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Abstract

Limited data are available regarding the spinal projections of afferent fibers in the phrenic nerve.
We describe a method that robustly labels phrenic afferent spinal projections in adult rats. The
proximal end of the cut phrenic nerve was secured in a microtube filled with a transganglionic
tracer (cholera toxin B-subunit, CT-B, or Cascade Blue) and tissues harvested 96-hrs later. Robust
CT-p labeling occurred in C3-C5 dorsal root ganglia cell bodies and phrenic afferent projections
were identified in the mid-cervical dorsal horn (laminae I-111), intermediate gray matter (laminae
IV, VII) and near the central canal (laminae X). Afferent fiber labeling was reduced or absent
when CT-p was delivered to the intrapleural space or directly to the hemidiaphragm. Soaking the
phrenic nerve with Cascade Blue also produced robust labeling of mid-cervical dorsal root ganglia
cells bodies, and primary afferent fibers were observed in spinal grey matter and dorsal white
matter. Our results show that the ‘nerve soak’ method effectively labels both phrenic motoneurons
and phrenic afferent projections, and show that primary afferent project throughout the ipsilateral
mid-cervical gray matter.
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1. Introduction

The phrenic nerve is comprised of approximately 50% somatic and sympathetic efferent
fibers, and 50% sensory afferents (Landau ef a/., 1962; Langford and Schmidt, 1983)
(Goshgarian and Roubal, 1986a; Gottschall, 1981). Studies of axonal conduction velocity
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indicate that myelinated phrenic type la and Il fibers innervate the crural region (Corda et
al., 1965b; Duron et al., 1978; Glebovskii, 1962; Holt et a/., 1991; Marlot et a/., 1985), and
Ib afferents innervate the costal region (Banzett ef a/., 1981; Fryman and Frazier, 1987).
Unmyelinated C-fibers are also prevalent in the phrenic nerve (Duron and Marlot, 1980;
Jammes et al., 1986; Langford and Schmidt, 1983). While the precise functional role of
phrenic nerve afferents to the control of breathing and autonomic function remain a topic of
ongoing investigation, multiple studies have confirmed powerful physiologic effects of
phrenic afferent activation. For example, electrical or chemical stimulation of phrenic
afferents can alter diaphragm blood flow (Hussain et al.,, 1991), change phrenic (Formenti
and Zocchi, 2014; Jammes et al., 1986; Speck and Revelette, 1987) and intercostal motor
output (De Troyer, 1998), and inhibit lumbosacral spinothalamic neurons (Bolser et al.,
1991). Polysynaptic projections from phrenic afferent neurons also project to the thalamus
and are likely to contribute to the conscious perception of breathing (Davenport et al., 1985;
Zhang and Davenport, 2003). In contrast to the electrophysiological characterization of
phrenic afferent function, little is known about the anatomical distribution of phrenic
afferent projections within the spinal cord. To our knowledge, there are only a few published
anatomical studies that have traced phrenic primary afferents to document their spinal
distribution (Goshgarian and Roubal, 1986a; Larnicol et al., 1984; Song et al., 1999). The
purpose of the present investigation was to histologically identify phrenic afferent
projections in the cervical spinal cord of the adult rat. To accomplish this, we developed a
method for soaking the phrenic nerve with a neuronal tracer, and compared the results with
either direct application of the tracer to the diaphragm (Lane et a/., 2008) or delivery to the
intrapleural space (Mantilla ef a/., 2009) delivery. The results show more extensive spinal
distribution of phrenic afferents than previously reported in adult animals (Goshgarian and
Roubal, 1986b).

Materials and methods

Experimental animals

All animal care and experimental procedures were conducted with the University of Florida
or Drexel University Institutional Animal Care and Use Committee (IACUC) approval and
following NIH guidelines(National Research Council Committee on Guidelines for the Use
of Animals in Neuroscience and Behavioral, 2003). A total of 35 adult Sprague-Dawley rats
(20 males, 15 females) were obtained from Envigo Inc. (formally known as Harlan
Scientific, Indianapolis, IN, USA) and housed in either the McKnight Brain Institute Animal
Care Facility at the University of Florida, or the Queen Lane Campus of Drexel University
(Philadelphia).

All survival surgical procedures used in this study were performed under general anesthesia
(1.5-2% isoflurane in O). At the terminal time point, animals were deeply anesthetized and
euthanized by intraperitoneal injection (0.4-0.5 ml) of pentobarbital sodium solution (390mg
pentobarbital sodium and 50mg phenytoin sodium per ml). The animals were then
transcardially perfuse-fixed with paraformaldehyde (4% w/v in 0.1 M phosphate buffer
solution [PBS], pH 7.4) prior to tissue harvest.
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2.2. Unilateral (left) phrenic nerve soak

A schematic illustrating the movement of the two transganglionic tracers used in this study
to identify phrenic nerve afferent projection (/.e., cholera toxin g-subunit (CT-p) and
Cascade Blue) is provided in Fig. 1.

