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Abstract

Nodose ganglia are composed of A-, Ah- and C-type neurons. Despite their important roles in
regulating visceral afferent function, including cardiovascular, pulmonary, and gastrointestinal
homeostasis, information about subtype-specific expression, molecular identity, and function of
individual ion transporting proteins is scarce. Although experiments utilizing the sliced ganglion
preparation have provided valuable insights into the electrophysiological properties of nodose
ganglion neuron subtypes, detailed characterization of their electrical phenotypes will require
measurements in isolated cells. One major unresolved problem, however, is the difficulty to
unambiguously identify the subtype of isolated nodose ganglion neurons without current-clamp
recording, because the magnitude of conduction velocity in the corresponding afferent fiber, a
reliable marker to discriminate subtypes in situ, can no longer be determined. Here, we present
data supporting the notion that application of an algorithm regarding to microscopic structural
characteristics, such as neuron shape evaluated by the ratio between shortest and longest axis,
neuron surface characteristics, like membrane roughness, and axon attachment, enables specific
and sensitive subtype identification of acutely dissociated rat nodose ganglion neurons, by which
the accuracy of identification is further validated by electrophysiological markers and overall
positive predictive rates is 89.26% (90.04%, 76.47%, and 98.21% for A-, Ah, and C-type, respec-
tively). This approach should aid in gaining insight into the molecular correlates underlying phe-
notypic heterogeneity of nodose ganglia. Additionally, several critical points that help for neuron
identification and afferent conduction calibration are also discussed.

Key words: visualization, visceral sensory neuron, conduction velocity, whole-cell patch, action
potential

Introduction

Visceral afferent nerves enable electrical signal-  (first order neurons) in nodose ganglia. Thus, nodose
ing from their endings in internal organs to their soma  ganglion neurons take center stage in relaying infor-
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mation from the peripheral to the central nervous
system and investigation of their properties is of
fundamental significance to a better understanding of
the mechanisms regulating body homeostasis. It is
well established that nodose ganglia house heteroge-
neous neuronal populations which are composed of
myelinated A-, Ah-, and unmyelinated C-type neu-
rons (1, 2). From a technical point of view, it is rela-
tively straightforward to obtain high-quality electro-
physiological recordings from isolated nodose neu-
rons using the single-electrode patch-clamp approach,
which is the preferred technique for membrane volt-
age and current measurements. However, the clear
disadvantage of using isolated nodose neuron prep-
arations lies in its inability to readily identify the
neuron subtype based on conduction velocity meas-
urements in the corresponding afferent fibers, simply
because afferent fibers are lost during the enzymatic
isolation procedure. In order to still be able to classify
neuron subtypes in isolated cell preparations, several
methods have been suggested, including measure-
ment of neuron diameter (3), sensitivity to capsaicin
(4), electrophysiological characteristics [e.g., hump
over the course of repolarization (5), presence of tet-
rodotoxin-resistant (TTX-R) Na* channels (6). The
presence of a repolarization hump has long been con-
sidered a specific feature of unmyelinated C-types in
isolated neuron preparations (5, 7). However, our slice
recordings show that humps can also be found in
Ah-types (8), suggesting the possibility that myelin-
ated Ah-types can be mis-classified as unmyelinated
C-types in isolated preparations. Thus, caution should
be used when employing the repolarization hump as
sole criteria for unmyelinated C-types in isolated
preparation. It should be combined with other elec-
trophysiological and morphological features (see de-
tails below). In addition, the computer modeling
study demonstrates that TTX-resistant (TTX-R) Na*
currents encoded in Navl.8 is a responsible ion
channel underlying the repolarization hump (9),
therefore, the expression of a TTX-R Na* current has
been used to identify unmyelinated C-types in iso-
lated nodose neurons (6), especially under experi-
mental conditions that a priori preclude measurements
of action potential properties to classify the neuron
subtype. However, while we were developing the
slice preparation, TTX-R Na* currents were not only
observed in unmyelinated C-type fibers (10) but also
in myelinated Ah-type neurons (11). This particular
fiber exhibited a CV exceeding 20 m/s and persistence
of an inward Na* current in the presence of 1.0 pM
TTX. Thus, expression of a TTX-resistant volt-
age-activated Na* current and fast conduction prop-
erties are not mutually exclusive, invalidating the
prevailing assumption that C-type fibers can be iden-

tified based on their TTX-resistivity.

In Addition, the expression of proteins [e.g., iso-
lectin B4 (12), Transient Receptor Potential Al
(TRPA1) (13), BK-type CaZ*-activated-potassium
channel (KCal.1) (14)], and functional expression of
hyperpolarization-activated current (Ih) through
HCN (15, 16). However, these methods and markers
are prone to erroneous interpretations, because they
are influenced by animal age and gender (1, 2), time of
the neurons in culture (17), and enzymatic digestions
(see details in text). All these factors dramatically af-
fect the power of the various classification approach-
es, which will be discussed in details in the text. Given
on one hand the restriction of the single-electrode
voltage-clamp technique to its use in isolated cells for
measurements of fast and large transmembrane cur-
rents, and on the other hand given the limitations of
existing approaches to identify subtypes of nodose
neurons in isolated cell preparations, we sought to
present an alternative algorithm which would enable
us to identify subtypes of neurons isolated from no-
dose ganglia with high degrees of sensitivity and
specificity. This algorithm utilizes microscopic struc-
tural patterns through visualization to classify nodose
ganglia subtypes.

