographs were produced by digitizing
negative films at a resolution of 1600 dpi to yield enlarge-
ments at 400—600 dpi without resampling. For figures,
images captured using a 16 Mbyte digital camera were
resampled to reduce the size to match the same magnifi-
cation obtained with digitized negatives. Photoshop 7.0
(Adobe Systems) was used to compose and label the plates.
Minimal brightness and contrast adjustments were per-
formed.

Statistical analysis

Statistical comparisons between control and sodium-
restricted rats for the GSP, CT, and IX afferent terminals
were done with independent samples ¢-tests. The alpha
level of 0.05 was divided by the number of comparisons for
each measure (0.05/3 comparisons = 0.017; 3 comparisons
— control vs. sodium-restricted rats for GSP, CT, or IX).
Comparisons among the three nerves for sodium-
restricted rats were done with analysis of variance
(ANOVA). Post-hoc comparisons among GSP, CT, and IX
means were accomplished with Bonferroni posttests un-
less variances were not homogeneous (i.e., determined by
Levene statistic). The variances were not homogeneous for
tests of terminal area, percentage of synapses on den-
drites, dendritic calibers as the postsynaptic target, and
volumetric synaptic density. For these four tests, post-hoc
comparisons were done with Dunnett’s T3 test (SPSS,
Chicago, IL). The alpha level of 0.05 was used to deter-
mine statistical significance. The ¢-test and post-hoc prob-
abilities are reported in the text. Data from control rats
were previously reported in May et al. (2007).

RESULTS

Qualitative properties of sodium-restricted
terminals

At the light microscopic level, DAB-labeled fibers from
each nerve densely terminated in the dorsal portion of the
rostral NTS (Fig. 1). The features of DAB-labeled terminal
fields of each nerve were comparable to fluorescently la-
beled terminal fields described in May and Hill (2006)
(data not shown). Furthermore, the appearance and ori-
entation of individual axon arbors for each nerve in

Fig. 2. Electron micrographs of DAB-labeled terminals in the dor-
sal zone of the NTS of a sodium-restricted rat. A labeled GSP terminal
(t1*%) engaged in a synaptic triad and formed asymmetric synapses
(arrows) on both a spine (s) and an unlabeled terminal (t). The unla-
beled terminal (t) contained a dense-cored vesicle (arrowhead) and
formed a synapse (arrow) on the same spine (s) as the labeled terminal
(t1%). Glia (g) surrounded the entire arrangement including an addi-
tional labeled terminal (t2%) and a dendrite (d). Scale bar = 0.5 pm.

sodium-restricted rats were similar to axon arbors in con-
trol rats. Axon arbors coursed in all directions, and swell-
ings along the axons were detectable.

General appearance of sodium-restricted,
afferent axon terminals

At the EM level, immunostaining for the anterograde
tracer led to visualization of GSP, CT, or IX terminals
(Figs. 2—4) with DAB. Moderate intensity of the DAB label
within anterogradely filled terminals did not obstruct
qualitative and quantitative assessment of cellular mem-
branes, postsynaptic densities, vesicles, or organelles.
Similar to controls, labeled afferent terminals of sodium-
restricted rats were medium to large in size (0.1 um? to
12.2 pm?) and contained round clear vesicles and dark
mitochondria (Figs. 2—4). These terminals formed syn-
apses with dendrites, spines, and other unlabeled axons.
Our sample did not contain instances of axo-somatic syn-
apses. Afferent terminals were observed engaging in both
simple synaptic junctions where one terminal formed a
synapse with one postsynaptic element, and they were
observed engaging with complex glomeruli (Peters et al.,
1970), which consisted of glia surrounding an axon termi-
nal that formed synapses with more than one postsynaptic
target (Figs. 2, 3). Glomeruli also contained triadic ar-
rangements, where a labeled terminal formed a synapse
with a target, which in turn made a synapse with another
profile that was also postsynaptic to the first labeled ter-
minal (Fig. 3). Typical of all excitatory afferent axons
(Peters et al., 1970), synapses associated with labeled
terminals were asymmetric. Unlabeled axon terminals,
with structural features similar to labeled axon terminals,
were also observed forming asymmetric synapses in the
vicinity of labeled axon terminals (Figs. 2, 3). In some
cases these unlabeled, excitatory terminals were postsyn-