Unilateral (left) phrenic nerve soak with CT-p was performed in 8 rats. An approximately 2
cm long surgical incision was made on the ventral aspect of the left neck under deep
isoflurane anesthesia. The layers of the neck muscles were separated using blunt dissection
and a retractor was applied to expose the brachial plexus. The phrenic nerve was cut distally
and a 3-4 mm Silastic tubule (1.47mm I.D. x 1.96mm O.D.) was placed around the nerve.
The proximal end of the tube was sealed with silicone elastomer, and a small amount of
colored dye was added to visually inspect for leaks. The tube was then cleared and 4-5 pl of
CT-B (1% solution, w/v in distilled water; MW~11.5 kDa, List Biological Laboratories, CA)
was injected using a Hamilton syringe. The distal end of the tube was then sealed with
silicone elastomer and the surgical field was closed and wound clips were applied. In an
additional 3 rats, we performed C4 dorsal rhizotomy prior to the application of nerve soak.
This was done to test the specificity of phrenic nerve soak in labeling afferents entering via
DRG. For these experiments, we surgically removed C4 DRG and spared C3 and C5.

Analgesic medication (Buprenex) was given twice daily for 48 hours. No animals developed
complications or showed signs of distress. Previous studies exploiting the transganglionic
property of CT-p in peripheral nerve have used prolonged application of the neuronal tracer
(7.. 96 hours) for optimal afferent labeling (Shehab et al., 2004; Wall et al., 2002).
Therefore, the animals were transcardially perfused 96 hours following CT-§ labeling.

Studies using Cascade Blue® (Molecular Probes D7132, MW=3 kDa, 5% w/v in sterile
physiological saline) were conducted by our collaborative team at Drexel University.
Cascade Blue is a fluorescent molecule conjugated to a dextran molecule. The primary
objective of these additional experiments was to confirm that the nerve soak method would
be effective when used by an independent laboratory. An additional objective was to couple
phrenic afferent labeling with additional immunochemistry, as follows. Antibodies against
choline acetyltransferase (ChAT) were used to identify motoneuron soma and dendrites in
the mid-cervical spinal cord in rats that had Cascade Blue applied to the phrenic nerve. This
approach enabled definitive confirmation of dendritic labeling (dual-labeled for Cascade
Blue and Chat) vs. phrenic afferent projections (labeled with Cascade Blue only. In addition,
antibodies against calcitonin gene-related peptide (CGRP) and isolectin-B4 (I1B4) were used
to assess the distribution of small diameter (nociceptive) afferent projections relative to the
expected distribution of large diameter (non-nociceptive) afferents in the cervical cord. The
distribution of CGRP and 1B4 labeled was afferent projections was compared with Cascade
Blue positive afferents. Sections through the dorsal root ganglion (DRG) of these animals
were also made to assess the distribution of Cascade Blue, CGRP and 1B4 positive DRG
neurons.

The Cascade Blue solution was applied via the phrenic nerve soak method as described
above (n=10). Rats were then allowed to recover for 72 (n=3) or 96 hours (n=7) at which
time they were terminally anesthetized and perfuse-fixed with paraformaldehyde (4% w/v in
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0.1M PBS). Spinal cord and DRG tissues were dissected, cryoprotected (30% sucrose) and
cut in cross-section (40 um), and then histologically evaluated following immunochemistry
to recognize Cascade Blue, IB4, CGRP, or ChAT (see 2.4. Immunochemistry).

In a subset of animals (n=2), the 1% CT-p solution was combined with Bartha strain of
pseudorabies virus (PRV). PRV is a retrograde transsynaptic tracer that is highly effective in
the phrenic motor system (Lane et a/., 2008). The recombinant used in this study was
monomeric red fluorescent protein PRV614 (2.0 x 108 pfu/ml). A total of 5 pl PRV614 was
added to the microtube with the 1% CT-p solution. The surgical procedure was the same as
described earlier. The health of the PRV614 infected animals was monitored multiple times
daily during the post-operative survival period. The animals co-labelled with PRV614 had
the same 96-hr terminal end point as the other cohort. Thus, the intent was not to rigorously
identify second order “pre-phrenic” interneurons as in prior work (Lane et al., 2008), but
rather to determine if the PRV method would work in conjunction with the CT- approach.

Intrapleural and muscular application of CT-

Unilateral intrapleural injection of CT-p and unilateral CT-p application to the hemi-
diaphragm were each performed on 6 separate groups of rats. These experiments were done
to determine if either an intrapleural or direct muscular application methods could also
effectively label phrenic afferent projections in the spinal cord. Intrapleural injections were
delivered under deep isoflurane anesthesia. The animals’ rib cage was palpated and 15-20 pl
of CT-B solution (1% wi/v in distilled water) was injected on the left, fifth intercostal space
(Mantilla et al., 2009). Application of CT-f directly to the peritoneal surface of the
diaphragm was done as described previously (Lane et al., 2008). Briefly, under isoflurane
anesthesia (2-3% in oxygen), an incision was made along the linea alba. The skin and the
muscles covering the abdomen were retracted to expose the peritoneal surface of the
diaphragm and 20 pl of the CT-p solution was topically applied to the left hemi-diaphragm
using a sterile paint brush. The abdomen was closed by suturing the muscles (4-0 Vicryl)
and wound clips applied to the skin.

