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Adenosine A1 Receptors
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Respiratory complications in patients with spinal cord injury (SCI) are common and have a negative impact on the quality of patients’
lives. Systemic administration of drugs that improve respiratory function often cause deleterious side effects. The present study examines
the applicability of a novel nanotechnology-based drug delivery system, which induces recovery of diaphragm function after SCI in the
adult rat model. We developed a protein-coupled nanoconjugate to selectively deliver by transsynaptic transport small therapeutic
amounts of an A1 adenosine receptor antagonist to the respiratory centers. A single administration of the nanoconjugate restored 75% of
the respiratory drive at 0.1% of the systemic therapeutic drug dose. The reduction of the systemic dose may obviate the side effects. The
recovery lasted for 4 weeks (the longest period studied). These findings have translational implications for patients with respiratory
dysfunction after SCI.
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Introduction
Spinal cord hemisection caudal to the C2 dorsal roots (C2Hx)
interrupts the descending bulbospinal respiratory pathways,

thereby causing life-threatening weakness of the respiratory mus-
cles. Indeed, respiratory problems, such as pneumonia, septice-
mia, and pulmonary emboli, are leading causes of death in
humans after SCI (Winslow and Rozovsky, 2003). It is important
to understand the mechanisms/pathways related to recovery of
respiratory function after the injury.

Inspiratory drive to phrenic motoneurons originates within the
rostral ventral respiratory group (rVRG) of neurons in the medulla
(Fig. 1). In rats, these bulbospinal neurons send their axons to the
phrenic nuclei located at the C3-C6 segments to depolarize the
phrenic motoneurons (DeVries and Goshgarian, 1989). We have
shown that the descending bulbospinal pathways have spinal de-
cussating collaterals, which project to both phrenic nuclei in the rat
(Moreno et al., 1992). These collaterals are known as the crossed
phrenic pathway (CPP), and this pathway is normally latent. A
C2Hx interrupts the major bulbospinal pathways and results in pa-
ralysis of the ipsilateral hemidiaphragm (Aserinsky, 1961; Guth,
1976). Function of the paralyzed hemidiaphragm can be restored by
activating the latent CPP. A single intravenous administration of the
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Significance Statement

The leading causes of death in humans following SCI are respiratory complications secondary to paralysis of respiratory muscles.
Systemic administration of methylxantines improves respiratory function but also leads to the development of deleterious side
effects due to actions of the drug on nonrespiratory sites. The importance of the present study lies in the novel drug delivery
approach that uses nanotechnology to selectively deliver recovery-inducing drugs to the respiratory centers exclusively. This
strategy allows for a reduction in the therapeutic drug dose, which may reduce harmful side effects and markedly improve the
quality of life for SCI patients.
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adenosine receptor antagonist, theophylline, activated the CPP and
induced recovery of the paralyzed hemidiaphragm in rats (Nantwi et
al., 1996). Additionally, multiple oral administrations of theophyl-
line induced plasticity in the respiratory centers, which resulted in
permanent recovery of the paralyzed hemidiaphragm in rats, lasting
weeks after the animals were weaned from the drug (Nantwi et al.,
2003). Studies of this systemic therapeutic intervention in patients
with SCI yielded positive effects on respiratory function (Ferguson et
al., 1999; Bascom et al., 2005); however, theophylline also caused
undesirable side effects (i.e., vomiting, nausea, and insomnia), which
ultimately resulted in many of the patients dropping out of a double-
blinded, placebo-controlled crossover trial (Tzelepis et al., 2006).
The deleterious effects were caused by the action of the drug on
several other CNS centers and not the drug’s action on the respira-
tory nuclei (Barnes, 2013).

The objective of the present study was to develop a technique
that delivers recovery-inducing drugs to the respiratory centers
only, bypassing all other nonrespiratory sites. In developing the
technique of selective drug delivery, we found that we could sig-
nificantly reduce the dosage of the drug necessary to induce re-
covery of the diaphragm compared with systemic administration.
This obviates the need for systemic drug administration, which
causes side effects. Specifically, we developed a tripartite nano-
conjugate comprised of a gold nanoparticle (AuNP) coupled to a
transporter protein (WGA-HRP) and to the drug, 1,3-dipropyl-
8-cyclopentylxantine (DPCPX), which is a selective antagonist of
A1 adenosine receptors (Lohse et al., 1987). Like theophylline,
DPCPX, when injected systemically, can induce recovery of the
paralyzed hemidiaphragm in C2Hx rats (Nantwi and Goshgar-
ian, 2002). We chose the AuNP as the drug carrier because its
conjugation chemistry with drugs and proteins as well as its bio-
medical applications have been well documented (Dreaden et al.,
2011; Mieszawska et al., 2013). Despite ongoing preclinical and
clinical trials of various nanotherapies, the ability to target drugs

to areas affected by disease in vivo remains to be limited (Ether-
idge et al., 2013). In the current study, the nanoconjugate is in-
jected into the paralyzed hemidiaphragm of C2Hx rats. The
transporter component of the nanoconjugate (WGA-HRP) is
taken up by phrenic axon terminals through receptor-mediated
endocytosis and transported retrogradely to the phrenic nucleus.
Subsequently, the nanoconjugate is carried by WGA-HRP trans-
synaptically to the cells in the rVRG over functionally active syn-
apses (Moreno et al., 1992). WGA-HRP does not transport to any
other CNS center in the acutely injured animal. In the present
study, the nanoconjugate was purposefully designed with bonds
that would allow DPCPX to become disassociated from the
AuNP carrier once the nanoconjugate reached the respiratory
centers. The DPCPX drug then becomes active. The action of the
drug itself on inducing respiratory-related recovery and dia-
phragm contractility has been described previously (Kajana and
Goshgarian, 2008a).