Fig. 3. Electron micrograph of two labeled CT terminals (t1*, t2%)
in the dorsal zone of the NTS of a sodium-restricted rat containing
unlabeled inclusions (p), which are identified as finger-like protru-
sions from other neuropil. Lack of microtubules and vesicles suggest
pl and p2 may be emerging from postsynaptic spines. A third protru-
sion (p3) is identified as a segment from a terminal, based on the
presence of vesicles within. One of the labeled terminals (t1*) formed
synapses (arrows) with two separate dendrites (d1, d2). An unlabeled
terminal (t1) also formed a synapse (arrow) with one of these den-
drites (d1). Surrounding glia (g) suggests a glomerular structure. m;
mitochondria. Scale bar = 0.5 pm.

aptic to labeled terminals (Fig. 2). Occasionally, both la-
beled and unlabeled axon terminals contained dense-cored
vesicles (Fig. 5). Protrusions emerging from surrounding
dendrites and axons were often encased within identified
GSP, CT, and IX terminals of sodium-restricted rats re-
sulting in a hole-punched appearance of the profile (Figs.
3, 5). Labeled terminals from all three nerves in sodium-
restricted rats also occasionally displayed perforated
postsynaptic densities (Peters and Kaiserman-Abramof,
1969), similar to control rats.

Quantitative analysis of sodium-restricted,
afferent axon terminals

In order to document synaptic arrangements of labeled
primary afferent axons after developmental sodium re-
striction, several morphometric parameters were quanti-
fied.

Terminal area. In order to determine if dietary so-
dium restriction affected afferent terminal size, the cross-
sectional area of each labeled synaptic profile was mea-
sured and compared between control and sodium-
restricted rats. The means and the distributions of GSP,
CT, and IX terminal cross-section areas in sodium-
restricted rats were not different than in controls (Fig. 6).
Similar to control brains, the IX terminals in sodium-
restricted rats were significantly larger than both GSP
(P = 0.0001) and CT terminals (P = 0.0001), but the area
of the GSP and CT terminals in sodium-restricted rats did
not differ significantly from each other (Fig. 6).

Synapse length. The efficacy of the synaptic contacts
associated with axon terminals can be predicted by the
extent of the active zone (Pierce and Lewin, 1994). Thus,

The Journal of Comparative Neurology

O.L. MAY ET AL.

"z‘:-\ .

Fig. 4. Electron micrograph of DAB-labeled IX terminals in the
dorsal zone of the NTS of a sodium-restricted rat. Three closely
apposed, labeled terminals (t1%, t2%, t3*) were densely filled with
synaptic vesicles. One terminal (t1*) formed a synapse (arrow) on a

dendrite (d). Another terminal (t2¥) formed a synapse on spine (s).
Scale bar = 0.5 um.

in order to determine the effects of dietary sodium manip-
ulation on the efficacy of synapses associated with labeled
afferent axons, synapse length was also compared be-
tween control and sodium-restricted rats among GSP, CT,
and IX axons. Synapses associated with CT terminals in
sodium-restricted rats were significantly shorter than
synapses on CT terminals in control rats (P = 0.002; Fig.
7). Conversely, synapses associated with GSP and IX ter-
minals in sodium-restricted rats were significantly longer
than synapses with GSP and IX terminals in control rats
(GSP: P = 0.008; IX: P = 0.0001; Fig. 7).