2.4. Tracing controls

Rhizotomy of the mid-cervical (C4) dorsal roots was performed to selectively eliminate
phrenic afferents projections arising from C4 while sparing both the C3 and C5 dorsal roots.
The rhizotomy procedure was performed in sterile conditions under deep isoflurane
anesthesia. The surgical approach was through the dorsal aspect of the neck. The muscles in
the neck were carefully dissected and C3-C4 laminectomy was performed to expose the
dorsal roots. The C4 dorsal roots were then sectioned using a microscissor. The wound was
closed by suturing the muscle in layers, and the skin closed with wound clips. Analgesia
(Buprenorphine, 0.03-0.05 mg/kg) was given twice per day for 2 days. After two days of
recovery, phrenic afferents were labeled using the phrenic nerve soak procedure as described
above.

2.5. Tissue preparation

Rats were transcardially perfused with 4% paraformaldehyde and both the spinal cord and
mid-cervical DRGs were harvested within 1-2 days. The harvested spinal cords were post-
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fixed in 4% paraformaldehyde in PBS overnight. Spinal cords and DRGs were then placed
into 30% sucrose for dehydration and cryo-protection. Once the tissue sank to the bottom of
the sucrose solution, the cords, and the DRG were removed and micro-dissected to remove
the dura mater. The tissue was embedded separately in optimal cutting temperature
compound (ThermoFisher Scientific, Pittsburgh, USA) using a cryomold. The cryomold was
then placed in methylpentabutane cooled by dry ice. Once the tissue was frozen it was
sectioned using a cryostat (10-40 pm).

Immunochemistry

Cross-sections of the spinal cord (slide mounted (20 um) or free-floating (40 um)) and
longitudinal sections of DRGs (slide mounted (10 or 20 pm)) were treated for
immunofluorescence (CT-B, Cascade Blue, CGRP and 1B4). Sections were washed in PBS-
Triton (0.1MPBS with 0.02% Triton-X, pH 7.4, 3x5 minutes), blocked against nonspecific
protein labeling (10% serum in 0.1 mN PBS-Triton, 1-2 hours), and incubated at 4°C
overnight with primary antibodies. Primary antibodies included: CT-p (1:2000, polyclonal
goat anti-Cholera Toxin B subunit, List Laboratories, Product# 703), PRV (1:10,000; Rb133/
Rb134 (antigen: whole, purified, acetone-inactivated PRV particles), provided by Dr. Lynn
W. Enquist (Princeton University) as part of Virus Center funding (PA0RR018604)),
Cascade Blue (rabbit anti AlexaFluor-405/CascadeBlue, LifeTechnologies (A5760); 1:200),
choline acetyl transferase (goat anti-ChAT, Millipore (AB144); 1:500), isolectin B4 (1B4;
biotinylated lectin from griffonia simplicifolia, Sigma; 1:1000); calcitonin gene-related
peptide (CGRP, guinea pig anti-alpha CGRP, Peninsula Laboratories International (T-5053);
1:1000). The following day, sections were washed in PBS-Triton (3x5 minutes) and then
incubated with fluorescently conjugated secondary antibodies (1:500, Donkey a.-Goat
Rhodamine Red (AffiniPure Donkey a-Goat 1gG, Jackson ImmunoResearch, PA,
Lot#705-295-003) or Alexa 488 (donkey a-goat 1gG, ThermoFisher Scientific, NY,
Catalog# A-11055)). Immunohistochemical control experiments consisted of sections where
either a non-specific 1g-Goat block antibody was used instead of primary antibody or the
primary antibody was omitted entirely. These experiments confirmed that afferent fiber
labeling only occurred when the tissues were incubated with the primary antibody (data not
shown).

Microscopy

Sections were photographed and examined via an Olympus Cell Sens BX51 or Zeiss
Axiolmager M2 fluorescence microscope. The images were taken using a monochrome
digital camera, pseudocolored within imaging software (Cell Sens BX51, Olympus or Zen
Pro, Zeiss). In addition, a subset of tissue was processed for confocal microscopy using
Olympus 1X2-DSU Spinning Disk Confocal Fluorescent Microscope System (Tokyo,
Japan). Individual images taken with the Olympus microscope were merged using Adobe
Photoshop to create a composite image of the spinal cross section. Dual-labeled images
taken with the Zeiss microscope were photographed in grey-scale, pseudo-colored, merged,
and Z-stacks were flattened with an extended depth of field, using Zen 2012 software.
Adobe Illustrator software (version 2015.2) was used to create camera lucida images of
phrenic afferent projections.
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Robust phrenic motoneuron labeling was observed in the ventral C3-5 spinal cord. As
shown in Fig. 2, phrenic motoneurons can be clearly identified as a distinct cluster with
cytological and topographic features consistent with prior reports (Dobbins and Feldman,
1994; Goshgarian et al.,, 1991; Lane et al., 2008). Phrenic afferent projections could be
clearly identified in mid-cervical spinal cord, and were distinguished by the punctate
appearance of the labeling, the very thin diameter of the axonal projections and the presence
of terminal boutons (Fig. 2B) (Wall et al., 2002). The histological appearance of the afferent
terminals was distinct from that of phrenic motoneuron dendrites as shown in Fig. 2C (see
also results section 3.3 for confirmation of phrenic dendritic labeling vs. phrenic afferent
projections).