Materials and Methods
Nanoconjugate synthesis
Chemicals used in the synthesis of the DPCPX nanoconjugate
were purchased from Sigma-Aldrich: gold(III) chloride trihydrate
(HAuCl4 � 3H2O, 99% metal trace), sodium citrate tribasic dehydrate
(98%), mercaptosuccinic acid (MSA, 97%), sodium borohydride
(NaBH4, 98%), 4-dimethylaminopyridine (99%), DMSO (99.8%), 37%
formaldehyde solution, tetrahydrofuran (99%), N-hydroxysuccinimide
(98%), and DPCPX (97%), lectin from triticum vulgaris (WGA-HRP).
Finally,1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (98%) was
purchased from Fluka Analytical. The synthesis steps of the nanoconju-
gate are described in Figure 2a. MSA-capped AuNP was prepared accord-
ing to the literature (Jana et al., 2001). The proform of DPCPX
( pro-DPCPX) was synthesized based on the Mannich reaction (Sloan
and Bodor, 1982). The pro-DPCPX was loaded on to the MSA-capped
AuNP through an esterification reaction to yield the AuNP-DPCPX
nanoconjugate. Then WGA-HRP was chemically bonded to AuNP-
DPCPX through an amide bond.

Animal studies
All protocols and surgical procedures used in this study were reviewed
and approved by the Wayne State University Institutional Animal Care

Figure 1. The respiratory motor pathways involved in the “crossed phrenic phenomenon.”
Respiratory drive originates in the rVRG in the medulla, and these neurons descend bilaterally to
the phrenic motor nuclei. Both ipsilateral and contralateral descending pathways have collat-
erals that project to both phrenic nuclei. These collaterals are also known as the CPP. Hemisec-
tion rostral to the phrenic motor nucleus interrupts (dotted lines) the nerve traffic from the
descending bulbospinal respiratory pathways and effectively paralyzes the hemidiaphragm
ipsilateral to the hemisection. Arrows indicate pathways that neural impulses follow to restore
respiratory function after the hemisection. These pathways are initially latent under normal
conditions but can be activated via drugs that increase central respiratory drive, such as DPCPX
or theophylline. Reprinted from Nantwi and Goshgarian (2005) with permission from Neuro-
logical Research.

Figure 2. a, Step-by-step synthesis of the tripartite nanoconjugate comprised of a 4 nm
AuNP carrier coupled to a transporter protein (WGA-HRP) and to the drug (DPCPX). b, Transmis-
sion electron microscopy images of step-by-step protein-AuNP-drug nanodevice formation: (1)
AuNP only, (2) AuNP-DPCPX, and (3) WGA-HRP-AuNP-DPCPX. Calibration: 5 nm.
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and Use Committee and were performed in accordance with the Guide
for the Care and Use of Laboratory Animals published by the National
Institutes of Health.

Experimental design
Ten-week old male, Sprague Dawley rats (n � 59) were randomized into
treated and control groups. On day 0, all rats were subjected to left C2Hx.
Immediately following the C2Hx on day 0, rats in the treated groups were
injected into the left hemidiaphragm (LHD) with the tripartite nanocon-
jugate composed of WGA-HRP, AuNP, and DPCPX in a dose-
dependent manner: 0.09 �g/kg (n � 10), 0.15 �g/kg (n � 15), or 0.27
�g/kg (n � 10). Rats within the control groups were injected with control
solutions containing either WGA-HRP-AuNP (no drug) (n � 10) or
AuNP-DPCPX (no WGA-HRP) (n � 4). All the injection volumes were
adjusted based on animal weight. A subset of animals (n � 3) underwent
C2Hx and received no intradiaphragmatic injections to test for the pres-
ence of spontaneous recovery in the current study design, and another
subset of animals (n � 4) received no C2Hx and were injected with
DPCPX nanoconjugate (0.15 �g/kg). In addition, three rats were pre-
pared for immunochemistry after injection of the tripartite nanoconju-
gate as described below.

Perioperative care
Animals were anesthetized with intraperitoneal injections of a ketamine/
xylazine mixture (70 mg/kg and 10 mg/kg i.p., respectively). Once
anesthetized, the animals were injected intramuscularly with the antipa-
rasympathetic agent, atropine sulfate (0.04 mg/kg), to prevent mucus
secretion. Animals were then prepared for aseptic survival surgery ac-
cording to the Handbook for Laboratory Animal Care and Use.

Left C2 hemisection
On day 0, animals underwent left C2Hx as previously described in our
laboratory (Nantwi et al., 1996; Kajana and Goshgarian, 2008a). Briefly,
a dorsal incision was made exposing the C2 vertebra. Following laminec-
tomy and durotomy, the left half of the spinal cord was cut just caudal to
the C2 roots and extended from the midline to the most lateral aspects of
the left side of the spinal cord. The muscles were closed using 3.0 absorb-
able Vicryl sutures (E-sutures), and skin was stapled using wound clips
(Roboz Surgical Instruments).

Electromyography
To verify completeness of the hemisection, electromyography was per-
formed similarly to how it was done previously in our laboratory
(Moreno et al., 1992; Nantwi et al., 1996). A 7-cm-long horizontal inci-
sion was made 3 cm caudal to the sternum, and bipolar platinum
electrodes (Grass E-2B) were inserted into the LHD and right hemidia-
phragm (RHD). Raw signals were amplified 20,000 times using a Grass
P511 amplifier (Grass Technologies) and filtered at 30 Hz to 3 kHz. Data
were acquired using the Spike 2 program (Cambridge Electronic Design
system). The muscle and skin were closed using a 3.0 absorbable Vicryl
(E-sutures) and wound clips (Roboz Surgical Instruments), respectively.
The left hemisection was deemed complete if there was no respiratory-
related activity detected in the LHD.

Starting on day 4 and continuing every 4 – 6 d until day 30, animals
were anesthetized and EMG recordings of the LHD were conducted (n �
56) to test for the presence of activity in any of the areas of the LHD
(anterior, lateral, and posterior). Recordings were also taken from the
RHD. No animal was tested �4 times for recovery due to the stress of
multiple surgeries.

