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Abstract
Recent cytoarchitectonic studies have shown that the dorsal motor nucleus of the vagus (DMV)
comprises neurons with different morphological features. Our own studies, conducted in
horizontal brainstem slices, have shown that DMV neurons projecting to stomach areas can be
distinguished from neurons projecting to the intestine on the basis of their electrophysiological as
well as morphological properties. The majority of the in vitro experimental investigations,
however, have been conducted on coronal brainstem slices. The aim of the present study was to
assess whether the electrophysiological properties of DMV neurons are due to intrinsic membrane
properties of the neurons or are dependent upon the plane of section, i.e., coronal vs. horizontal, in
which the brainstem is cut. The fluorescent retrograde tracer DiI was applied to either the stomach
or intestine of rats. Whole cell recordings were subsequently made from labeled DMV neurons in
thin brainstem slices sectioned in either the horizontal or coronal plane. In the horizontal plane,
both the somata and the dendritic tree of gastric-projecting neurons were smaller than intestinal-
projecting neurons. In the coronal plane, however, apart from a smaller soma diameter in gastric-
projecting neurons, morphological differences were not found between the groups. The
electrophysiological differences observed between the groups were, however, consistent in both
planes of section, that is, intestinal-projecting neurons had larger and longer afterhyperpolarization
(AHP) as well as slower frequency–responses to depolarizing stimuli than gastric-projecting
neurons. Our data suggest that intrinsic rather than morphological features govern the
electrophysiological characteristics of DMV neurons.
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1. Introduction
The dorsal motor nucleus of the vagus (DMV) contains the parasympathetic motoneurons
that innervate the majority of the gastrointestinal (GI) tract [12,24,26]. Several previous
studies demonstrated the morphological heterogeneity of DMV neurons [4,9,11,14,15,27].
Indeed, the extent and orientation of the DMV neuronal arbor has been shown to vary along
both the rostro–caudal and the medio–lateral boundaries of the nucleus [11]. Jarvinen and
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Powley [15], however, suggested that the DMV neuronal population might represent
variations of a continuum.

Our own studies, conducted in horizontal brainstem slices, have shown that DMV neurons
identified as projecting to discrete gastrointestinal areas can also be distinguished on the
basis of their electrophysiological properties [4]. The majority of the in vitro experimental
investigations, however, have been conducted on coronal brainstem slices [5–
7,20,22,23,25].

Because the plane in which the brainstem slice is sectioned may preserve preferentially
neurons of a particular soma size and as portions of the dendritic arbor would be better
preserved in horizontal rather than in coronal slices [11], it is unclear whether the
aforementioned morphological differences influence the basic electrophysiological
properties of DMV neurons. Furthermore, pharmacological responses distinguish subgroups
of DMV neurons [1–3,6,8,16,17], raising the possibility that the observed differences could
be determined by a discrete distribution of channels and receptors on the dendritic arbor of
the DMV neurons.

The aim of the present study was, thus, to assess whether the electrophysiological properties
of DMV cells are determined by the intrinsic membrane properties of the neurons or are
dependent upon the plane of section, i.e., coronal vs. horizontal.

2. Materials and methods
Rat pups of either sex (10–12 days old) were anesthetized deeply with Halothane® before an
abdominal laparotomy was performed. Crystals of the retrograde tracer DiI were applied to
the stomach (along the greater curvature of either the gastric fundus, corpus or antrum/
pylorus) or intestine (either at the antimesenteric border of the duodenum or at the level of
the ileo–cecal junction) as described previously [4]; a fast hardening epoxy resin was then
used to confine the tracer to the application site. The resin was allowed to harden before the
wound was sutured and the rat was allowed to recover for 10–15 days. On the day of the
experiment, the animal was anesthetized and killed by severing the major blood vessels in
the chest; the brainstem was removed and cut into 200-μm-thick sections in either the
horizontal or coronal plane [4,25]. Slices were equilibrated for a minimum of 1 h at 35 ±1
°C in Krebs’ solution (in mM: 126 NaCl, 25 NaHCO3, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2
NaH2P04 and 11 dextrose) maintained at pH 7.4 by bubbling with O2 –CO2 (95–5%). A
single slice was then placed in a custom-made perfusion chamber (volume 500μl), kept in
place by a nylon mesh and maintained at 35 ±1 °C by continual perfusion with warmed
oxygenated Krebs’ solution at a rate of 2.5 ml/min.