Materials and Methods

All images were collected using an upright mi-
croscope (Axioskop, Zeiss) equipped with a 40x 0.8
NA water immersion lens, fluorescence detection
components, and a digital camera system (AxioCam,
Zeiss). Following image collection, transmembrane
action potentials were recorded from isolated or in
situ nodose neurons using the patch-clamp technique
in whole-cell current-clamp mode. In case of in situ
preparations, vagal stimulation-evoked action poten-
tials were recorded from the soma, and action poten-
tial (AP) properties were determined. Both neonatal
and adult Sprague-Dawley (SD) rats of either gender
were used. All animal use protocols were approved
by the Institutional Animal Care and Use Committee
of the School of Medical Science, Harbin Medical
University (Harbin, China).

Primary culture of isolated neonatal nodose
neurons

The procedures for dissection and enzymatic
isolation of nodose ganglion neurons have been re-
ported previously (7). Briefly, on the day of experi-
ments, whole nodose ganglia from at least two 5- to
7-day-old rat pups were excised bilaterally and placed
in a chilled (~4°C) nodose complete media (NCM),
consisting of Dulbecco’s Modified Eagle’s F-12 (Invi-
trogen), 5% fetal bovine serum (HyClone), 0.01%
penicillin-streptomycin (Sigma), and 0.1% MITO™ +
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serum extender (BD Biosciences). The ganglia were
digested using trypsin-3X (5 mg/ml, Worthington)
for 30 min at 37 °C. The enzyme solution was replaced
with NCM and ganglia were gently titrated with an
aspiration pipette. The isolated cells were plated on
poly-D-lysine - coated cover slips (10 x 10) and stored
in 5% CO; + air in a humidified chamber until use.

Primary culture of isolated adult nodose neu-
rons

All procedures have been described in details
previously (8). Briefly, both nodose ganglia were ex-
cised from adult rats of at least 14 weeks of age and
immediately placed into chilled (~4°C) recording so-
lution. The connective tissue around the ganglia was
carefully removed and each ganglion was cut into 6
small pieces under a surgical microscope (40x). The
ganglion tissue was transferred to enzyme solution
(Earle’s balanced salt solution, Sigma) containing 20
units/ml of Papain in a 15-ml centrifuge tube, di-
gested at 37°C in 5% CO, - air in a moisturized
chamber for 20 min, and then transferred into a 2nd
enzyme solution (Earle’s balance salt solution, Sigma)
containing 1.0 mg/ml type II collagenase and 2.0
mg/ml Dispase for 30-min incubation under the same
conditions. After digestion, the enzyme solution was
completely removed and 1.0 ml of warm (~36 °C)
NCM with 1.0 mg/ml of albumin (Sigma) was added
and the ganglia were gently triturated with a glass
aspiration pipette until they were no longer visible.
The cell suspension was then transferred onto
poly-D-lysine - coated cover class (10 x 10) and incu-
bated for at least 60 min to allow neurons to attach to
the glass surface. Finally, 2 to 3 ml of warm NCM was
added to the culture dish and neurons were incubated
for another 2-3 h before use, enabling their recovery
from enzymatic digestion.

Vagus-nodose slice preparation

Adult male or female Sprague-Dawley rats (220
- 250 g, at least 14 weeks of age) were used for the
preparation of nodose slices. Bilateral dissection of the
nodose ganglia with ~2.0-cm segments of the vagus
nerves still attached , slicing, and enzymatic digestion
have been described previously (8). Briefly, surgical
dissection of the nodose ganglia was performed under
a stereomicroscope (40x). The nodose ganglia were
placed immediately in chilled (~4 °C) recording solu-
tion, all connective tissue around ganglia and nerve
was completely removed, and the ganglia were sliced
without damaging the vagus nerve. Following the
addition of 1.0 mg/ml type II collagenase
(Worthington), the ganglia slices with the attached
vagus nerve segment were incubated at 37 °C for 30
min followed by fresh support medium with 5.0

mg/ml trypsin (Worthington) at 37 °C for an addi-
tional 20-25 min, depending upon animal age. The
enzyme solution was then completely replaced with
recording solution prior to transfer of the ganglia to
the recording chamber.

As described previously (8), the nodose ganglion
slices with the attached vagus nerve segment were
transferred to the recording chamber with the cut
surface facing up and held in position by a harp,
preventing tissue movement during recording and
ensuring uninterrupted exposure of the cut surface to
the recording solution. For CV measurements, a bi-
polar stimulation electrode was placed at the distal
end of the vagus nerve segment, ca. 15 mm from the
recording electrode positioned close to the ganglion.
All above procedures are completed before electro-
physiological recording was begun. To examine the
conduction property of the truncated vagus nerve,
short-duration (< 200 ms) monophasic constant cur-
rent pulses were applied via the bipolar stimulation
electrode. Pulse durations exceeding 200 ms may
cause interference with the evoked electrical signal
recorded close to or inside the ganglia, and should be
avoided. To examine the frequency response of the
preparation, trains of electrical stimuli (1 - 100 Hz)
were delivered to myelinated A- and Ah- afferent
fibers, and unmyelinated C-type visceral afferent fi-
bers using a programmable stimulator (Master-8, the
8-channel programmable Pulse Generator, AMPI,
Jerusalem, Israel).