The nanoconjugate administration
Immediately after verification of completeness of the hemisection
through complete paralysis of the LHD, animals received injections
based on their weight of either the DPCPX nanoconjugate or control
solutions. The injections were equally spread over the posterior, lateral,
and anterior areas of the diaphragm using a Hamilton syringe (26S)
based on the weight of the animal. A single injection did not exceed 10 �l
volume. The quality of each diaphragmatic injection was verified visu-
ally; the needle was inserted parallel to the muscle fibers such that the tip
of the needle was visualized by eye before administration of the injec-

tions. A small bubble was created in the diaphragm where the solution
was deposited. The needle was held in place for �5–10 s before it was
withdrawn from the muscle to prevent leakage of the nanoconjugate
outside of the diaphragm. Steps were taken to avoid leakage of the solu-
tion from the muscle. After administration of the injections, animals
were cleaned and prepared for suturing. Muscle was closed using 3.0
absorbable Vicryl threads while the skin was closed using wound clips.

Immunohistochemical visualization of DPCPX nanoconjugate
Following injection of the tripartite nanoconjugate into the hemidia-
phragm ipsilateral to C2Hx, the animals were allowed to survive for 48 h
(n � 3). Following anesthesia as described above, the rats underwent
transcardial perfusion using heparinized saline followed by 4% formal-
dehyde (Fisher, F-79). Spinal segments C3-C6 as well as the medulla were
collected and allowed to postfix for 24 h. The tissue was then cryopro-
tected in 30% sucrose and cut transversely on the cryostat at 50 �m
thickness.

The sections containing the phrenic nucleus and the rVRG were
washed three times in the immuno buffer (PBS � 0.3% Triton) and then
blocked using 10% normal horse serum (Invitrogen ) in the immuno
buffer. Sections were incubated in primary antibody goat anti-WGA
(1:200, AS-2024, Vector Laboratories), diluted in 10% normal horse
serum-immuno buffer solution for 72 h, and then washed in PBS (Strack
and Loewy, 1990). Washes were followed by incubation in the biotinyl-
ated secondary antibody, donkey anti-goat (1:400, Jackson ImmunoRe-
search Laboratories), overnight. Finally, sections were incubated in
streptavidin-tagged-Cy3 for 4 h and then mounted wet on the slides and
coversliped.

The images were acquired using a Leica microscope, Zeiss AxioOb-
server Z1, and the camera, AxioVision MRm. Low-power images were
taken using the 2.5� objective. Off-line processing was used to acquire
high-power views of the phrenic nuclei and the rVRGs.

Postoperative care
Animals were given buprenorphine hydrochloride (0.02 mg/kg, s.c.) to
minimize pain and sterile saline (10 ml, s.c.) to avoid dehydration. Also,
Carprofen tablets (2 mg/tablet) were given by mouth to reduce inflam-
mation. The lower abdomen was gently compressed while animals were
still anesthetized to induce micturition and defecation. Bowel and blad-
der functions returned to normal 24 h after the surgery. Animals were left
to recover on a heating blanket overnight. Food and water were provided
ad libitum, and animals were also given cereal and apple slices as an
enticement to eat.

Phrenic nerve recordings (nonsurvival surgery)
One week (n � 8), two weeks (n � 8), or 4 weeks (n � 10) following the
administration of the nanoconjugate, animals underwent bilateral
phrenic nerve recordings under standardized conditions. The procedure
used in our laboratory has been described previously (Nantwi and Gos-
hgarian, 2002; Kajana and Goshgarian, 2009). Phrenic nerves were ac-
cessed from the ventral surface of the neck and cut distally to eliminate
afferent activity. Each nerve was positioned on stainless steel bipolar
electrodes and covered in gel (Bisico) to prevent fluid interference with
the signal and minimize electrical noise. Before acquiring nerve activity
data, the following standardizing conditions were performed: (1) ani-
mals were bilaterally vagotomized; (2) animals were paralyzed using pan-
curonium bromide (0.5 mg/kg); and (3) animals were placed on a
ventilator set at 3–5 mmHg above the apnea threshold. The procedure for
determining the apnea threshold has been described previously (Kajana
and Goshgarian, 2008a, b, 2009). The unprocessed recording was ampli-
fied 5000 times using Grass P511 amplifiers (Grass Technologies), fil-
tered at 0.3–1 kHz. The recordings were digitized, rectified, and
integrated in 0.1 s intervals using the Cambridge Electronic Design data
acquisition system and the Spike 2 software.

Data analysis
Characterization of hemidiaphragm recovery observed with the EMG. We
used EMG analysis to determine the proportion of animals in each ex-
perimental and control group that experienced recovery in the LHD. We
need to stress that we were not attempting to quantitate the amount of
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recovery by EMG analysis, but only the incidence of recovery in
nanoconjugate-treated animals with respect to the incidence of recovery
in the control group. Furthermore, our definition of recovery was spe-
cific. Recovery of the LHD was considered positive in each animal only if
the following conditions were met: (1) the EMG activity was detected in
at least two of the three diaphragm areas ( posterior, lateral, and ante-
rior); and (2) if the activity persisted for the duration of the study. In each
treatment group, animals were then divided into those having recovery
or not, and the Fisher exact test was performed to determine whether the
proportion of animals with functional diaphragm recovery in the treated
groups was statistically different from the ratio of control animals having
recovery. The Fisher’s exact test was followed by the Bonferonni adjust-
ment to correct for the number of comparisons tested. The � level of
0.016 was considered statistically significant.

Phrenic nerve recordings. Phrenic nerve recordings were used to esti-
mate the increase in phrenic nerve output after nanoconjugate injections.
The recordings were also used to analyze the effect of injection of DPCPX
nanoconjugate on respiratory frequency. The areas under 10 consecutive
integrated waveforms in the right phrenic nerve (RPN) and left phrenic
nerve (LPN) activity were averaged and expressed as mean � SE. Activity
in the left nerve was used as an index of the recovered respiratory activity
in the DPCPX nanoconjugate-treated animals. Both maximum LPN am-
plitude activities as well as the areas under the curves (AUC) were ex-
pressed as the percentage of the RPN whose signal was set to be 100%.
The data were analyzed using a two-way ANOVA on ranks for indepen-
dent measures. When appropriate, ANOVA was followed by the Stu-
dent’s independent t test. The � level of 0.01 was considered statistically
significant. Frequency data are expressed as mean � SE and were ana-
lyzed using two-way ANOVA for independent measures followed by the
Student’s independent t test. The � level of 0.01 was considered statisti-
cally significant for this analysis.