Phrenic afferent fibers were observed in laminae I-111 of the dorsal gray matter (Figs. 2 and
3), and extended into laminae 1V-V and VI-VII (Fig. 3A-E). Phrenic afferent projections
were observed in the central canal region (lamina X) in 2 of 8 rats (Fig. 3D). Additionally, in
1 spinal cord, a small cluster of CT-p positive afferent fibers was identified in the
contralateral medial dorsal horn. No CT- positive afferent projections were visualized in the
region of phrenic motoneurons (lamina IX) in any animals (Fig. 3F). All rats in the nerve
soak group showed positive CT-p labeling in C3-C5 DRG soma (Fig. 3G), thereby
confirming that primary afferent neurons had taken up and transported the molecule. Camera
lucida-style composite drawings are shown in Fig. 3H-J. These images show the typical
pattern of CT-p-positive afferent projections to the C4 spinal cord in 3 different spinal cords.
Note also that projections could be observed in the dorsal white matter, in the area of the
fasciculus cuneatus. Additional histological images in which CT-f labeled cervical spinal
tissues were stained with NeuN to recognize neuronal soma are provided in Fig. 4. These
examples demonstrate phrenic motoneuron labeling (Fig. 4B), and afferent projections in
lamina I-111 (Fig. 4C-D) and IV-VII (Fig. 4E-F). The higher power images shown in Fig. 4G-
H reveal terminals (synaptic boutons) of phrenic afferent projections in the vicinity of
interneuron cell bodies.

Lastly, it should be noted that positive CT-p labeling was not observed in the mid-cervical
dorsal horn of one animal despite an apparently successful initial surgical approach.
However, on inspection of the microtube at the time of tissue harvest, we noted that almost
the entire volume of CT-p solution was still present, suggestive of an unforeseen
complication (e.g. blockage) limiting tracer uptake.

3.2. C4dorsal rhizotomy.

To confirm that the CT-p labeling observed in the mid-cervical dorsal horn reflected phrenic
afferent fibers, the “nerve soak” method was preceded by a C4 dorsal rhizotomy in 3 rats. In
each of these experiments, robust phrenic motoneuron labeling was present at C4 (Fig. 5A).
However, no CT-f positive projections were seen in the C4 dorsal horn or intermediate gray
matter (Fig. 5B-C). Phrenic afferent labeling could be detected, however, in the C3 dorsal
horn (Fig. 5D-F), and CT-p positive soma were observed in the C3 DRG (Fig. 5G).
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3.3. Cascade Blue nerve soak and dual immunochemistry

These additional experiments confirmed that the nerve soak method was successful across
two different laboratories. Thus, Cascade Blue nerve soak resulted in robust labeling of cell
bodies and neurites of phrenic motoneurons. Mid-cervical histological sections labeled with
Cascade Blue and ChAT (a cholinergic marker which effectively identifies motoneurons) are
provided in Fig. 6 (top panels). With this approach, it was possible to clearly distinguish
between soma and projection fibers that were Cascade Blue positive only (blue), ChAT
positive only (red), or dual labeled (white). Cascade Blue positive projections were seen
extensively in the cuneate fasciculus of the dorsal white matter in C3-C5 spinal cord in all
sections examined. Cascade Blue positive afferents were also prominent in the mid-cervical
dorsal horn extending to lamina VI and X; however these projections were never positive for
ChAT. Although relatively few in number, Cascade Blue positive afferent projections could
be observed in the immediate vicinity of phrenic motor neuron soma. This is most clearly
illustrated in the camera lucida drawings that are provided in the bottom panels of Fig. 6.
These images are composite drawings based on evaluation of serial sections through each
spinal segment; the distribution of phrenic motoneurons and dendritic projections which
were positive for both ChAT and Cascade Blue is illustrated in red. Cascade Blue positive
projections which were Chat negative are drawn in blue and can be observed in the vicinity
of the phrenic motoneuron pool.

To confirm that projections to the deeper spinal lamina do not reflect small diameter
presumptive nociceptive C-fibers, tissues were also processed with antibodies against either
CGRP or IB4 to label AS (type 1) or C-fibers (type V), respectively (Snider and
McMahon, 1998). Consistent with prior descriptions of small diameter afferents in the mid-
cervical spinal cord (Basbaum et a/., 2009; Gibson et al., 1984) staining for CGRP (Fig. 7A)
and I1B4 (Fig. 7B) was restricted to lamina I-11. However, no dual labeling with Cascade
Blue and either CGRP or I1B4 was observed at any cervical level.