Retrogradely labeled DMV neurons were identified prior to electrophysiological recordings
using a Nikon E600-FS microscope equipped with TRITC epifluorescent filters. Once
detected, the neurons’ position was confirmed under bright field illumination using DIC
(Nomarski) optics. Whole cell recordings were performed with patch pipettes (3–8 MΩ)
filled with a potassium gluconate intracellular solution (in mM: K-gluconate 128, 10 KCl,
0.3 CaCl2, 1 MgCl2, 10 Hepes, 1 EGTA, 2 ATP, 0.25 GTP adjusted to pH 7.35 with KOH)
using a single-electrode voltage clamp amplifier (Axoclamp 2B, Axon Instr., Union City,
CA). Data were filtered at 2 kHz, digitized via a Digidata 1320 interface (Axon Instr.),
acquired, stored and analysed on an IBM PC utilizing pClamp8 software (Axon Instr.). Only
those recordings having a series resistance < 15 MΩ were used. A single action potential
(AP) was obtained from neurons held at −60 mV and injected with a 5–30-ms-long pulse of
depolarizing current sufficient to evoke a single action potential at its offset. For a neuronal
recording to be accepted, the membrane had to be stable at the holding potential, the action
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potential evoked following injection of DC had to have an amplitude of at least 60 mV, and
the membrane had to return to baseline at the end of the afterhyperpolarization (AHP).

Electrophysiological properties measured included the membrane input resistance (measured
from the current deflection obtained by stepping the membrane from −50 to −60 mV), the
duration of the action potential measured at the threshold, the amplitude and duration of the
afterhyperpolarization following the firing of a single action potential and the frequency of
action potential firing, expressed as pulses per second, in response to depolarizing current
pulses of 400 ms duration and intensities ranging from 30 to 270 pA in step increments. At
the end of recording, Neurobiotin® (2.5% w/v) was injected into the neuron (0.3 nA, 600 ms
duration depolarizing pulse every 2 s) to permit postfixation reconstruction of the neuronal
morphology. The avidin–horseradish peroxidase technique used to develop the Neurobiotin
stain and the protocol used for reconstruction of the neuronal morphology have been
described in detail previously [4]. Neuronal reconstructions were performed using
Neurolucida® software (Microbrightfield, Williston, VT).

Results are expressed as means ±S.E.M. Intergroup comparisons were analysed with one-
way ANOVA followed by Student’s grouped t test. Significance was defined as P < 0.05.

3. Results
Whole cell recordings were made from a total of 205 retrogradely labeled DMV neurons. Of
those neurons, 127 projected to the stomach (48 to the fundus, 24 in horizontal section, 24 in
coronal section; 44 to the corpus, 23 horizontal, 21 coronal; 35 to the antrum/pylorus, 18
horizontal, 17 coronal) and 78 projected to the intestine (38 to the duodenum, 18 in
horizontal section, 20 in coronal section; 40 to the caecum, 16 horizontal, 24 coronal).

Fundus-, corpus- or duodenum-projecting neurons in slices cut in the coronal plane did not
show statistically significant differences in their basic electrophysiological properties when
compared to neurons projecting to the same areas from slices cut in the horizontal plane.
Significant differences were observed, however, in the afterhyperpolarization (AHP)
amplitude of caecum- and antrum/pylorus-projecting neurons and in the action potential
(AP) duration of caecum-projecting neurons when comparing neurons from slices cut in the
horizontal vs. coronal plane. In detail, the AHP amplitude in caecum-projecting neurons was
19.8 ±0.9 and 23.4 ±1.2 mV while the AHP amplitude in antrum/pylorus neurons was 18.9
±0.9 and 15.9 ±1.0 mV in the coronal and in the horizontal plane, respectively (P < 0.05).
Furthermore, differences were observed in the action potential duration in caecum-
projecting neurons from slices in the coronal and horizontal planes (4.3 ±0.2 and 3.3 ±0.2
ms, respectively; P < 0.05).