Critical techniques and limitations for intact
nodose slice preparation

Slice preparations of vagus-nodose ganglia were
first established by us a decade ago (8) using adult
rats. The advantages and disadvantages of this prep-
aration have also been discussed in our previous work
(8), but some additional technical details had not been
made available previously. First, after slicing and
proper treatment with enzymes, the slice has to be
placed into the recording chamber with the cutting
surface up (Supplementary Material: Figure. S1B); this
is very important, since the treated tissue becomes
very sticky, and care must be executed not to damage
afferent, especially unmyelinated fibers. If the slice is
placed properly, the cutting surface becomes less re-
flective and cells located within different layers re-
main in different focal planes compared with those
neurons from untreated area of slice (Supplementary
Material: Figure S1A), that would facilitate patching
of the cells under microscopic guidance. Second, the
first three layers of neurons remain accessible for
electrophysiological recordings only with proper en-
zyme treatment and correct orientation of the slice in
the perfusion chamber. Third, with this preparation,
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the superficial three layers of cells remain accessible
for patching. The first and second layer of cells is easy
to reach for patching; while a higher positive intrap-
ipette pressure has to be applied to reach the third
layer. Importantly, the second and third layers of cells
typically provide higher-quality recordings because
their membranes are less damaged by enzymes com-
pared to the cells at the surface. Clearly, the ad-
vantages of the slice preparation are significant;
however, the limitation with this preparation with
regard to measurements of the fast activated Na*
current should be discussed. Because of its large size
and fast activation (relative to the time constant for
charging the membrane capacitor), voltage-gated Na*
currents are notoriously difficult to record, even when
electronic capacitance and resistance compensation
are applied to improve voltage-control. Loss of ade-
quate voltage control results in erroneous measure-
ments of both Na* current amplitude and activation
kinetics (Supplementary Material: Figure S2B and C).
Another disadvantage of slice preparations is the lim-
ited and/or delayed access of individual cells to ex-
ogenous chemicals, neurotransmitters, and ion chan-
nel agonists/antagonists. For example, it may take a
long time for an externally applied compound to dif-
fuse to a second- or third-layer neuron, delaying
manifestation of its electrophysiological effect. Thus,
caution and more patience have to be paid during
slice recordings.

Aortic depressor nerve labeling

In order to confirm the similarity of the electro-
physiological characteristics between general popula-
tion of vagal ganglion neurons and functional-specific
population of baroreceptor neurons with myelinated
and unmyelinated fiber types, the aortic depressive
nerve (ADN) was fluorescently labeled with Dil in a
cohort of adult female rats at least 2 weeks prior to
electrophysiological experimentation. Younger rats
(~75-100 g, at least 4 week of age) are preferred for
nerve labeling because of less connective tissue
around ADN. The procedure of Dil labeling was
identical to that described in details previously (18).
Briefly, under general anesthesia, the left ADN was
dissected free at a 2-cm distance from the nodose
ganglion. Dil crystals were placed on top of the ADN
and then completely sealed to prevent Dil molecules
from leaking onto the vagus. The wound was closed
and antibiotics were applied locally. After 10 weeks,
Dil-treated animals were sacrificed, nodose ganglia
were removed, processed for electrophysiological
experimentation as described above, and baroreceptor
neurons were dually identified via both conducting
properties and fluorescence.

Further confirmation of microscopically clas-
sified isolated afferent neurons

Microscopic classification of individual isolated
neurons as belonging to A-, Ah- or C-type fibers was
confirmed by applying electrophysiological criteria
that had been established previously (1). Briefly, to be
classified as myelinated A-type nodose neuron, the
AP firing threshold (APFT) must be more negative
than -40 mV, the maximal upstroke velocity (UVmax)
must exceed 250 mV/ms, and AP duration (APDs)
must be less than 1.0 ms with no repolarization hump.
The same criteria for APFT and UVmax, but an APDsg
> 1 ms with a detectable repolarization hump, were
considered diagnostic for myelinated Ah-type nodose
neurons. For unmyelinated C-type fibers, APFT must
be less negative than -35 mV, UVmax must not exceed
250 mV/ms, and APDsy must be > 2 ms with a de-
tectable repolarization hump. In addition, the cells’
current responses to external application of
op-methyl-ATP and capsaicin were used as pharma-
cological classification criteria.

Electrophysiological patch recordings

Whole-cell recordings were performed using the
Axopatch 700B amplifier (Axon Instruments, Union
City, CA, USA). Borosilicate glass pipettes (Sutter
Instruments) with a tip resistance ranging from 1.5-1.8
MQ were used, as measured in AP recording solution
(see below). Following the formation of a GS2 seal, the
pipette capacitance was compensated. The total cell
capacitance (40-70 pF) and electrode access resistance
(3-5 MQ) were also compensated by 60-80%. All ex-
periments were conducted at room temperature
(22-23 °C). Data traces were low-pass filtered at 10
kHz and digitized at 50 kHz with 16-bit resolution
using pCLAMP 10.2 (Axon Instruments) and Digidata
1440A (Molecular Devices, Sunnyvale, CA, USA) op-
erating on a PC platform.

Recording protocols

For current-clamp experiments, two distinctly
experimental protocols were executed. First, a single
somatic AP was elicited by applying a brief (< 2.0 ms)
suprathreshold positive current pulse through the
patch electrode. Second, depolarizing current steps
(50 - 300 pA) of 1-s duration from a holding potential
of -60 mV were applied to evoke repetitive action po-
tentials. For voltage-clamp experiments, the recording
protocol is described in details in the results section.