Postsynaptic target preference. If axon proliferation
is accompanied by new synapse formation, it is important
to know if the target preferences in control brains are
maintained. Differences in the postsynaptic target prefer-
ence of afferent terminals were assessed by determining
the percentage of the total number of synapses that oc-
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Fig. 5. Electron micrograph of DAB-labeled CT terminals in the
dorsal zone of the NTS of a sodium-restricted rat. Two labeled termi- 0 2 4 6 8

nals (t1%, t2¥%) encased many protrusions (pl-p6) emerging from sur-
rounding neuropil. The protrusion p6 is identified as a dendrite shaft,
based on presence of mitochondria. One of the labeled terminals (t1%)
contained dense-cored vesicles (white arrowheads) and formed syn- 2.0 7
apses (arrows) with two separate dendrites (d1, d2) and with an
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curred on dendrites, spines, and axons. There were no
significant diet-related differences in the target prefer-
ences for GSP and CT terminals (Fig. 8). In contrast, there
were significant differences between sodium-restricted
and control rats in the distribution of synapses associated
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Fig. 6. A: Frequency distribution histogram of the terminal areas
of GSP, CT, and IX axon terminals in control (outline) and sodium-
restricted (solid gray bars) rats. Frequencies for each nerve are dis-
played as a percentage of the total to allow visual comparison between
groups. Median and population size (n) are indicated for each nerve in
sodium-restricted rats. B: Mean terminal area (um?) of GSP, CT, and
IX axon terminals in control (open bars) and sodium-restricted (solid
bars) rats. In comparing sodium-restricted rats to controls, terminal
areas associated with GSP, CT, and IX axon terminals were similar.
In comparing the three gustatory afferent nerves within sodium-
restricted rats, terminal areas found on IX axon terminals were sig-
nificantly larger than terminals on GSP and CT terminals (signifi-
cance not shown on graph). The IX axon terminals were also larger GSP CT lX
than terminals on GSP and CT terminals for controls (significance not
shown on graph). Error bars indicate standard error.
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with IX terminals (dendrites: P = 0.001; spines: P = 0.001;
Fig. 8). Therefore, a significant diet-related shift in syn-
aptic contacts from spines to dendrites occurred with IX
terminals.

Postsynaptic dendrite caliber. In order to derive an
estimate of the proximity of the synapse from the postsyn-
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Fig. 8. Preference for the postsynaptic targets of GSP, CT, and IX
axons in control (C) and sodium-restricted (R) rats. Preference is
indicated by the percentage of total synapses terminating on den-
drites (hatched bars), spines (open bars), and axons (solid bars). In
sodium-restricted rats the majority of synapses of GSP and CT axon
terminals occurred on dendrites while the majority of synapses of IX
terminals occurred on spines (significance not shown on graph). Com-
pared to controls, a significant shift from the targeting of spines to the
targeting of dendrites occurred in IX terminals of sodium-restricted
rats (asterisks indicate a statistical significance of P < 0.02 between
controls and sodium-restricted rats). Among controls, IX terminals
formed synapses more often with spines than with dendrites com-
pared with that of GSP (P = 0.0001) and CT (P = 0.0001) terminals
(significance not shown on graph).

aptic soma, the caliber of the postsynaptic dendrites
where synapses were made with GSP, CT, and IX termi-
nals were measured. This analysis is based on the as-
sumption that dendritic shafts are conical in shape, taper-
ing away from the soma. We assumed that the closer a
dendrite was to the soma, the larger in diameter it would
appear. In comparing sodium-restricted rats to controls,

Fig. 7. A:Frequency distribution histogram of the synapse lengths
of GSP, CT, and IX axon terminals in control (outline) and sodium-
restricted (solid gray bars) rats. Frequencies for each nerve are dis-
played as a percentage of the total to allow visual comparison between
groups. Median and population size (n) are indicated for each nerve in
sodium-restricted rats. B: Mean synapse length of GSP, CT, and IX
axon terminals in control (open bars) and sodium-restricted (solid
bars) rats. In comparing sodium-restricted rats to controls, synapses
associated with GSP and IX axon terminals were longer, while syn-
apses associated with CT axon terminals were shorter (asterisks
indicate an alpha value less than 0.05). In comparing the three gus-
tatory afferent nerves within sodium-restricted rats, synapses found
on CT axon terminals were significantly shorter than synapses on
GSP and IX terminals (significance not shown on graph). In control
rats there were no significant differences among means (P > 0.2).
Error bars indicate standard error.
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Fig. 9. Mean percentage of GSP, CT, and IX axon terminals in
control (open bars) and sodium-restricted (solid bars) rats that con-
tained unlabeled inclusions. In sodium-restricted rats CT terminals
contained significantly more of these inclusions than controls (aster-
isk indicates a statistical significance of P < 0.02). Error bars indicate
standard error.

there were no measurable differences in the caliber of the
postsynaptic dendrites of GSP, CT, and IX terminals. On
average, all afferent terminals formed synapses on rela-
tively medium-sized dendrites.