The electrophysiological data are summarized in Table 1.

Intergroup differences between discrete GI regions were observed both in the horizontal as
well as in the coronal plane of section; we do not, however, report these comparisons in the
present manuscript but refer the reader to our previous manuscript in which we conducted a
thorough analysis of the properties of neurons from slices cut in the horizontal plane [4].

We then pooled the data in two groups comprising gastric- or intestinal-projecting neurons.
As with the intragroup comparisons, the plane of section did not influence significantly the
basic electrophysiology of gastric- or intestinal-projecting neurons. When the
electrophysiological properties of gastric-projecting neurons were compared to those of
intestinal-projecting neurons, however, the differences were statistically significant,
independently from the plane in which the slices were cut. For example, following a single
action potential the AHP was significantly smaller and faster in gastric-than in intestinal-
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projecting neurons; in fact, in the coronal plane, the AHP amplitude was 17.6 ±0.46 mV and
the AHP time constant of decay (τ) was 58.2 ±3.42 ms in gastric-projecting neurons (N =
60), while in intestinal-projecting neurons the AHP amplitude and the AHP τ were 21.2 ±0.7
mV and 87.4 ±4.8 ms, respectively (N = 44; P < 0.05 for both; Fig. 1). In addition, the
frequency of action potential firing in response to step depolarizing current injection was
markedly different between the neuronal groups independently from the plane of section of
the slice. In fact, gastric-projecting neurons had faster frequency responses than intestinal-
projecting neurons (Fig. 2).

The electrophysiological data are summarized in Table 2.

At the end of the electrophysiology experiment, all the neurones were filled with
Neurobiotin® to allow postfixation morphological reconstruction. We were able to assess
the morphological properties of 125 identified, neurobiotin-filled DMV neurons. Of those
neurons, 72 projected to the stomach (28 to the fundus, 18 in horizontal section, 10 in
coronal section; 25 to the corpus, 19 horizontal, 6 coronal; 16 to the antrum/pylorus, 12
horizontal, 4 coronal) and 53 projected to the intestine (26 to the duodenum, 19 in horizontal
section, 7 in coronal section; 27 to the caecum, 12 in horizontal section, 15 in coronal
section).

When sectioned in the horizontal plane, intestinal-projecting neurons had larger soma
diameters and areas as well as larger total cell volumes and a larger number of branch
segments compared to gastric-projecting neurons. Conversely, the only differences we
observed between gastric- and intestinal-projecting neurons from slices cut in the coronal
plane was the soma diameter and the soma form factor (a measure of circularity for which a
value of 1 indicates a perfect circle and 0 indicates a line; form factor = 4πa ×1/p2, where a
is the soma area and p is the perimeter of the soma in the horizontal plane; Fig. 3 and Table
3).

Interestingly, intestinal-projecting neurons from slices cut in the different planes were
significantly different when considering the soma volume and area, as well as the form
factor, the number of segments and the branch order (Table 3).

The morphological properties of the neurons in relation to their projection and plane of
section are summarized in Table 3.

4. Discussion
In the present study, we provide evidence that the electrophysiological properties of DMV
neurons are determined by intrinsic membrane properties rather than by morphological
characteristic determined by the plane of section.

Our conclusions are based upon the following experimental evidence.

Intestinal-projecting neurons from slices cut in the horizontal or coronal plane display
differences in soma volume, area and form factor, number of segments and branch order.
Despite these morphological differences, the basic electrophysiological membrane
properties of neurons obtained from slices cut in the horizontal plane did not differ from
those of neurons obtained from slices cut in the coronal plane.

The morphological differences between gastric- and intestinal-projecting neurons from
slices cut in the horizontal plane were not observed when the neurons were obtained from
slices cut in the coronal plane (apart from differences in soma diameter and form factor).
The electrophysiological differences observed between horizontally sectioned gastric-and
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intestinal-projecting neurons were preserved, however, when compared to those of neurons
obtained from slices cut in the coronal plane.