The C4 DRG was also histologically examined in the Cascade Blue experiments. In addition
to Cascade Blue, CGRP and 1B4, DRG sections were stained with NeuN to recognize
neuronal cell bodies. A representative quadruple-labeled DRG tissue section is shown in Fig.
8A. Cascade Blue-positive neuronal soma can be clearly observed (Fig. 8B), and similar to
the CT-p data (Figs. 2-3), this confirms that Cascade Blue is taken up by primary afferent
neurons following phrenic nerve soak. In addition, CGRP and 1B4 positive cell bodies were
present throughout the C4 DRG. Dual labeling with Cascade Blue was noted for 1B4 but not
CGRP. This suggests that Cascade Blue is capable of labeling A-6 (type I11) afferent
neurons but as mentioned previously no Cascade Blue-positive afferent projections in the
cervical gray matter were co-labeled with 1B4 (Fig. 7B).

3.4. Intrapleural / diaphragm delivery of CT-8

Delivery of CT- between the 5™ intercostal space at the anterior axillary line (i.e.,
“intrapleural labeling”, (Mantilla et a/., 2012)) produced extensive and bilateral labeling of
phrenic motoneurons (Fig. 9A). The bilateral pattern of labeling suggests that the CT-f
solution was dispersed across the entire surface of the diaphragm, probably due to higher
concentration of CT-p (1%) as compared to prior studies with this method. In addition, a
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limited number CT-p positive fibers could be detected the mid-cervical dorsal horn (Fig. 9B-
C), and only a few CT-p positive soma were observed in the C3-C5 DRG soma (Fig. 9G).
Thus, the intrapleural delivery method resulted in labeling of afferent projections, but the
qualitative density of labeling was reduced when compared to results obtained following
direct application of CT-B to the phrenic nerve (e.g., Figs. 2-3 vs. Fig. 9). Application of 1%
CT-p directly to one side of the diaphragm (e.g., “painting” onto the inferior surface of the
diaphragm) produced robust phrenic motoneuron labeling (Fig. 10). However, we were
unable to detect any CT-f positive fibers in the dorsal horn of the mid-cervical spinal cord in
any rats, and only a few positive cells could be detected in the cervical DRG soma.
Following direct diaphragm application, the robust labeling of phrenic motoneurons in the
absence of dorsal horn afferent fiber labeling provides further evidence that the dorsal horn
labeling observed after “nerve soak” (e.g., Figs. 2-3) does not reflect an artifact due to
labeling of phrenic motoneuron dendrites.

3.5. Addition of a transynaptic retrograde tracer

As a final proof-of-concept experiment, we examined if the phrenic nerve soak technique
(using CT-B) could be simultaneously combined with a second neuroanatomical tracing
approach. Previously, Lane et a/. used the transynaptic viral tracer PRV to identify cervical
interneurons associated with the phrenic motor pool (Lane et a/., 2008). Their experiments
revealed a population of interneurons that are synaptically coupled to phrenic motoneurons.
Prior neurophysiological work current work suggests that phrenic afferents are unlikely to
project monosynaptically to phrenic motoneurons (Marlot et al., 1988; Speck, 1987; Speck
and Revelette, 1987), and the current work indicates that phrenic afferent projections that
terminate in lamina VII-VIII are rare (e.g., Fig. 6). Another possibility is the phrenic afferent
projections make polysynaptic projections onto phrenic (or other) spinal motoneuron pools
via spinal interneurons. Thus, our intent with these final experiments was to determine if the
method developed herein would be useful for future explorations of the spinal neuronal
targets of phrenic afferent projections. Fig. 11A shows an example mid-cervical tissue
section following simultaneous phrenic nerve soak with both CT-g and PRV. This procedure
resulted in PRV-positive interneurons throughout the mid-cervical dorsal horn (Fig. 11B)
and the intermediate gray matter (Fig. 11C). Based on the terminal time point of this
experiment, the PRV labeled interneurons likely reflected both 2" and 3" order retrograde
labeling (Lane et al., 2008). CT- positive phrenic afferent projections can also be observed
in lamina I11-1V confirming that both interneurons and afferent projections can be
histologically identified with this dual labeling approach.

4. Discussion

We found that a “nerve soak” approach for delivering transganglionic tracers to the phrenic
nerve was effective at labeling phrenic afferent projections in the cervical spinal cord. The
method was successful across two independent laboratories, and two different tracers. The
results also serve to verify and extend a few earlier histological studies. Specifically, the
pattern of phrenic afferent labeling was consistent with an earlier report (Goshgarian and
Roubal, 1986a), but more extensive afferent projections were observed including fibers in
lamina V-VII and X. Another unique feature of these data was the observation of phrenic
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afferent projections in lamina 1X in the immediate vicinity of the phrenic motoneuron pool
in the adult rat. We also demonstrated that the method can be successfully combined with a
transynaptic tracer, and therefore provides a method for histologically examining the
relationship of phrenic afferent projections and interneurons which are synaptically coupled
to the phrenic motoneuron pool. This is motivated by prior neurophysiological data
suggesting that activation of phrenic afferent neurons can impact propriospinal neuronal
activity (Cleland and Getting, 1993; Iscoe and Duffin, 1996; Road et a/., 1993; Speck and
Revelette, 1987).