Recording solutions

For action potential (AP) recordings, the compo-
sition of the intracellular solution was (in mM): NaCl
10; KCl1 50; K>SOy 50; MgCl, 5.0; HEPES 10.0, pH ad-
justed to 7.25 using 1 N KOH. Immediately prior to
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filling the patch pipettes, 2.0 mM Mg-ATP (Sigma)
and Na-GTP 2.0 mM (Sigma) were added to the pi-
pette solution, along with 4.0 mM BAPTA-K and 0.25
mM CaCl, for a final buffered [Ca2*]; of 100 nM. The
composition of the extracellular recording solution
was (in mM): NaCl 137; KCI 5.4; MgCl, 1.0; CaCl; 2.0;
glucose 10; HEPES 10, pH adjusted to 7.30-7.35 using
1.0 N NaOH. The osmolarities of the extracellular and
intracellular solutions were adjusted to 310-315 and
290-295 mM/kg, respectively, using D-manitol (Sig-
ma).

Data analysis

Pooled statistics were calculated using Excel
(Microsoft, Bellevue, WA, USA) with measures ex-
pressed as the mean + 1SD. Comparisons between
populations were performed using Student’s t-test or
ANOVA where appropriate. Data populations exhib-
iting an overlap of 5% or less were considered to be
significantly different.

Results & Discussion

Neuronal soma diameter and whole-cell ca-
pacitance

In the literature, isolated nodose neurons have
been classified based on diameter and/or action po-
tential properties. For example, the presence of a re-
polarization hump or expression of certain volt-
age-gated Na* channel isoform has been considered
diagnostic for unmyelinated C-types. In contrast, our
data does not confirm the utility of soma diameter as a
criteria to distinguish between neuron subtypes in
nodose ganglia, because we found no significant dif-
ference for the diameter between myelinated A-type
and unmyelinated C-type nodose neurons (Figure. 1,
Table 1). Similarly, the magnitude of whole-cell ca-
pacitance (WCC), which is directly proportional to the
outer membrane area, was similar between A-type
and C-type nodose neurons, both in ganglia from
adult and neonatal rats (Table 1). Thus, identification
of fiber types based on soma diameter or capacitance
is not appropriate. However, the soma diameter and
WCC of nodose neurons significantly increased dur-
ing postnatal development (Table 1). The soma diam-
eter may also change in response to culture time (Ta-
ble 2), i.e., showing a more ball-shape/smaller in di-
ameter cultured for shorter time (1-3 h) and more
flattening/larger in diameter cultured for a longer
time (8-12 h, Table 2), further confounding the utility
of cell soma diameter as a neuron subtype classifier.
This observation is different from published data with
DRG neurons (17) that become smaller in diameter
along with 72-96 h culture, whereas nodose neurons
from our study are only cultured for 12h.

b 2000 @

mv 0 60

L]
o C E
1.0ms § A &
Figure I: Images of myelinated A- and unmyelinated C-type nodose

neurons isolated from neonatal rats. A: A-type; B: C-type. Neonatal
nodose neurons were cultured for less than 10 hours; C: action potentials
(AP) recorded from the same neurons shown in (A) and (B); D: phase plots
created from APs shown in (C); a — c: indicate the AP firing threshold, the
peak of AP, and the voltage minimum of the after-hyperpolarization (AHP),
respectively; a and o indicate maximal upstroke velocity/total inward
currents and maximal downstroke velocity/total outward currents, re-
spectively. (A) in (C) and (D) indicates voltage at which the repolarization
hump occurs.

Table I: Comparison of whole-cell capacitance and soma diam-
eter of nodose neurons isolated from adult and neonatal rats.
Average data are presented as mean = | SD, n = number of re-
cordings. *P < 0.05 and **P < 0.0 vs. adult.

Nodose neurons isolated from adults

Type (n) A- (51) Ah- (32) C-(107)
WCC (pF) 66.2 +6.01 58.8 +3.98 62.1+5.03
Diameter (um) 57.6 £8.23 52.5+4.72 54.8 £ 6.08
Nodose neurons isolated from neonates
Type (n) A- (44) Ah- (29) C- (102)
WCC (pF) 351+43* 332+3.1* 34.7 £ 5.5%*
Diameter (um) 37.0+£231* 35.6+1.21* 36.0 +1.05%

Note: WCC: whole-cell capacitance.
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Table 2: Size changes in vagal ganglion neurons along with the
culture time. Adult isolated vagal ganglion neurons were cultured
and individual neuron size was continuously monitored. In this
observation, isolated neurons were plated directly on the bottom
of Petri dish and the neurons within the pre-marked area (5 x 5
mm) were observed at different time points with images taken at
the same time for later measurements. Data were averaged from
two pre-marked areas of each culture and total 5 cultures were
investigated. Pooled data were presented as mean = | SD, n =
number of neurons observed. *P < 0.05 and **P < 0.01 vs | hour;
TP < 0.05 vs 3 hours.

Neuron size changes in diameter (pm)

n=76,1hn=68,3h n=59,8h n=7212h ANOVA

Xaxis 54.3 +4.42 59.1 £4.63* 65.5+4.03**t 65.7 + 3.88** P < 0.05
Y axis 4.48 +£0.24 3.01 £0.19* 2.17 £0.16**t 2.14 + 0.15** P < 0.05

Note: X-axis measurement: the half of the total length of long and short axis;
Y-axis measurement: the distance from the top to the surface of petri dish
measured directly by the focusing process by microscope during experiment.