Unlabeled terminal inclusions. An unexpected ob-
servation from the brains from sodium-restricted rats was
a change in the incidence of unlabeled patches of neuropil
encased within labeled terminals (Applegate and Land-
field, 1988; Calverley and Jones, 1990; Schuster et al.,
1990; Buchs and Muller, 1996). Similar to controls, la-
beled afferent terminals in sodium-restricted rats con-
tained unlabeled inclusions, which were finger-like pro-
trusions that emerged from postsynaptic profiles or other
surrounding neuropil. These protrusions were either den-
drites, vesicle-filled profiles, or spines (e.g., Figs. 3, 5).
Protrusions were often observed emerging from the perfo-
rations of a synapse formed between a labeled terminal
and a spine. In control animals, IX terminals had signifi-
cantly more protrusions than either GSP or CT terminals
(May et al., 2007). In sodium-restricted rats the incidences
of protrusions in both GSP and IX terminals were not
significantly different from their respective controls. In
contrast, there was a significant, 5-fold increase in the
incidence of these inclusions in CT terminals in sodium-
restricted rats compared to controls (P = 0.001; Fig. 9).
This increase eliminated the normal difference that was
found between CT and IX terminals in control animals. As
a result, CT terminals appeared more like IX terminals
with respect to number of inclusions.

Areal axon density. Total axon length was estimated
and expressed relative to the area of the region of tissue
that was examined in order to provide an estimate of the
density of axon segments. Compared to controls, there was
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an approximate 2- and 4-fold increase in the average total
density observed for CT and GSP axons in sodium-
restricted rats, respectively (Fig. 10A). The increase in
axon density after sodium restriction was 96% for GSP
(P =0.01), 289% for CT (P = 0.0001), and 72% for IX (P =
0.05) nerves. This suggested that the enlargement of the
projection fields after sodium restriction for all three af-
ferent nerves were accompanied by axonal branching or
proliferation, with increases in the number of axons most
evident in CT terminals

Synapsing frequency of axons. The increase in axon
density does not automatically imply an increase in syn-
apse density. For example, axons may extend passively as
aresult of an increase in the components of the underlying
neuropil, thereby resulting in sparser synapses along the
axon length. To address this question, the frequency at
which the axons of GSP, CT, and IX terminals formed
synapses was determined by calculating the frequency of a
synapse that appeared on an axon segment in sodium-
restricted rats and then compared with corresponding fre-
quencies in controls.

There were no diet-related differences in synapsing fre-
quency of GSP, CT, and IX axons compared to controls
(Fig. 10B). It should be noted that the trend for synapse
density of each afferent axon was to decrease, indicating
that passive elongation of axons (i.e., extension without
new synapse formation) occurred. No differences in rela-
tive pattern of three afferent nerves were present between
restricted and control animals (Fig. 10B).

Volumetric density of synapses. In order to detect
whether the balance of synaptic inputs from the three
nerves were affected within the areas of expansion, the
relative density of synapses of labeled axons contained
within the measured volume of tissue was compared be-
tween GSP, CT, and IX afferent nerves in sodium-
restricted and control rats. Compared to controls, there
was a significant 4-fold increase in the volumetric density
of synapses of CT axons in sodium-restricted rats (P =
0.00001; Fig. 10C). In contrast, compared to their respec-
tive controls, there were no significant differences in the
volumetric density of synapses from GSP axons and IX
axons in sodium-restricted rats (Fig. 10C). In control rats
(May et al., 2007), IX axons accounted for the bulk of
synapses made by afferent axons in the dorsal NTS. How-
ever, in sodium-restricted rats the volumetric density of
synapses made by IX axons was not significantly different
from the volumetric density of synapses made by CT axons
(Fig. 10C). This suggests that the relative synaptic input
of CT axons into the region of the NTS that receives
information from all three nerves is much greater in
sodium-restricted rats.