4.1. Comparison to published histological studies of phrenic afferents.

Larnical et al. applied a tracer (fast blue) directly to the phrenic nerve in cats and coupled
this with cervical dorsal column injection of another tracer (nuclear yellow) (Larnicol et al.,
1984). A small number of neuronal soma in dorsal root ganglia were co-labeled, and the
authors concluded that these were most likely type la and Ib afferents from diaphragm
receptors. Goshgarian and Roubal (1986) were able to identify myelinated phrenic afferent
fibers by applying horseradish peroxidase (HRP) crystals to the phrenic nerve in adult rats.
In their study, DRG labeling was observed at the C3-C7 segmental levels, and afferent
projections were seen in C4-C5 lamina I-1V. In contrast, the CT-p or Cascade Blue nerve
soak method resulted in labeling of afferents with dense arborization and deeper laminar
projections (e.g., Figs. 2-5). In addition, we observed phrenic afferent fibers in the C3 spinal
cord, whereas HRP labeling was absent at that segmental level in the prior study
(Goshgarian and Roubal, 1986a). The suggestion of improved afferent labeling using the
current approach as compared to the HRP method is supported by data from Lindsey et al.
who were unable to label phrenic afferents in rats using HRP (Lindsay et af., 1991).

Song and colleagues showed that phrenic afferents robustly projected to lamina IX of the
cervical spinal cord in neonatal rats (Song et al., 1999), a finding consistent with
monosynaptic connections between phrenic afferents and phrenic motoneurons. The
Cascade Blue method revealed a few phrenic afferent projections to lamina IX, but not
nearly to the extent reported in the Song et al. experiments. There are a several possible
explanations for the differences between that study, the current data and prior work
(Goshgarian and Roubal, 1986a). First and most importantly, Song et a/. studied rats at very
early developmental stages (e.g., prenatal and a few days post-natal). Thus, phrenic afferent
projections to the spinal cord may be more extensive, and extend to deeper lamina, at earlier
developmental stages. Dramatic changes in phrenic motoneuron morphology and
biophysical properties occur during developmental stages (Greer et al., 1999), and
alterations in the afferent innervation of these cells may change during development. In that
regard, it should be noted that connections from phrenic afferents to phrenic motoneurons
have not been detected neurophysiologically in adult mammals (Macron et a/., 1988; Marlot
et al., 1988; Speck, 1987; Speck and Revelette, 1987). Second, the carbo-cyanine dye (Dil)
method used by Song et a/. required a considerable period of incubation (e.g., 4-20 weeks)
before tissues were harvested and histologically evaluated. The prolonged incubation may
have enabled more robust detection of afferent projections vs. the current method.
Alternatively the Dil may have diffused across cell membrane and labelled interneurons, and
this possibility was also noted by the original authors (Song et a/., 1999).
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4.2. Use of CT-B and Cascade Blue to trace afferent neuronal projections

An electron microscopy study of the rat phrenic nerve reported that 57% of fibers were
myelinated and 43% were unmyelinated (Langford and Schmidt, 1983). Thus, in the context
of the current results, an important question is whether the labeled afferents were myelinated
or unmyelinated. The IB4 or CGRP immunochemistry results indicate that the Cascade Blue
labeled neurons were unmyelinated. None of the small diameter afferents in lamina I-11
which were 1B4 or CGRP positive were also positive for Cascade Blue. In regards to the CT-
B results, prior studies establish that CT-p binds to a ganglioside molecule (GM1) in
myelinated fibers and this enables uptake and subsequent transport along the axon
(Cuatrecasas, 1973; Holmgren et al., 1973; King and Van Heyningen, 1973). For example,
Robertson and Perry (1991) showed that CT-p binds and is transported almost exclusively in
DRG neurons that have myelinated processes with relatively fast conduction velocities
(Robertson et al., 1991). There is, however, one published exception in which CT-§ labeling
was noted in non-myelinated C-fibers projecting from the bladder in L6-S1 spinal cord
(Wang et al., 1998). In addition, long-term peripheral nerve injury (e.g., > 2-wks) can also
produce a state in which damaged C-fiber afferents acquire the capacity for CT-p uptake
(Shehab et al., 2003; Tong et al., 1999). Tong et al (1999) showed that 20 days following
peripheral nerve injury, CT-p DRG neuronal labeling in both monkeys and rats was apparent
in non-myelinated fibers, and this was not seen in the absence of peripheral nerve injury.