Results
Synthesis and characterization of the nanoconjugate
Figure 2a shows step-by-step synthesis of the nanoconjugate. The
first step in engineering the nanoconjugate was to create AuNPs

by reacting gold (III) chloride trihydrate with sodium citrate and
sodium borohydrate. In the next step, AuNPs were reacted with
MSA (capped nanoconjugate) to allow formation of the func-
tional groups, which would bind the drug (DPCPX) and the
transporter (WGA-HRP) in later steps of the fabrication process.
Next, the drug was conjugated to the MSA-capped AuNPs
through an esterification process. In the final step, the WGA-
HRP transporter was bound to the particle using the amide bond.
Figure 2b shows transmission electron microscopy images of the
AuNPs only (1), after they are conjugated with pro-DPCPX (2)
and finally with WGA-HRP (3). The average AuNP core size is 4
nm. The amount of the drug conjugated to each AuNP was de-
termined by thermal gravimetric analysis and used to estimate
drug dosage.

Retrograde transsynaptic transport of
WGA-HRP-AuNP-DPCPX nanoconjugate
Figure 3 provides anatomical proof that, when the nanoconjugate
is injected into the diaphragm, it is retrogradely transported to
the phrenic nucleus and subsequently transsynaptically trans-
ported to the rVRG in the medulla. The WGA-HRP component
of the nanoconjugate was visualized 48 h after injection by WGA-
HRP immunochemistry (Strack and Loewy, 1990). At this time,
there was no recovery detected in these animals. The earliest time
recovery detected in other animals was 72 h after nanoconjugate
injection. Figure 3a is a low-power view showing bilateral stain-
ing of WGA-HRP-labeled phrenic motor neurons in the spinal
cord, whereas Figure 3c, d shows a higher magnification of these
same labeled cells in the left and right phrenic nuclei, respectively.
The bilateral staining is due to diffusion of the WGA tracer across
the midline of the diaphragm, as we have demonstrated in a
previous study (Buttry and Goshgarian, 2014). The staining is
localized to the phrenic nuclei only, suggesting that the nanocon-

Figure 3. Retrograde transsynaptic transport of the DPCPX nanoconjugate to the phrenic nucleus and to the rVRG. a, Bilateral staining of the phrenic nucleus acquired under low magnification.
c, d, High-power images of the specific cells of the phrenic nucleus. b, Bilateral staining of the rVRG. e, f, High-power images of these same cells of the left and right rVRG, respectively. The pinhole
(P) is made on the right side of the tissue.
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jugate is transported exclusively to these nuclei in the spinal cord.
There are no interneurons labeled in the cervical spinal cord.
Figure 3b is a low-power image demonstrating bilateral WGA-
HRP staining in the rVRG from the same animal. Figures 3e and
3f are higher-power images of these same cells of the left and right
rVRG located in the medulla, respectively. The staining is local-
ized to the neurons of the rVRG exclusively.

Characterization of the DPCPX nanoconjugate-induced
diaphragmatic recovery
Figure 4 is a representative example of control EMG recordings
from the left (ipsilateral to hemisection) and right (contralateral
to hemisection) hemidiaphragms following the intradiaphag-
matic administration of the vehicle control, WGA-HRP-AuNP
(i.e., no drug) into the LHD. The vehicle was injected on day 0
(immediately after C2Hx) with recordings being shown from the
same animal on day 0, day 4, and day 14 after the vehicle injec-
tion. Recordings are shown from the posterior, lateral, and ante-
rior areas of the diaphragm. There is no activity in any area of the
LHD at any time point, whereas the RHD is not affected by the
hemisection. The single spikes observed in the LHD recordings
are electrocardiogram activity, which progressively increases in
amplitude as the sampling electrodes are moved toward more
anterior areas of the LHD, close to the surface of the heart.

The effect of intradiaphragmatic administration of the nano-
conjugate containing DPCPX on recovery of the diaphragm is

presented in Figure 5. Immediately following confirmation of the
hemidiaphragmatic paralysis, a one-time intradiaphragmatic in-
jection of nanoconjugate containing 0.15 �g of the DPCPX drug
per 1 kg of the animal’s body weight induced recovery of the
posterior, lateral, and anterior areas of the LHD. Typically, a
complete paralysis of the LHD was observed on day 0, immedi-
ately after the C2Hx. Four days after administration of the
DPCPX nanoconjugate, activity was detected in all three areas of
the LHD. In other animals, the recovery was detected as early as
72 h after injection. In Fig. 5, the restored activity was synchro-
nized with the activity in the RHD. Thus, the restored activity is
respiratory-related. The recovery of the LHD persisted for 2
weeks after the one-time injection of the DPCPX nanoconjugate
delivered on day 0. Similar recovery of the LHD was observed 4
weeks following the DPCPX nanoconjugate treatment, which
was the longest period studied (data not shown; but see Fig. 9).

A dose-dependent recovery of the LHD function was noted
after injection of 0.09, 0.15, and 0.27 �g/kg of DPCPX into sep-
arate groups of animals (N � 10 per group). Figure 6 shows
representative EMG recordings obtained 14 d after treating the
animals with these doses. In Figure 6, treatment with 0.09 �g/kg
induced minimal, intermittent contractions observed in the lat-
eral segment of the LHD on day 14. In the posterior segment of
the diaphragm, an “augmented breath” (Bartlett, 1971) is visible
within the 11th breath starting from the beginning of the record-
ing. The augmented breath is visible within the intact RHD and

Figure 4. Representative EMG recordings of the posterior, lateral, and anterior areas of the LHD and RHD taken on day 0 (immediately following C2Hx) and 4 and 14 d after administration of the
vehicle control containing WGA-HRP transporter conjugated to the gold nanoparticles (AuNP), WGA-HRP-AuNP. Amplitude of the EMG recordings, y-axis, is expressed in Volts. x-axis represents time,
measured in seconds. Calibration: 5 s. Note that there is no activity in the LHD in any area and at any time.
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also on the paralyzed LHD (arrows), suggesting that there are
pathways other than the injured, descending bulbospinal path-
ways that are functional in the animal (e.g., the CPP). All animals,
regardless of the treatment, displayed augmented breaths within
the paralyzed LHD. This indicated that the latent crossed phrenic
pathway was intact in all animals used and could be functionally
expressed given the proper stimulus. From Figure 3, there were
no interneurons labeled in the cervical spinal cord. Thus, the CPP
(collaterals of the bulbospinal axons, which cross the midline of
the spinal cord) is the most likely anatomical substrate for the
recovery detected.