DISCUSSION

The results of this study reveal for the first time that
early environmental manipulations have significant ef-
fects on the structural organization of primary afferent
axons as they synapse with targets in the gustatory region
of the NTS. Sodium restriction instituted during early
prenatal ages and continuing throughout development re-
sulted in a significant difference in the organization of
neuropil in the zone receiving overlapping inputs from the
CT, GSP, and IX compared to rats fed a standard, stock
lab chow throughout development (May et al., 2007).
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Using EM to reveal alterations in synaptic arrange-
ments, we hypothesized that diet-related alterations in
terminal fields would be accompanied by formation of new
synapses along the expanded axons. The quantitative
analyses revealed that dietary sodium restriction had a
dramatic effect on the synaptic connections of CT and
relatively minimal effects on the IX and GSP.

Diet-induced changes in axonal and synaptic
densities

Under normal dietary conditions the portion of the NTS
receiving overlapping input from three afferent nerves
contains four times as many IX axon segments than GSP
or CT axons (May et al.,, 2007). Sodium restriction
throughout development altered this balance so that CT
axons became as dense as IX axons in this zone. Since the
frequency of synapse formation along each axon type did
not change, the increase in CT axon density led to a
3—4-fold increase in the synapse density of CT terminals
per unit area compared to that in controls.

Dietary sodium restriction throughout development led
to alterations in synaptic arrangements occurring
uniquely for the three nerves concomitantly with the
unique changes in terminal fields. The model shown in
Figure 11 illustrates the synaptic endings of each nerve in
the dorsal NTS resulting from density and frequency mea-
surements of axons and synapses.

GSP. For GSP axons, sodium restriction throughout
development resulted in minimal changes: increased axon
density is evident, yet this is not accompanied by changes
in synapse formation (Fig. 11A,B), suggesting that exist-
ing GSP axon shafts were elongated, or stretched out
without new branching or synapse formation. We propose
that the elongation of GSP axons is a secondary conse-
quence of neuropil changes in the NTS, and the lack of
synaptogenesis in the presence of axon elongation and
increased numbers of axons represent a resistance of GSP
axons to the dietary manipulation.

IX. Even though dietary sodium restriction leads to an
enlargement of the IX terminal field (May and Hill, 2006),
excessive axonal branching did not occur within the ter-

Fig. 10. A: Areal axon density of GSP, CT, and IX axons in control
(open bars) and sodium-restricted (solid bars) rats per mm?* of the
dorsal NTS. Compared to controls the total axon densities of GSP and
CT axons were significantly denser upon dietary manipulation (aster-
isks indicate a statistical significance of P < 0.02). However, the CT
and IX axons of sodium-restricted rats were denser than GSP axons
located in the same region (significance not shown; P < 0.02). B: Syn-
apsing frequency of DAB-labeled GSP, CT, and IX axon in control
(open bars) and sodium-restricted (solid bars) rats. (See Results for
interpretation.) Synapses occurred with similar frequency on GSP,
CT, and IX axons in sodium-restricted rats compared to controls.
However, in comparing the synapse frequency between gustatory
axons in sodium-restricted rats, IX axons formed synapses at a sig-
nificantly higher frequency than GSP and CT axons (significance not
shown; P < 0.02). C: Volumetric density of synapses associated with
GSP, CT, and IX axons in control (open bars) and sodium-restricted
(closed bars) rats. Dietary sodium manipulation resulted in a signif-
icant 4-fold increase in the number of synapses present on CT axons
compared to controls (asterisk indicates a statistical significance of
P < 0.02). In the NTS of sodium-restricted rats, significantly more
synapses were associated with CT and IX axons compared to GSP
axons (significance not shown; P < 0.02). See Materials and Methods
for calculations. Error bars indicate standard error.
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Fig. 11. Model of synapse modifications of gustatory primary af-
ferent fibers in the dorsal NTS. GSP, IX, and CT axons of control and
sodium-restricted rats form synapses (swellings containing synaptic
vesicles) on postsynaptic targets (not illustrated). A,B: GSP: As a
result of sodium restriction, axons elongated, yet no changes in syn-
apse formation were evident compared to controls. C,D: IX: Minimal
changes occurred for IX axons of sodium-restricted rats compared to
controls. In the areas we examined, axonal branching did not signif-
icantly increase and the density of synaptic input from this nerve was
not altered. Interestingly, however, a larger percentage of IX axon
terminals in sodium-restricted rats formed synapses on dendrites
compared to controls. E,F: CT: Compared to controls, synapses asso-
ciated with CT axons in sodium-restricted rats quadrupled in density,
and the density of axons in the dorsal zone of the NTS dramatically
increased as well. Therefore, compared to controls, CT axon terminals
in sodium-restricted rats engaged in more synaptic contacts by in-
creased axonal input. Thus, the fine structure of CT axons may be
most profoundly affected by altered afferent nerve activity.