Based on the topographical distribution of the phrenic afferents observed in our study, the
ChAT labeling in the Cascade Blue experiments, and prior studies with CT-p (Cuatrecasas,
1973; Holmgren et al., 1973; King and Van Heyningen, 1973), we suggest that the majority
of afferent fibers described herein are myelinated fibers. Many independent laboratories
have confirmed that the phrenic nerve contains myelinated fibers (Banzett ef a/., 1981;
Corda et al., 1965a; Fryman and Frazier, 1987; Glebovskii, 1962; Holt et al., 1991; Marlot et
al., 1985), and in our study the afferent distribution patterns observed in lamina IV-VI1I and
X are most consistent with myelinated afferents. However, a few DRG neurons were dual
labeled for Cascade Blue and IB-4, a result suggesting that Cascade Blue is capable of
labeling A-8 (type I11) afferent neurons. However, no Cascade Blue-positive afferent
projections in the cervical gray matter could be detected that were co-labeled with 1B4.

Interpretational issues

The primary intent of using two different transganglionic tracers across two different
laboratories was to confirm that the approach of “nerve soak” was robust and reproducible.
However, this also afforded the opportunity for a qualitative comparison of the afferent
labeling achieved with CT-B vs. Cascade Blue. One apparent difference between the two
tracers was in the relative extent of dorsal column white matter labeling. The Cascade Blue
experiments produced a qualitatively greater density of labeled afferent fibers in the area of
the cuneate fasciculus (e.g., Fig. 3 vs. Fig. 6). We also observed that Cascade Blue, but not
CT-B, labeling of phrenic afferent projections in the immediate vicinity of the phrenic motor
nucleus (e.g., lamina IX, Fig. 6). The specific reasons for the potentially enhanced phrenic
afferent labeling with Cascade Blue are not clear, but may relate to the lower molecular
weight of this molecule (~ 3 kDa) as compared to CT-p (~11.5 kDa).
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Another consideration is that the phrenic nerve contains unmyelinated sympathetic and non-
diaphragmatic mediastinal afferent fibers (Balkowiec and Szulczyk, 1992; Capps, 1932;
Green, 1902; Iwahashi et al., 1991; Kostreva and Pontus, 1993; Ruckebusch, 1961). Most of
these projections join the phrenic nerve near the heart (Razook et a/., 1995). With the nerve
soak method, transganglionic tracers were applied to the phrenic nerve at the level of
brachial plexus (7.e., “upstream” from the heart). Therefore, if unmyelinated fibers were
labeled with our method, they may represent both diaphragmatic and non-diaphragmatic
fibers. However, as noted earlier, the data are most consistent with labeling of myelinated
primary afferent fibers. Finally, it should be mentioned that anatomical differences exist
between the left and right phrenic nerves (Hebb et al., 1964; Laskowski et a/., 1991; Song et
al., 1999). For example, Song et al. reported approximately 20% more axons in the right vs.
left phrenic nerve (Song et al., 1999). Here we only studied the left phrenic nerve since our
primary intent was to validate the technique.

4.4. Summary and Conclusions

Application of CT-p or Cascade Blue to the phrenic nerve results in robust immunoreactivity
in C3-C5 DRG cell bodies and afferent fibers in the dorsal mid-cervical spinal cord. Direct
application of CT-p to the phrenic nerve produced much more consistent labeling of afferent
projections as compared to intrapleural delivery, and in our experiments direct diaphragm
application of CT-p did not label any afferent projections. Thus, the “nerve soak™ method
described herein effectively labels phrenic afferent neurons, and will be useful for mapping
the spinal projections of phrenic afferent neurons in health and disease (e.g., after spinal
cord injury (Vinit et al., 2007)).
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ga nglionicanterograde
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“nerve soak”

Figure 1. Schematic showing pathway of CT-p or Cascade Blue movement following application

to the phrenic nerve.
Tissues were harvested for histological evaluation at 96-hrs following initiation of the nerve

soak procedure.
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100 pm

Figure 2. Phrenic afferent fiber vs. phrenic motoneuron dendrite labeling following CT-B
application to the phrenic nerve.

Panel A shows a view of the left half of the C4 spinal cord; the areas highlighted by the
boxes are shown at higher magnification in panels B and C. CT-f labelled afferent
projections in the dorsal spinal cord were distinct in appearance from the CT-p labelled
phrenic motoneuron dendritic projections. Phrenic afferent fibers were thinner with a
relatively diffuse distribution of “punctate” synaptic terminals (B). In contrast, the phrenic
motoneuron dendrites were more linear in appearance, and could be observed radiating from
the cell soma (C). Another demarcating feature was the size of the dendritic boutons which
were smaller compared to more bulbous synaptic boutons associated with the terminal
endings of afferent fibers. Scale bars: 100um (A) or 20um (B-C).
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Figure 3. Histological examples of phrenic motoneuron and afferent fiber labeling following CT-
B application to the phrenic nerve.
Panel A provides a representative image of the C3 spinal cord; the areas highlighted by the

boxes are shown at higher magnification in panels B-F. Robust labeling of phrenic
motoneurons can be readily observed in A, along with punctate labeling of afferent
projections in the dorsal gray matter. Panel B shows CT-p positive afferent projections in
laminae I1-111; higher magnification views of afferent fibers in laminae IV-VI-VII and IX are
provided in C and D, respectively. Afferent projections extending into lamina VII can be
appreciated in E-F. Panel G shows a 30pum section of the C3 dorsal root ganglion ipsilateral
to the injection; the positive labeling of cell bodies confirms labeling of sensory afferent
neurons. Panels H-J are camera lucida style images from the C3-C5 spinal cord which
illustrate the pattern of CT-p labeling of cervical afferent fibers obtained using this
technique. Note the consistent presence of afferent projections in laminae I-VII, extending
into lamina X. Scale bars: 200um (A), 50um (B-F) and 10um (G).
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Figure 4. Confocal microscopy image of phrenic motoneuron and afferent fiber labeling in the
C4 spinal cord following CT-p phrenic nerve application.