Our previous studies have demonstrated that, when in the horizontal plane of section,
preganglionic parasympathetic motoneurons innervating the gastrointestinal tract can be
distinguished in their morphological and electrophysiological properties as per their target
organ of innervation [4]. Specifically, gastric-projecting neurons have smaller and shorter
AHPs than intestinal-projecting neurons and, correspondingly, have higher frequencies of
action potential firing. The current study highlighted these differences in
electrophysiological properties and found that such differences were apparent irrespective of
the plane in which the brainstem had been sectioned prior to recording. For example, the
electrophysiological properties of gastric-projecting neurons sectioned in the coronal plane
were indistinguishable from those sectioned in the horizontal plane. As with neurons
sectioned in the horizontal plane, although, the electrophysiological properties of coronally
sectioned gastric-projecting neurons differed from those of intestinal-projecting neurons;
gastric-projecting neurons had a similarly smaller and shorter AHP and a faster frequency of
action potential firing than intestinal-projecting neurons.

Several previous studies demonstrated the morphological heterogeneity of DMV neurons
[4,9,11,14,15,27]. Indeed, the extent and orientation of the DMV neuronal arbor has been
shown to vary along both the rostro–caudal and the medio–lateral boundaries of the nucleus
[11]. In our previous study, in which brainstem sections were cut in the horizontal plane,
intestinal-projecting neurons were also found to have larger soma diameters and areas, larger
total cell volumes and a larger number of branch segments than gastric-projecting neurons
[4]. The present study confirmed these findings, but the present data also indicate that, when
cut in the coronal plane, intestinal-projecting neurons differ from gastric-projecting neurons
only in having a larger soma diameter and a lower soma form factor. Gastric-projecting
neurons were not found to differ morphologically when viewed either in horizontal or
coronal sections. Because intestinal-projecting neurons display morphological differences
when cut in different planes (soma volume, soma area, form factor, number of segments and
branch order), our data suggest that the soma of intestinal-projecting neurons are oriented
preferentially in the rostro–caudal plane. Conversely, no significant differences can be
observed in the orientation of gastric-projecting neurons.

Our data differ from the data presented by Jarvinen and Powley [15]. In fact, these authors
reported four discrete morphological neuron types; however, they did not report differences
in the location of the DMV neuronal subtypes and suggested that “in any motor neuron pool
located within specific regions of the dorsal motor nucleus are ensembles comprised of all
four basic classes of cells”. Several reasons may underlie this apparent discrepancy between
Jarvinen and Powley’s and the present data. Firstly, from a technical standpoint, it is
difficult to compare morphological results obtained by different groups utilizing different
fixation and sampling techniques. Furthermore, in their study, Jarvinen and Powley
collected their results from DMV neurons labeled following intraperitoneal injection of
fluorogold, a technique utilized that labels all DMV neurons innervating subdiaphragmatic
viscera [13,19,28]. By doing so, Jarvinen and Powley might have skewed their analysis
toward gastric-projecting DMV neurons. In fact, gastric-projecting neurons project to the
viscera via three of the five subdiaphragmatic vagal branches, which originate in the medial
two-third of the DMV [10,18,21]. Our sampling technique, instead, focuses on DMV
neurons that are identified as projecting to specific visceral targets, and it is more prone to
uncover, if present, morphological differences between anatomically distinct neuronal
subgroups.
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In conclusion, we have shown that the electrophysiological characteristics of identified
gastrointestinal-projecting DMV neurons are maintained despite the plane of section, and, in
the case of intestinal-projecting neurons, despite differences in morphological properties. In
fact, although, in the present study, we did not measure the specific contribution of the
dendrities to the overall whole cell current, our data indicate that the electrophysiological
differences are not artifacts determined by the extent of dendritic arborization but rather are
intrinsic to the cell body.
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Fig. 1.
Representative traces showing that the amplitude and kinetic of decay (τ) of the action
potential afterhyperpolarization (AHP) of gastric-projecting neurons (A) are smaller and
faster than those of intestinal-projecting neurons (B). The differences in the action potential
characteristics between groups were maintained independently of the plane of section;
however, no differences were observed within the groups when the plane of section, i.e.,
neurons from horizontal (C) or coronal (D) cut slices, was considered. Data highlighting the
differences in AHP amplitude and τ are summarized in (E) and (F), respectively. GH:
gastric-projecting neurons from slices cut in the horizontal plane; GC: gastric-projecting
neurons from slices cut in the coronal plane; IH: intestinal-projecting neurons from slices cut
in the horizontal plane; IC: intestinal-projecting neurons from slices cut in the coronal plane.
Holding potential = −55 mV.
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Fig. 2.
Representative traces showing repetitive action potentials following injection of a 400-ms-
long DC pulse (270 pA) in neurons from slices cut in the coronal plane. Note the faster
frequency of firing in the gastric-projecting neuron (A) compared to the intestinal-projecting
neuron (B). The summarized frequency–response curves for DMV neurons from slices cut
in the different planes (C) show that the frequency–response curve within the gastric- or
intestinal-projecting neurons is similar irrespective of the plane in which the slices were cut.
However, the frequency–response to DC injection differed between gastric and intestinal-
projecting neurons. Holding potential = −55 mV, GC and GH: gastric-projecting neurons in
the coronal and horizontal plane, respectively; IC and IH: intestinal-projecting neurons in
the coronal and horizontal plane, respectively.
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Fig. 3.
Computer-generated reconstruction of representative neurons in the different planes of
section. See Table 3. GC and GH: gastric-projecting neurons in the coronal and horizontal
plane, respectively; IC and IH: intestinal-projecting neurons in the coronal and horizontal
plane, respectively.
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Table 2