minal field area (Fig. 11C,D). Axons did not form more
synapses than controls within the area we examined here.
Thus, developmental sodium restriction yields minimal
change in the IX input to the area of the gustatory NTS
receiving overlapping inputs from all three nerves.

While our data do not provide evidence for formation of
new IX synapses, there is a degree of diet-related changes
for the IX in sodium-restricted rats. Unlike controls,
where the majority of large IX terminals form synapses
with spines, half of the synapses made by IX terminals
were made with dendrites in sodium-restricted rats. This
finding suggests that there is a diet-related redistribution
of synapses onto their targets and/or a reduction in the
spine formation capacity of the cells postsynaptic to IX
axons. The functional significance of this diet-related dif-
ference is not clear, but the proportional change of syn-
apses made onto dendritic shafts instead of spines may
impact how afferent information functionally interacts
with other afferent and/or descending inputs onto the
same NTS neuron.

CT. In contrast to the GSP and IXth nerves, the syn-
aptic changes of CT axons after dietary restriction are
robust (Fig. 11E,F). Sodium restriction uniquely affected
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the density of both the axons and the synapses associated
with CT terminals in the dorsal zone of the gustatory
NTS. Specifically, the density of CT synapses in sodium-
restricted rats quadrupled compared to control rats.
Hence, as a result of sodium restriction, many more CT
synapses were added in this region. The net result of the
change in the CT was that dietary sodium manipulation
resulted in a dramatic disruption of normal synaptic bal-
ance among CT, GSP, and IXth nerves. While these added
synaptic contacts and increased axonal density are pre-
sumably increasingly interspersed with GSP and IX con-
tacts, they do not appear to be displacing GSP and IX
synapses of respective postsynaptic targets (i.e., no de-
crease in synapse frequency or density for GSP or IX).
Additionally, the number of spinules associated with CT
axons in restricted rats more than quadrupled compared
with controls, which may be a result of neuropil rear-
rangement and/or increased density of postsynaptic tar-
gets.

Potential mechanisms involved in wiring of
the circuitry

Hypotheses linking the dietary manipulation to the an-
atomical alterations have focused on activity-dependent
effects (King and Hill, 1991; Krimm and Hill, 1997; May
and Hill, 2006). Specifically, the development of taste-
elicited responses may shape and refine the circuitry in
the gustatory NTS. This hypothesis is attractive because
the large functional changes to sodium salt taste stimuli
in the CT as a result of developmental sodium restriction
(Hill, 1987; Hill and Przekop, 1988) are accompanied by
changes in the terminations of the CT nerve in the NTS.
By comparison, the GSP also responds well to sodium salt
taste stimuli (Sollars and Hill, 1998), but the function is
unchanged and the terminal fields are unaffected in de-
velopmentally sodium-restricted rats (Sollars and Hill,
2000). Therefore, the nerve that changes the most func-
tionally following sodium restriction (CT) shows the larg-
est changes in terminal field and fine structure. Con-
versely, the nerve that does not change functionally
following developmental sodium restriction (GSP) shows
little to no change in terminal field and fine structure. We
propose that the enlargement of all terminal fields early in
development seen in controls (Mangold and Hill, 2005) are
“pruned” (Kantor and Kolodkin, 2003) to their mature size
and shape by way of taste-evoked activity. “Freezing” af-
ferent nerve activity at an immature state, as is the CT in
sodium-restricted rats (Hill, 1987; Hill and Przekop,
1988), results in a lack of pruning (Sollars et al., 2006).