In this example, CT-p labelled phrenic afferents were visualized using a secondary antibody
with green fluorescence, and a neuron specific marker (NeuN) was visualized with a red
fluorescent secondary antibody. The punctate CT-p labeling of phrenic afferent projections
can be observed in the dorsal horn (C) and intermediate grey region (E). Panels D and F
were created to better highlight these projections, and show monochrome images derived
from the original images using Image-J software. The monochrome images clearly show the
afferent fiber projection (highlighted by the circles in D and F). The higher magnification
shown in panels G and H illustrates the distinct morphological characteristics of CT-
positive terminal synaptic boutons. Scale bars: 200um (A), 100um (B-F), and 10 um (G-H).
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Figure 5. Absence of C4 phrenic afferent labeling when CT-8 phrenic nerve application is
preceded by C4 dorsal rhizotomy.

Rhizotomy was performed at C4 prior to the CT-$ application to confirm that the labeled
axons were afferents. Representative images of the C4 and C3 spinal cord are provided.
There was total absence of afferent labeling at C4 as shown in Panels A-C. In contrast, CT-p
positive afferent fiber labeling can be observed at C3 (Panels D-F), and CT-p positive soma
were seen in the C3 dorsal root ganglion (panel G). Scale bars represent 200um (A, D) or
50um (B-C, E-F).
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Figure 6. Representative cross sections (40 um) of the cervical spinal cord ipsilateral to the
phrenic nerve following tracing with Cascade Blue.

Representative tissue sections that were dual-labeled with Cascade Blue and ChAT are
provided from the C3 (A), C4 (B) and C5/6 (C) spinal cord. The images are pseudocoloured
in turquoise for optimal contrast, and reveal the distribution of Cascade Blue labeled
afferents relative to motoneuron (and dendritic) labeling. Sections were selected 200 pm
apart from each of these cervical regions and used to create the camera lucida images shown
in Panels D-F. In these images, phrenic afferents are shown in blue (7.¢e., cascade blue only
labeled fibers) and phrenic motoneurons are shown in red (representing dual Cascade blue /
ChAT labeled cells and neurites). Scale bar is 250um
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Figure 7. Histological examples of Cascade Blue afferent labeling (green) relative to CGRP (A,
red) or 1B4 (B, red) afferent labeling.

No Cascade Blue afferents were seen to be dual-labeled with either CGRP or IB4. Note the
relative distribution of larger (blue arrowheads) and smaller (white arrowheads) Cascade
Blue afferents. Scale bar is 100um.
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Figure 8. Cascade Blue labeled DRG neurons.
Sections (10 um) through the dorsal root ganglion were immunolabeled for Cascade Blue

(blue), CGRP (green), IB4 (red) and NeuN (Fox3, purple). Note that not all DRG neurons
were NeuN positive. While no dual 1B4-Cascade Blue neurons were observed, several dual
CGRP-Cascade Blue labeled DRG cells were observed (arrowhead). Scale bar indicates
100pm (A), 400um (B-E), or 200um (F)
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Figure 9. Histological examples of phrenic motoneuron and afferent fiber labeling following
delivery of CT-p to the intrapleural space.
Robust labeling of phrenic motoneurons was observed on both sides of the spinal cord (D,

F). Sparse labeling of afferent fibers was detected bilaterally (B, C, E), and a few CT-p
labeled cells could be observed in the dorsal root ganglion on the left side (indicated by * in
panel G). The example shown is from the C5 spinal cord. Scale bars indicate 200um (A),
50um (B-F) or 10pum (G).
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Figure 10. Histological examples of phrenic motoneuron labeling following application of CT-p to
the diaphragm.
This technique very robustly labeled phrenic motoneurons (C). However, afferent fiber

labeling in the dorsal horn could not be detected (B,E), and we noted some sparse labeling
near the central canal (D) and occasional labeling of dorsal root ganglion cells on the left
side (indicated by * in panel G). The example shown is from the C4 spinal cord. Scale bars
represent 200um (A), 50um (B-F) or 10um (G).
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Figure 11. Combined delivery of CT-§ and PRV to the phrenic nerve.
The histological examples demonstrate successful combination of the CT- labeling method

with transynaptic labeling of cervical spinal cord neurons using PRV. In this example, CT-p
labeled afferent fibers are shown in green, and the trans-synaptically labeled interneurons are
red. Scale bars indicate 200um (A) or 50um (B-C).
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