In this study, the incidence of “functional recovery” is defined
as follows: (1) recovery that is detected in at least two of the three
diaphragmatic areas; and (2) recovery that persists to the end of
the study. Four of 10 (40%) rats that received a low dose of
DPCPX nanoconjugate (0.09 �g/kg) displayed functional recov-
ery of the paralyzed hemidiaphragm (Fig. 7). In animals treated
with 0.15 �g/kg of DPCPX nanoconjugate, recovery was detected
in 80% (8 of 10) of cases. In 6 of the 8 animals showing recovery,
the activity of the entire diaphragm was restored, whereas in the
remaining 2 animals recovery was confined to the posterior and
lateral areas of the LHD. Finally, at the high dose of 0.27 �g/kg,
the DPCPX nanoconjugate induced virtually no detectable re-
covery of the posterior segment of the LHD, but functional re-
covery, as defined above, was detected in 4 of 10 animals (Fig. 7).

Statistical significance of functional recovery detected with
the EMG analysis was determined using the � 2-Fisher’s exact test

followed by the Bonferroni adjustment. It should be stressed that
here we are not assessing the amount of recovery, but rather the
incidence of recovery in each treatment group with respect to
the incidence of recovery in control animals (Fig. 7). The quan-
titative assessment of recovery was accomplished from phrenic
nerve recordings in the section described below. Treatment with
0.15 �g/kg of DPCPX (n � 10) via intradiaphragmatic nanocon-
jugate delivery resulted in a significantly greater proportion of
animals achieving functional recovery compared with vehicle
controls (n � 12; p � 0.001). Therefore, this dose of the nano-
conjugate was defined as “optimal.” Treatment with 0.09 �g/kg
(n � 10) or 0.27 �g/kg (n � 10) did not reach statistical signifi-
cance (p � 0.102). The incidence of recovery in the optimal
group was twice the incidence of recovery in both the low- and
high-dose groups.

Quantitative assessments of DPCPX nanoconjugate-induced
recovery of phrenic motor output
To quantify the amount of recovery induced by the DPCPX
nanoconjugate, bilateral phrenic nerve recordings were per-
formed 1 week (n � 8), 2 weeks 14 (n � 8), and 4 weeks (n � 10)
in separate animals under physiologically standardized condi-
tions according to procedures performed by many other labora-
tories (Baker-Herman and Mitchell, 2002; Nantwi and
Goshgarian, 2002; Golder et al., 2003; Kajana and Goshgarian,
2008a; Lalley and Mifflin, 2012). The phrenic nerve recordings
were taken after injection of the control nanoconjugate (n � 13)

Figure 5. Representative EMG recordings of the posterior, lateral, and anterior areas of the LHD and RHD taken on day 0 and 4 and 14 d after intradiaphragmatic administration of 0.15 �g/kg of
the DPCPX nanoconjugate. Amplitude of the EMG recordings, y-axis, is expressed in Volts. x-axis represents time, measured in seconds. Calibration: 5 s. Note recovery in all areas of the LHD starting
on day 4 and persisting for 2 weeks.
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(WGA-HRP-AuNP) or in a separate group of animals after
administration of the tripartite nanoconjugate (n � 13) (WGA-
HRP-AuNP-DPCPX). The average blood pressure and tempera-
ture were maintained stable and within physiological ranges
during the time of the recordings. Average blood pressure was
96.9 � 6.1 mmHg, and the temperature was maintained at 37.1°C
using a homeothermic blanket. Representative examples of
phrenic nerve recordings 2 weeks after administration of control
injections and 0.15 �g/kg of the DPCPX nanoconjugate (optimal
dose) performed in separate animals are shown in Figure 8. Un-
der control conditions, when the left C2Hx was followed by in-
jection of a control nanoconjugate (i.e., WGA-HRP-AuNP), the
RPN was functionally active, whereas the LPN was quiescent due
to the hemisection (Fig. 8A). In the treatment group, delivery of
the DPCPX nanoconjugate restored the activity of the LPN, and a
representative example is shown in Figure 8B. The restored pha-
sic activity of the LPN was synchronized with that of the RPN.
Similarly, Figure 9 shows a representative phrenic nerve record-
ing obtained 4 weeks after injection of (1) vehicle control, WGA-
HRP-AuNP (Fig. 9A), and (2) optimal dose of DPCPX
nanoconjugate (Fig. 9B). Importantly, 4 weeks following delivery
of vehicle control, LPN is quiescent whereas RPN is functionally
active. Acute administration of the optimal dose of the DPCPX
nanoconjugate resulted in recovery of LPN activity as long as 4
weeks after C2Hx. Importantly LPN activity was quiescent after
administration of the vehicle control at all time points tested (1, 2,

Figure 6. Representative examples of EMG recordings of the posterior, lateral, and anterior areas of the LHD and RHD measured on day 14 in three different animals receiving different doses of
the DPCPX nanoconjugate. Animals received intradiaphragmatic injections of 0.09, 0.15, or 0.27 �g of the DPCPX nanoconjugate per kilogram of body weight on day 0. Top left panel, Arrow points
to the augmented breath that appears in both the RHD and the paralyzed LHD, suggesting that there are latent pathways present. Amplitude of the EMG recordings, y-axis, is expressed in Volts. x-axis
represents time, measured in seconds. Calibration: 5 s. Note marked recovery in the animal treated with 0.15 �g/kg of the DPCPX nanoconjugate in all three diaphragmatic areas, but very little
recovery in the other animals.