Microscopic characterization of nodose neu-
rons isolated from neonatal rats

Neurons isolated from nodose ganglia of neo-
natal rats are widely used for electrophysiological
studies because at this age their properties are not
influenced by the gender with easy preparation. Thus,
a simple and reliable method to identify subtypes of
nodose neurons would be of great benefit to the re-
search community. Based on our long experience with
this preparation, we hypothesized that distinct dif-
ferences in the microscopic appearance of the cell
surface between myelinated A- and unmyelinated
C-type VGNs may aid in distinguishing neuronal
subtypes. Representative examples are shown in Fig-
ure 1. Images were taken at 400x magnification using
a water immersion objective. The soma of a myelin-
ated A-type neuron (Figure 1A) exhibited a rougher
surface and a more peripheral location of the nucleo-
lus compared with the soma of an unmyelinated
C-type fiber (Figure 1B). The neurons identified by
these visualized characteristics could further be con-
firmed by transmembrane action potential recordings
and the phase plots that revealed marked differences
in the electrical properties of A- and C-type fibers
(Figure 1C and D) (7).

However, for current measurements using the
single-electrode voltage-clamp approach, it remains a
technical challenge to identify the neuron subtypes in
isolated preparations, i.e. without knowledge of the
afferent conduction velocity. Current measurements
in slice preparations, specifically measurements of
large, fast activating voltage-dependent Na* currents,
are associated with technical limitations as discussed

in methods. Thus, adult isolated neurons would be
indispensable for the study of voltage-gated Na*
channel function, both under physiological and dis-
ease condition. From clinical points of view, the ion
channel functions and its molecular expressions are
extremely important for neuronal excitability of vis-
ceral afferent neurons in nodose. The ontogeny in ion
channel expression has been well demonstrated in
nodose neurons (19, 20) and sympathetic neurons
(21). This developmental change in ion channels
would  definitely  influence the  barorecep-
tor/baroreflex function (22, 23). Therefore, animal
models established using adult nodose neurons both
in situ and in vitro are closely mimicking the human
disease condition, such as chronic heart failure (24),
diabetes (25), and hypertension (26). Accordingly,
alternative approaches to identify the neuronal sub-
type in isolated preparations would be extremely
useful for voltage-clamp measurements. In some cas-
es, for example, certain type of neuron needs to be a
focused and toxin as channel modulator needs to be
applied, then visual prediction of neuron subtype
prior to patching would be definitely greater benefit
to investigator than the electrophysiological identifi-
cation (1) after patch collection of action potential.

Microscopic structural characterization of
nodose neurons isolated from adult rats

With the proper enzyme treatment and culture
conditions as described above, a larger percentage of
myelinated A-type nodose neurons were found to
exhibit short segments of myelinated fibers still at-
tached to the soma (Figure 2A) compared with un-
myelinated C-types in the same preparation (Figure
2B). The attached segments with significant nodes are
easily distinguished from neuronal satellite cells be-
cause of their numbers, shape, and diameters (27),
which, in sensory ganglia, these neuronal satellites
cells (1 or 2 identified by glial marker glutamine syn-
thetase) form a thin layer (less than 2 pm) with con-
nective tissue around neurons. More importantly, this
thin layer of satellite cells is tightly attached with
neuron cell body and unable to be seen under low
power microscope with specific marker, however, the
segment of myelinated fiber (Figure 2A) has only one
end attached to the cell body and the other end
floated, which is easy to recognized during the extra-
cellular perfusion. Papain treatment seems to play a
key role in this process because the same phenome-
non is observed on almost all neurons in culture
without Papain treatment. The neuronal subtype was
further confirmed via AP recordings (Figure 2C) and
generation of phase plots (Figure 2D).
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Adult A-type
Adult Ah-type
\\ ———— Adult C-type

Figure 2: Bright field images of myelinated A- and unmyelinated C-type nodose neurons isolated from adult rats. A: A-type; B: Ah-type; C: C-type. Adult
nodose neurons were cultured for less than 10 hours; D: APs recorded from the same neurons shown in (A), (B) and (C); E: phase plots created from APs
shown (A)-(C); in the phase plot, a — c indicate the APFT, the peak of AP, and the minimum voltage of the AHP, respectively; o & ® indicate points of
maximal upstroke velocity, e.g. total inward currents and downstroke velocity, e.g. total outward currents, respectively. (V) in either (D) & (E) indicates
the voltage at which the repolarization hump occurs. White arrows indicate regions of roughed membrane appearance seen in Ah-type neurons in culture.