Summary of electrophysiological properties

Gastric-projecting neurons Intestinal-projecting neurons

Coronal Horizontal Coronal Horizontal

N = 41–60a N = 40–63a N = 23–44a N = 20–34a

Input resistance (MΩ) 360 ±17.4 315 ±18.1 333 ±27.3 313 ±24.3

Action potential duration (ms) 3.2 ±0.11 3.0 ±0.09 3.6 ±0.20* IH 3.0 ±0.14

Afterhyperpolarization amplitude (mV) 17.6 ±0.46* IC 16.9 ±0.46* IH 21.2 ±0.70* GC 22.5 ±0.75* GH

Afterhyperpolarization duration (ms) 58.2 ±3.42* IC 64.2 ±2.57* IH 87.4 ±4.77* GC 89.3 ±4.42* GH

Number of action potentials at 30 pA 3.0 ±0.32 3.2 ±0.27 2.2 ±0.31 2.8 ±0.33

Number of action potentials at 270 pA 20.1 ±1.14*GH, IC 16.2 ±1.12*GC, IH 9.5 ±0.93*GC 11.6 ±1.17*GH

a
Because not all the measures could be obtained from all the cells, the range of values is reported.

*
P < 0.05 vs. gastric (G) or intestinal (I) in coronal (C) or horizontal (H) plane of section.
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Table 3

Summary of morphological properties

Gastric-projecting neurons Intestinal-projecting neurons

Coronal Horizontal Coronal Horizontal

N = 15–20a N = 45–51a N = 11–22a N = 25–30a

Soma volume (μm3) 3029 ±360 3200 ±217*IH 2185 ±386*IH 4834 ±360

Soma area (μm2) 314 ±19.4 327 ±15.5* IH 292 ±21* IH 403 ±24.0

Soma diameter (μm) 19.8 ±0.65* IC 20.2 ±0.47* IH 24.1 ±1.25 22.3 ±0.68

Form factor (0 = line, 1 = circle) 0.83 ±0.01* IC 0.79 ±0.02 0.71 ±0.02* IH 0.82 ±0.02

Number of segments 19 ±2.1 19 ±0.8* IH 15 ±1.4* IH 23 ±1.5

Branch order 4.1 ±0.47 4.7 ±0.19 4.0 ±0.25* IH 4.9 ±0.25

Dendritic x-plane (μm) 352 ±34.2 375 ±24.1 367 ±27.5 420 ±28.1

Dendritic y-plane (μm) 198 ±16.6 317 ±22.1 235 ±23.4 335 ±34.7

Segment length (μm) 116 ±8.9 111 ±4.2 133 ±10.8 116 ±6.5

a
Because not all the measures could be obtained from all the cells, the range of values is reported.

*
P < 0.05 vs. gastric (G) or intestinal (I) in coronal (C) or horizontal (H) plane of section.
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