While an activity-dependent hypothesis is consistent
with findings from the CT and GSP, it may not fully
account for the reorganization of the IX. The IX is not
particularly sensitive to sodium taste stimuli (Formaker
and Hill, 1991; Kitada et al., 1998), yet there are wide-
spread changes in its terminal field in sodium-restricted
rats. Furthermore, the dietary manipulation is imple-
mented and terminal fields mature before taste receptors
are fully developed functionally (Mistretta, 1972; Lasiter
et al., 1989; Lasiter, 1992). We must stress here, however,
that taste responses from the IX have not been recorded
during normal development or in developmentally
sodium-restricted rats. Thus, further work may show that
indeed the diet-related changes in IX may also be activity
dependent.
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Implications for function and behavior

As a result of the modification of the axonal input from
each gustatory afferent nerve by developmental sodium
restriction, corresponding functional alterations are also
likely to occur. Indeed, changes in synaptic morphology
can alter synaptic function and affect postsynaptic cell
targeting (Calverley and Jones, 1990). Furthermore, spine
motility and dendritic restructuring, as noted by the ob-
servation of increased postsynaptic protrusions for the CT
in sodium-restricted rats, can modulate the availability of
postsynaptic targets (Dunaevsky et al., 2001; Deng and
Dunaevsky, 2005) and lead to functional changes. There-
fore, the normal inputs of individual gustatory afferent
axons onto NTS cells may be grossly altered as a result of
dietary sodium restriction.

Presumably, such changes in the connectivity of gusta-
tory afferent nerves would be reflected in the functional
output of NTS cells. Interestingly, a selective decrease in
taste responses to sodium salt stimuli occurs in NTS neu-
rons driven by stimulation of taste receptors of the CT
nerve in sodium-restricted rats (Vogt and Hill, 1993). This
appears to be inconsistent with current results because
the higher density of synapses in sodium-restricted rats
should produce greater responses in the NTS. However,
the CT in sodium-restricted rats is poorly sensitive to salt
stimulation because of a lack of functional transduction
elements in the taste receptor cells (Hill and Bour, 1985;
Hill, 1987; Ye et al., 1993). Following dietary sodium re-
pletion, the function of peripheral and central taste neu-
rons change dramatically. NT'S neurons become supersen-
sitive to sodium salt taste stimulation upon repletion of
dietary sodium at adulthood (Vogt and Hill, 1993). We
propose that CT processes and synapses in the NTS of
sodium-restricted rats adapt to the deprivation by prolif-
eration. Then, upon repletion of dietary sodium at adult-
hood, taste receptor cell and CT nerve function “recovers”
to normal (Hill, 1987). The normal peripheral function
combined with increased synaptic input leads to signal
amplification onto NTS cells (Vogt and Hill, 1993). These
functional alterations in the NTS circuitry, in turn, likely
affect taste-mediated behaviors (Thaw et al., 2000) and
could influence other taste-related homeostatic systems.

In conclusion, dietary sodium restriction uniquely and
specifically affects the wiring of the NTS, suggesting the
importance of proper activity in establishing and main-
taining appropriate function of central gustatory circuitry.
These results further illustrate the significant amount of
susceptibility of the gustatory brainstem to experimental
manipulations and can be used as a model for examining
the synaptic interactions of three overlapping nerves as
they project to their central target.
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