Microscopic structural identification of mye-
linated Ah-type afferent neurons isolated from
nodose ganglia of adult female rats

In most instances, wherein isolated preparations
were used for voltage-clamp protocols, AP and elec-
trophysiological makers read from AP, such as APFT,
APDsg, UVmax, and the repolarization hump, were not
available; therefore microscopic characters became
more important in identification of neuron types, es-
pecially Ah-types. The following microscopic criteria
allowed a 70% likelihood of correctly identifying these
neurons (Figure 2B, white arrows): (1) a rough mem-
brane appearance restricted to the cell center. This is
significantly different from myelinated A-type neu-
rons that typically show rough appearance of the en-
tire visible portion of the cell surface; (2) Near per-
fectly round shape with equal length of long axis and
short axis; (3) Ah-type neurons exhibit relatively less
variation in soma diameter (~50-60 pm) and
whole-cell capacitance (~60 pF) in adult female rats,
while the diameter and whole-cell capacitance of
A-type neurons vary significantly (30-70 pM and
25-80 pF); (4) Parts of axons may still be attached to

the neurons if the preparation was not enzymatically
overdigested. Among there microscopic characteris-
tics, centrally rough membrane and nearly round ship
are keys for distinguish Ah-type from others; where-
as, the diameter and axon attachment are considerable
help in identification process (Table 3). However,
there is a remaining probability of misidentifying an
Ah types as an A- or C-type neurons (Table 5), sug-
gesting Ah-type neurons share some features with
both A-type (fast CV) and C-type (repolarization
Hump). Alternatively, pharmacological approaches
may further help Ah-type verification and in the fol-
lowing circumstances, both A- and C-types would be
excluded: (1) without expression of TTX-R component
or/and capsaicin-positive In case of Na* current re-
cordings because A-type dose not express TTX-R and
only C-type is positive to capsaicin (1, 10); (2) without
expression IbTX-sensitive component or/and Capsai-
cin-positive in case of K* current recording simply
because A-type do not express BK-KCa channel and
only C-type responds to capsaicin (1, 14). However,
there is still no better way to exclude A-type during
Ca?* current recordings because both A- and Ah-types
functionally express N-type Ca?* channel (28). If there
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is an opportunity to record action potentials from
those isolated cells, their characteristics (Figure 2D &
E) would match those of myelinated Ah-type fibers,
including low APFT (< -40 mV; Figure 2D-a, 2E-a),
faster upstroke velocity (> 250 mV/ms; Figure 2E-a),
narrow action potential duration (< 2.0 ms; Figure
2D), and distinct hump (V) during repolarization
(Figure 2D & E).

Microscopic structural characterization of
nodose neurons from slice preparation

Occasionally, conduction velocity cannot be as-
sessed during electrical vagal stimulation for several
reasons. First, fibers can be damaged during the
preparation. Interestingly, however, in these cases one
may still be able to identify the fiber type by micro-
scopic appearance of the cell soma and cell sur-
roundings. Myelinated A-type nodose neurons are
usually surrounded by a larger fiber (Figure 34, in-
dicated by blue arrows) with nodes that can be re-
moved via application of a positive pressure to the

16.2 m/s | 0.68 m/s

pipette interior, while unmyelinated C-types are typ-
ically observed to have a tiny unmyelinated fiber at-
tached to them (Figure 3B, indicated by single white
arrow), which can be seen by gently pulling the elec-
trode away after getting a tight seal. All these obser-
vations were confirmed by recordings of action po-
tential elicited by electrical vagal nerve stimulation
(Figure 3C) or soma stimulation with brief pulses de-
livered via the recording electrode. The current phase
plot (the derivative current change plots as the func-
tion of membrane voltage) is another useful analysis
tool to look into more details of total currents over the
voltage change during the depolarization (negative
loops) and repolarization (positive loops) phase, ena-
bling assessment of differences between myelinated
and unmyelinated neurons (Figure 3D). In addition, it
is worth mentioning that the cell body becomes more
ball shaped compared with a tightly attached cell
(Figure 3B) when it is separating from the slice (Figure
3A & B).

-400-

Figure 3: Bright field images of myelinated A- and unmyelinated C-type nodose neurons from intact slice preparation of adult rats. A: A-type neuron
surrounded by a large-diameter (> 5 pM) myelinated fiber (arrows); B: C-type neuron with unmyelinated dendrite indicated by arrow. C: vagal stimula-
tion-evoked APs recorded in the same neurons in (A) and (B). (A) indicates the repolarization hump. Afferent fiber conduction velocities (CV) were
calculated for further identification of neuronal subtypes. D: Phase plot created from APs shown in (C), a — c: indicate the APFT, the peak of AP, and the
minimum voltage of AHP, respectively; a & ® indicate maximal upstroke velocity, e.g. total inward currents and downstroke velocity, e.g. total outward

currents, (A) indicates the location of repolarization hump.
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Identification of baroreceptor neurons in slices
from adult rats following Dil labeling

In situ Dil labeling can also aid in identifying
subtypes of baroreceptor neurons either in isolated or
slice preparations as demonstrated in Figure 4. Using
the slice preparation of adult female rat, the subpop-
ulation of myelinated Ah-type baroreceptor neuron
was also observed (Figure 4A) with attached nodded
fibers (white arrow) that was also identified by its
conduction velocity (Figure 4B) and waveform char-
acter shown on the phase plot (Figure 4C), such as the
maximal depolarization (o) and the hump over the
time course of repolarization (A). The myelinated
Ah-type neuron is characterized by faster conduction
velocity (Figure 4B and Supplementary Material:
Figure S2A) and repolarization hump (Figure 4C, A),
a characteristics of classical A- (Figure 4A, black trace)
and C-type neuron (Figure 4C & D, red trace and in-
dicated by V), respectively. Just due to the AP re-
polarization hump, Ah-type neurons may be easily
and mistakenly sorted into unmyelinated C-types.
This could also be one of the reasons why in previ-
ously studies some neurons identified as C-types do
not respond to capsaicin (29, 30) but af-m-ATP. In
this situation, checking some more characters of the
AP firing threshold and upstroke velocity and com-
paring visualized appearance of isolated neurons
would give a great help to distinguish the fiber types.