Figure 7. Vertical bar graphs represent the percentage of animals that did (black) and did
not (white) exhibit recovery of LHD function upon treatment with vehicle control (CTR) or dose
of 0.09, 0.15, or 0.27 �g/kg of the DPCPX nanoconjugate. The recovery was evaluated based on
the criteria stated in Materials and Methods. The p value was adjusted for the number of com-
parisons based on the Bonferroni adjustment, where the � level of 0.016 was considered sta-
tistically significant. Note the statistically significant increase in percentage of animals (80%)
that exhibited LHD recovery after injection of 0.15 �g/kg of DPCPX nanoconjugate. *p � 0.001
versus CTR.
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and 4 weeks after C2Hx), whereas LPN
activity was restored at all time points
in animals treated with the DPCPX
nanoconjugate.

To quantitate the phrenic motor out-
put, the areas under the curves (AUC) of
10 consecutive rectified and integrated
waveforms of the LPN and RPN bursts as
well as their maximal amplitudes were av-
eraged. The activity in the LPN was ex-
pressed as the percentage of the RPN
whose signal was set to be 100%. Statisti-
cal analyses were performed using two-
way ANOVA to analyze the effect of drug
(factor 1) and time (factor 2) on recovery
of LPN activity. Treatment resulted in a
significant recovery of LPN activity for
both the AUC (p � 0.001) and the maxi-
mum amplitude (p � 0.001); however,
time had no effect on the AUC or maxi-
mum amplitude observed (p � 0.068).
Student’s t test revealed a statistically sig-
nificant difference between the AUC of
DPCPX-treated and control animals at 1,
2, and 4 weeks (p � 0.009). At week 1, the
mean AUC for DPCPX-treated animals
was 56.8 � 4.3%, whereas the mean for
controls was 8.2 � 2.3%. At weeks 2 and 4,
the mean AUCs for the treated groups
were 72.4 � 7.3% and 46.5 � 11.8%, re-
spectively, which was not significantly dif-
ferent from the mean AUC observed at
earlier time points (Fig. 10). Student’s t
test also revealed a significant difference
in the maximum amplitude between
DPCPX-treated and control groups at 1,
2, and 4 weeks following the injury (p �
0.009). At 1 week, maximum amplitude of
DPCPX-treated animals was 75.7 � 6.6%,
whereas the maximum amplitude for the
control was 9.3 � 2.8%. The maximum
amplitude of DPCPX-treated animals re-
mained about the same at 2 and 4 weeks
and was statistically greater than controls (Fig. 10).

Effect of DPCPX nanoconjugate on respiratory frequency
During phrenic nerve recording, under standardized conditions,
frequency was analyzed in control animals (n � 13) and in
DPCPX-treated animals (n � 13) 1, 2, and 4 weeks following
injection of the optimal dose of the DPCPX nanoconjugate
(0.15 �g/kg) or following injection of vehicle control (WGA-
HRP-AuNP). The analysis revealed a significant effect of treat-
ment (factor 1) on the respiratory frequency (p � 0.001).
ANOVA also revealed no statistical difference for the effect of
time (factor 2) on this parameter (p � 0.2). Furthermore, specific
pairwise analysis using Student’s t test showed that, 1 and 2 weeks
following the DPCPX treatment, the animals exhibited a statisti-
cally significant increase in respiratory frequency (p � 0.001)
compared with the control animals. The frequency at week 1 was
39 � 1 breaths per minute (bpm) and at week 2, 43 � 1 bpm
compared with the control animals, which inspired 28 � 3 times
in 1 min. Week 4 analyses showed no difference in frequency
between the control and DPCPX-treated animals, and this was

largely due to increase in respiratory frequency in control animals
(35 � 3 bpm vs 28 � 3 at week 1). Mean respiratory frequency in
uninjured animals treated with DPCPX nanoconjugate was 39 �
1 bpm (Table 1).

Discussion
The major finding of this study is that the selective delivery of an
A1 adenosine receptor antagonist to central respiratory pathways
induced recovery of respiratory-related function lost after SCI. A
one-time series of intradiaphragmatic injections of the DPCPX
nanoconjugate induced long-lasting recovery of the paralyzed
LHD. Functional recovery was achieved using only a small frac-
tion of the effective dose of DPCPX required when given system-
ically in previous studies (Nantwi et al., 2003). A dose–response
study revealed that the optimal dose of DPCPX delivered via
nanoconjugate was 0.15 �g/kg, which is only 0.1% of the systemic
therapeutic dose. In a placebo-controlled, double-blind cross-
over study investigating the effects of theophylline on recovery of
respiratory motor function in patients after SCI, failure to detect
improvements was attributed to the small number of participants

Figure 8. Representative examples of the bilateral raw (r) and integrated (�) phrenic nerve recording obtained under stan-
dardized physiological conditions on day 14 in (A) control setting, after administration of vehicle control, WGA-HRP-AuNP; and (B)
after delivery of the 0.15 �g/kg of the DPCPX nanoconjugate. Amplitude of the phrenic nerve recordings ( y-axis) is expressed in
Volts. x-axis represents time, measured in seconds. �LPN, Integrated left phrenic nerve; rLPN, raw left phrenic nerve; �RPN,
integrated right phrenic nerve; rRPN, raw right phrenic nerve. Note recovery of the LPN in the DPCPX-treated rat.
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able to tolerate the systemic side effects caused by the drug (Tzel-
epis et al., 2006). Therefore, the ability of the present drug deliv-
ery approach to reduce the effective drug dose represents a major
advancement in the field, and it provides renewed potential to
treat respiratory dysfunction after SCI with drugs previously not
well tolerated.

We have demonstrated that selective antagonism of A1 aden-
osine receptors improves respiratory-related activity following
C2Hx and have shown that antagonism of the A2 adenosine re-
ceptor subtype is not involved in this phenomenon (Nantwi and
Goshgarian, 2002). The recovery observed in the present study is
physiologically very similar to the recovery observed following
systemic administration of DPCPX leading to activation of the
cAMP-PKA pathway (Kajana and Goshgarian, 2008b). Further-
more, DPCPX has been used by numerous laboratories to inhibit
A1 adenosine receptors, and pharmacodynamic studies suggest
that DPCPX is 700-fold more selective for binding A1 receptor
compared with the other adenosine receptor subtypes (Lee and
Reddington, 1986; Coates et al., 1994). Taking all the evidence
together and comparing the similarities between the results ob-
tained in the studies in which DPCPX was administered system-
ically and the present study where the antagonist was delivered

using nanotechnology approach, we con-
clude that the observed effects are due to
the specific antagonism of A1 adenosine
receptors.