For identifying the neuron type and its sensory
modality, such as a baroreceptor neuron, at the same
time, Dil labeling for at least one week (necessary for
the lipophilic dye to transport to the nodose ganglia)
prior to electrophysiological experimentation is a fea-
sible approach. It is more practical to use young rats
of less than 100 g bodyweight for labeling. The key
point here is to avoid Dil contamination of the vagus
nerve. The combination with fluorescence labeling,
microscopic appearance and electrophysiological
phenotype will enable correct neuron classification
even though when the slice preparation is used.

Afferent fiber distortion and conduction ve-
locity correction

It has been well documented (7, 8, 16, 31-33) that
the conduction velocity of visceral afferent fibers var-
ies from 2 to more than 20 m/sec at room tempera-
ture. The reasons for this variation have remained
elusive. We have found that vagal nerve fibers re-
tracted markedly along their longitudinal axon dur-
ing enzymatic treatment (Figure 5), most likely be-
cause of connective tissue shrinkage in- and outside
the nerve bundle, despite careful mechanical removal
of all visible connective tissue before tissue pro-
cessing. Actual nerve path length between stimulus

and recording electrode is significantly longer than
the measured distance between them, causing artifi-
cially low magnitudes of conduction velocities. Typi-
cal examples of axonal shrinkage for large-, interme-
diate- and small-diameter axons following enzymatic
treatment are shown in Figure 5A-F, respectively. The
calibration factors, utilizing a geometrical correction,
were 0.73, 0.68, 0.66, 0.69, 0.75, and 0.75, respectively.
Average data of conduction velocity before and after
correction were significantly different (P < 0.001, n =
12 slice preparations) (Table 4).

Animal age also affects conduction velocity, be-
cause myelination is not complete until 12-14 weeks of
age. Thus, slices prepared from rats of less than 12
weeks of age would be expected to exhibit reduced
nerve conduction velocities (31) For example, aortic
depressor nerve axons are less number of myelinated
afferents in 50-day-old rats of either gender (Supple-
mentary Material: Figure S3) compared with adults

(1).

30 mV

mV/ims

5

Figure 4: Myelinated Ah-type baroreceptor neurons from a slice prepa-
ration. A: Dil-labeled Ah-type baroreceptor neuron (asterisk) with nodded
myelinated fiber (white arrow) attached to its cell body; B: APs evoked by
vagal stimulation (A) with conduction velocity > 10 m/sec; C: phase plot
generated from the AP shown in (B). A repolarization hump is visible near
zero voltage (A). In the phase plot, a — c: indicate the APFT, the peak of
AP, and the peak of AHP, respectively; 0 & ® indicate maximal upstroke
velocity, e.g. total inward currents and downstroke velocity, e.g. total
outward currents, (A) indicates the location of the repolarization hump.
Scale bar = 25 ym.

o
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Table 3: Microscopic, electrophysiological, and chemical criteria to differentiate subtypes of neurons isolated from nodose ganglia of
neonatal and adult rats. Experiments were performed at room temperature (~22°C) and all data were average. Pooled data were pre-
sented as mean £ | SD, n = number of tested neurons. *P < 0.05 and **P < 0.01 vs A-types, TP < 0.05 and 1P < 0.01 vs C-types. #P <0.05
and #P < 0.0 by ANOVA among groups from either adult or neonate.

Adult (~12 - 16 weeks) Neonate (5 - 11 days)
Type/n A-type /27 Ah-type /33 C-type /49 A-type /21 Ah-type /18 C-type /37
Microscopic Criteria
Diameter (um) 68.8+10.4 59.4+8.4 641+11.8 47.6 £5.67 41.5+4.80 43.9£8.6
Longest Axis 732+8.58 624 +6.44 69.7£7.26 521+9.33 44.1£5.04 49.9+11.2
Shortest Axis 52.3+6.84 58.8 £5.87 59.5+5.91 39.8+6.67 41.6£3.25 423 +5.66
Ratio # 0.71+0.29 0.94 + 0.09**% 0.85+0.08 0.76 +0.22 0.95 +0.07*t 0.83+0.11
Membrane Roughness NA NA NA Entire surface ~ Central region  No
Attached Fiber Diameter (um) 6.12 +1.34 4.16 £ 0.68* No NA NA NA
Nucleus periphery Unclear ~Center periphery Unclear ~Center
Electrophysiological Criteria
APFT (mV) # -48.3 +£4.38 -42.7 £5.0111 -31.3+3.92 432+284 -39.5 +£3.0511 -28.6 £4.22
UVMAX (V/s) ## 389 £34 305 + 26**t1 164 +27 342 +29 297 +23*tt 152+19
APD50 (ms) ## 0.71£0.18 1.87+0.35**tt  2.88+0.62 0.92+0.24 2.08 +0.64%t 3.22+0.78
Hump 0 *) (+4) 0 *) (+4)
Chemosensitivity
op-m-ATP *) *) Q) *) *) )

Capsaicin Q) Q) *) ) Q) *)
Note: NA: Not applicable; n: number of neurons; APFT: action potential firing threshold; UVmax: maximal up-stroke velocity; APDso: action potential measured
at 50% of height.