It was originally thought that ade-
nosine receptor antagonists, including
DPCPX, bind to the extracellular loop of
the A1 adenosine receptor. However,
other findings have shown that the ligand
binding site may be away from the outer
membrane surface (Ijzerman et al., 1992;
Olah et al., 1994; Rivkees et al., 1999). Ac-
cordingly, our current hypothesis is that
intracellularly delivered DPCPX can act
on the intracellular regions of the protein.
Another possibility is that the antagonist
may act on newly synthesized A1 adeno-
sine receptors not yet trafficked to the
membrane surface. In accordance with
this hypothesis, Schmidt et al. (1995) ob-
served alterations in respiratory output
following intracellular injection of adeno-
sine into rVRG neurons. Therefore, it
seems plausible that adenosine receptor
inhibitors similarly elicit antagonistic ef-
fects when administered intracellulary.

Dose–response studies using the
DPCPX nanoconjugate revealed a bell-
shaped curve where both lower and higher
doses of the nanconjugate had minimal
effect on diaphragmatic activity, whereas
a dose of 0.15 �g/kg yielded optimal re-
covery. The bell shape response may be
due to the specific nature of this adenosine
receptor antagonist. We have reported
similar observations in our previous stud-
ies where higher doses of theophylline
suppressed respiratory drive to the in-
jured hemidiaphragm (Nantwi et al.,
1996). This biphasic effect is likely due to
differential actions of specific adenosine

receptor antagonist on different receptor subtypes, which exert
opposing effects on neurotransmitter release. This observation is
very important as it relates to the therapeutic window of xanthine
derivatives when delivered using this nanotechnology approach
and could have future clinical implications.

Previous studies from our laboratory observed spontaneous
respiratory-related activity in the C2Hx rat model at �6 weeks after
injury (Nantwi et al., 1999). However, others have reported sponta-
neous recovery as early as 14 d after the injury in the same animal
model (Fuller et al., 2008; Gransee et al., 2015). We performed a
control set of experiments and observed minimal spontaneous re-
covery occurring during the first 4 weeks following C2Hx. There-
fore, we performed our physiological studies to 4 weeks and found
that a single administration of DPCPX nanoconjugate will induce
long-lasting recovery for 4 weeks following the injury. Quantitative
analyses suggest that the amount of recovery was similar to the
amount observed 1 week following the drug administration. Addi-
tionally, �4 weeks after SCI, many animals exhibit autophagy of the
contralateral hindpaw, thereby making further extension of the
studies inhumane. Within that scope, administration of the DPCPX
nanoconjugate induced early, long-lasting recovery of diaphragm
function paralyzed after SCI.

Figure 9. Representative examples of the bilateral raw (r) and integrated (�) phrenic nerve recording obtained under stan-
dardized physiological conditions 4 weeks following injection of (A) vehicle control and (B) after delivery of the 0.15 �g/kg of
DPCPX nanoconjugate. Amplitude of the phrenic nerve recordings ( y-axis) is expressed in Volts. x-axis represents time, measured
in seconds. �LPN, Integrated left phrenic nerve; rLPN, raw left phrenic nerve; �RPN, integrated right phrenic nerve; rRPN, raw right
phrenic nerve. Note recovery of the LPN in the DPCPX-treated rat.
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There have been other studies investigating the effects of inter-
mittent hypoxia therapy both in animal models and in humans to
improve respiratory function after SCI (Baker and Mitchell, 2000;
Fuller et al., 2000; Golder and Mitchell, 2005; Wilkerson and Mitch-
ell, 2009; Tester et al., 2014). While acute intermittent hypoxia is a
minimally invasive approach that facilitates phrenic motor output,
the effect of a single cycle of acute intermittent hypoxia is short-term.
Similarly, optogenetic approaches have been used in which intermit-
tent phototherapy induces recovery of diaphragm function after SCI
(Alilain et al., 2008). This approach restores diaphragmatic activity
that persists for several minutes after which the ipsilateral hemidia-
phragm becomes paralyzed once again due to the hemisection. In-
deed, there are no available reports on duration of recovery lasting
longer than several days, other than from our own laboratory
(Nantwi and Goshgarian, 2002; present paper). Furthermore, cell-
based approaches targeting brain-derived neurotrophic factor and
tropomyosin related kinase receptor 2subtype B or choindritinase
ABC inhibition were able to demonstrate recovery of respiratory
function after SCI (Mantilla et al., 2013; Gransee et al., 2015); how-
ever, further studies are needed to address the potential for transla-
tion of such methods to clinical use. Finally, some reports suggest
that diaphragm pacing and abdominal binder placement improved
respiratory-related function after SCI (Tedde et al., 2012; Wads-
worth et al., 2012; Posluszny et al., 2014). To our knowledge, how-
ever, the present study is the first to demonstrate the ability of a
nanotechnology approach to induce long-lasting recovery of respi-
ratory function after spinal cord injury.

Because WGA-HRP, which transports AuNP-DPCPX, was visu-
alized within the neurons of the rVRG and the phrenic nucleus, we
rationalized that DPCPX-induced recovery is mostly mediated via
activation of the neurons within these respiratory centers. However,
it is plausible for the nanoconjugate to be transsynaptically carried

across more than one synapse and modulate activity within the re-
spiratory centers higher than the rVRG. However, we have previ-
ously shown that intradiaphragmatic administration of a similar
transporter, WGA-Alexa-488, results in labeling of rVRG neurons
without labeling other supraspinal centers when the transporter was
administered acutely following C2Hx (Buttry and Goshgarian,
2014). In the chronic hemisection model, however, intradiaphragm
administration of the transporter resulted in labeling of rVRG in
addition to the raphe, hypoglossal, spinal trigeminal, parvicellular
reticular, gigantocellular reticular, and intermediate reticular nuclei
(Buttry and Goshgarian, 2014).

Based on the fact that retrograde transsynaptic transport of
WGA-HRP was confirmed 48 h following the transporter adminis-
tration (Jankowska, 1985; Harrison et al., 1986; Moreno et al., 1992),
we suggest that the recovery occurring as early as 72 h after the
nanoconjugate injection is a result of the time required for the ade-
quate transport of the nanoconjugate to the respiratory centers plus
the time required for release of the drug into targeted neurons. In
support of this hypothesis, the nanoconjugate is designed such that
the drug portion is linked to the remaining construct by an ester
bond, which allows for hydrolytic degradation of the drug from the
construct following the injection. We hypothesize that, once the
drug is released, its pharmacokinetic profile remains unaltered. That
is, the half-time of DPCPX is 2.36 h (Lu et al., 2014). Therefore, we
expect the drug to be metabolized and cleared from the system
within hours upon release. However, during this time, DPCPX
makes permanent changes to the respiratory circuitry, which results
in long-term respiratory recovery in the virtual absence of the drug
from the animal. A similar result was observed following the chronic
administration of theophylline. When the animal was weaned from
theophylline, the respiratory recovery persisted (Nantwi et al., 2003).
Additionally, we are currently undertaking a biodistribution study to
understand trafficking of the gold nanoparticles following disassoci-
ation of the drug from the construct.

Given that the transport of WGA-HRP is dependent upon the
presence of physiologically active synapses, which act as a substrate
to drive delivery of the drug to the respiratory centers, and taking
into account previous studies implicating the synapses of the CPP
pathway in adenosine-mediated respiratory recovery, we rational-
ized that the DPCPX nanoconjugate-induced recovery also activates
the latent CPP pathway. However, there are other possible explana-

Figure 10. Averaged phrenic nerve recording data, which are expressed as mean � SE. Solid black bars represent data obtained under control conditions, after administration of the
WGA-HRP-AuNP control. Dashed bars represent the values obtained after treatment with the 0.15 �g/kg DPCPX nanoconjugate. A, Mean data for the area under the curve. B, Mean data for the
change in amplitudes quantified 1, 2, and 4 weeks after intradiaphragmatic injections. Areas under the 10 consecutive LPN and RPN curves as well as the maximal amplitude under these same
breaths were analyzed and averaged. The activity in the LPN is expressed as percentage of the activity in the RPN. *p 	 0.001 versus control.

Table 1. Effect of DPCPX nanoconjugate administration on the respiratory
frequency in naive, and C2Hx animals 1, 2, and 4 weeks following the injurya

Naive
animals

Controlb

1 week
DPCPX
1 week

Controlb

2 weeks
DPCPX
2 weeks

Controlb

4 weeks
DPCPX
4 weeks

39 � 1 28 � 1 39 � 3* 28 � 3 43 � 1* 35 � 3 40 � 2
aValues are breaths per minute.
bControl animals received WGA-HRP-AuNP construct (no drug).

*p 	 0.01 versus control.
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tions, including the involvement of cervical interneurons, which
may contribute to DPCPX nanoconjugate-induced recovery of re-
spiratory function following C2Hx (Lane et al., 2008, 2009). In our
previous study where WGA-HRP was injected into the paralyzed,
LHD during activation of the crossed phrenic pathway, no interneu-
rons were labeled in the cervical spinal cord, making this possibility
unlikely (Moreno et al., 1992).

In the current study, both the amplitude and the AUC of the LPN
(ipsilateral to hemisection) were increased by treatment with the
DPCPX nanoconjugate, suggesting potential for the drug to induce
global respiratory motor recovery of the cells within the respiratory
network. Specifically, we demonstrated that by 1 week, the DPCPX
nanoconjugate treatment restored 57% of the respiratory drive to
the LPN; and on week 2, this recovery was �72%. Two weeks later,
the amount of restored respiratory drive was 47%. These values are
similar to what was reported in our previous studies using systemic
administration of DPCPX (Nantwi and Goshgarian, 2002). These
findings may be explained by the dense expression of adenosine A1
receptors on the neurons within the central respiratory centers,
phrenic nucleus, and in the rVRG (Petrov et al., 2007). Therefore,
because of the action of the drug on the widely distributed A1 aden-
osine receptors, we were able to achieve a marked increase in the
LPN output after SCI in the present study. Finally, the global expres-
sion of the A1 receptors within the respiratory networks also governs
minute effective concentrations of the drug used via selective target-
ing approached developed in the study. In addition to having effects
on the respiratory output, DPCPX nanoconjugate increased respi-
ratory frequency. The respiratory frequency was increased at 1 and 2
weeks following the administration of the nanoconjugate in C2Hx
and naive animals. These data are consistent with previously estab-
lished respiratory effects induced by A1 adenosine antagonists and
further support the conclusion that the recovery is indeed mediated
via this receptor subtype (Nantwi and Goshgarian, 2002). Addition-
ally, the increases in respiratory frequency may be consequence of
the drug action on the cells within the Botzinger complex. There are
two possibilities, which may explain how effects of the nanoconju-
gate delivery to the rVRG could impact neurons of the Botzinger
complex: (1) activation of neurons within the rVRG projecting to
the Botzinger complex; or (2) the drug may diffuse to the pre-
Botzinger complex and directly activate neurons there. Indeed, anal-
yses of the respiratory frequency suggest that delivery of the DPCPX
nanoconjugate increases respiratory frequency, which may be due to
actions of the drug on the neurons within the Botzinger complex
(Weston et al., 2004; Tan et al., 2010) Importantly, there is a consid-
erable anatomical and functional overlap between the neurons of the
rVRG and pre-Botzinger complex, which makes decoding of specific
effect on either one of the nuclei difficult (Sun et al., 1998).

In conclusion, in the present study, we have demonstrated that a
single delivery of adenosine A1 receptor antagonist via a nanotech-
nology approach induces virtually permanent recovery, which per-
sists up to 4 weeks following the single drug administration. Given
the ability of the CPP to supply central drive to the paralyzed hemi-
diaphragm via decussation at the level of the phrenic nucleus, it is
reasonable to expect continued recovery of respiratory drive to the
LHD through the use of this therapeutic approach. We think that
this method of delivering the drugs would be a clinically feasible
approach that patients would consent to given the high importance
of alleviating respiratory dysfunction to this patient population.
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