Figure 5: Distortion of afferent fibers after enzyme treatment and correction of calculated afferent conduction velocity. A — F: six representative examples
of visceral afferent fibers from the vagus nerve after enzyme treatment. Large, myelinated fibers (A), regular-size myelinated fibers (B, D-F) and unmye-
linated fibers (C) exhibited marked shrinkage. Correction factors (ratio = BC / AB + AC from dot line triangle, in which AB and AC were equal length and
set to parallel with the fiber direction) were 0.73, 0.68, 0.66, 0.69, 0.75, and 0.75, respectively, for (A) - (F). Scale bar = 35 pym.
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Table 4: Assessment of visceral afferent conduction velocity using
a shrinkage correction factor. Bright field images of afferent fibers
were taken and a triangle was superimposed on the nerve images
such that two of its edges (AB & AC) were in paralleled with a
fiber, while the third dot line (BC) was set to close the triangle. AB
+ AC = estimated actual length of axon, and BC = estimated axon
length after enzyme treatment. The correction factor should be
BC divided by (AB + AC). Average data are presented as mean + |
SD, n = 12 images collected from separate slice preparations. **P <
0.001 vs before enzyme treatment.

Observation CV Calibration Correction
(m/sec) Factor (m/sec)

Slice #1 11.26, Figure 5D 0.69 16.32

Slice #2 14.56, Figure 5E  0.75 19.41

Slice #3 15.24, Figure 5A  0.73 19.79

Slice #4 8.94 0.71 12.59

Slice #5 10.88 0.72 15.11

Slice #6 14.04 0.70 20.06

Slice #7 12.50, Figure 5C  0.66 16.23

Slice #8 9.78 0.66 14.82

Slice #9 11.38, Figure 5B 0.68 16.74

Slice #10 13.41 0.78 17.19

Slice #11 11.05 0.71 15.56

Slice #12 12.71, Figure 5F  0.75 16.95
Mean + SD 1215+ 1.85 0.716 £0.038  16.94 +2.18**

Identification of neuron subtypes in nodose
ganglia based on microscopic criteria

Identification of myelinated Ah-type visceral af-
ferent neurons as well as gender-specific Ah-type
baroreceptor neurons in female rats is largely based
on electrophysiological properties as determined
previously in slice preparations (8). lon channel and
transporter expression profiles are not available for
these neurons, nor are their responses to treatment
with a variety of channel modulators. Accordingly,
our foreseeable goal will be to gain insight into the
molecular identities of ion transporting proteins and
their functional modification by agonists and antago-
nists. Due to the experimental limitations of the slice
preparation, isolated nodose neurons will be the pre-
ferred platform to accomplish these goals. Positive
identification of Ah-type neurons in isolated cell
preparations, however, will remain challenging. In
our hands, direct comparisons of conduction velocity
measurements in slice preparations as well as current
responses to af-methyl-ATP or Cap application in
isolated preparations with microscopic structural
properties of nodose ganglia neurons enabled sensi-
tive and specific identification of individual neurons
under study. The criteria that were used to categorize
neuron subtypes are listed in Table 3. The positive
predictive value of microscopic markers combined for
identification of A-, C- and Ah-type neurons was ~

90%, 98%, and ~76%, respectively (Table 5). Only 7
out of 73 A-type neurons were incorrectly labeled as
Ah-type neurons, and only 2 / 112 C-type neurons
were misdiagnosed as Ah-types, whereas 20 / 85
Ah-type neurons were incorrectly classified as either
A- or C-type neurons. These results support the no-
tion that microscopic criteria can aid in identifying
subtypes of neurons isolated from nodose ganglia.
These observations also suggest that Ah-type neurons
share the faster conduction and upstroke velocity
with A-types, and also share the presence of a re-
polarization hump with C-type neurons. The re-
polarization hump reflects the activities of TTX-R Na*
currents (Supplementary Material: Figure S3B) (1, 11)
and BK-type Ca?*-activated K* currents (14, 33) are
typically absent in myelinated A-type neurons. Be-
cause of this specific feature of myelinated Ah-type
visceral afferent neurons, extra attention has to be
paid to distinguish it from either A- or C-types when
CV measurements are not available for classification.

Table 5: Predictive value of microscopic structural properties for
identification of neuronal subtypes in nodose ganglia from adult
female rats. Observations are from |10 independent preparations.
Electrophysiological measurements were compared with micro-
scopic structural features.

Microscopic Electrophysiological Positive
identification identification predictive
Value
A-type Ah-type C-type n %
Atype 66 7 0 73 90.04
(66/73)
Ah-type 8 65 12 85 76.47
(65/85)
C-type 0 2 110 112 98.21
(110/112)
Overall 270 89.26
(214/270)

n = number of cells. Results were obtained from a total of 10 ganglia. Action
potentials evoked by vagal nerve stimulation and direct current injection into
the soma were analyzed. In some cases, the inward current responded to
af-methyl-ATP (100 nM) or capsaicin (100 nM) was examined.

Conclusion

Here, we presented practical guidelines based on
microscopic features to distinguish myelinated
Ah-type neurons from myelinated A- and unmyelin-
ated C-type nodose neurons for electrophysiological
studies, and have reviewed advantages and disad-
vantages of isolated neuron and sliced ganglion
preparations. Together, these observations should
significantly facilitate future attempts to fully charac-
terize the functional and molecular heterogeneity of
nodose ganglia which play a key role in the regulation
of cardiovascular, pulmonary, and gastrointestinal
homeostasis.
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Fig.S1 - S3.
http:/ / www. ijbs.com/v09p0716s1.pdf
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