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Spinal Atypical Protein Kinase C Activity Is Necessary to
Stabilize Inactivity-Induced Phrenic Motor Facilitation
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The neural network controlling breathing must establish rhythmic motor output at a level adequate to sustain life. Reduced respiratory neural
activity elicits a novel form of plasticity in circuits driving the diaphragm known as inactivity-induced phrenic motor facilitation (iPMF), a
rebound increase in phrenic inspiratory output observed once respiratory neural drive is restored. The mechanisms underlying iPMF are
unknown. Here, we demonstrate in anesthetized rats that spinal mechanisms give rise to iPMF and that iPMF consists of at least two mechanis-
tically distinct phases: (1) an early, labile phase that requires atypical PKC (PKC� and/or PKC�/�) activity to transition to a (2) late, stable phase.
Early (but not late) iPMF is associated with increased interactions between PKC�/� and the scaffolding protein ZIP (PKC�-interacting protein)/
p62 in spinal regions associated with the phrenic motor pool. Although PKC�/� activity is necessary for iPMF, spinal atypical PKC activity is not
necessary for phrenic long-term facilitation (pLTF) following acute intermittent hypoxia, an activity-independent form of spinal respiratory
plasticity. Thus, while iPMF and pLTF both manifest as prolonged increases in phrenic burst amplitude, they arise from distinct spinal cellular
pathways. Our data are consistent with the hypotheses that (1) local mechanisms sense and respond to reduced respiratory-related activity in the
phrenic motor pool and (2) inactivity-induced increases in phrenic inspiratory output require local PKC�/�activity to stabilize into a long-lasting
iPMF. Although the physiological role of iPMF is unknown, we suspect that iPMF represents a compensatory mechanism, assuring adequate
motor output in a physiological system in which prolonged inactivity ends life.

Introduction
To sustain life, neurons controlling breathing must transmit a
continuous rhythmic motor output of appropriate magnitude to
respiratory muscles, thereby assuring adequate breathing. Since
even the briefest pause in breathing threatens life, the respiratory
control system may exhibit unique characteristics, such as rapid
responses to periods of reduced neural activity. We recently de-
scribed a novel form of plasticity elicited by reduced central re-
spiratory neural activity (in the absence of hypoxia) known as
inactivity-induced phrenic motor facilitation (iPMF) (Baker-
Herman and Strey, 2011; Mahamed et al., 2011), a rebound in-
crease in inspiratory motor output to the diaphragm revealed
when central respiratory neural activity is restored. iPMF is in-
duced by multiple forms of brainstem-initiated (i.e., central) ap-
nea, including those caused by hyperventilation, increased
inhibitory sensory feedback, and anesthesia-induced respiratory
depression (Baker-Herman and Strey, 2011; Mahamed et al.,
2011). Because of the diverse nature of these initiating stimuli, we
suggested that iPMF arises from a common factor: reduced respi-
ratory neural activity (Baker-Herman and Strey, 2011).

Although a central neural apnea results in reduced activity in
many respiratory-related neurons throughout the neuraxis, we
hypothesized that mechanisms operating within or near the
phrenic motor pool give rise to iPMF (Baker-Herman and Strey,
2011). Consistent with this hypothesis, a 4 h disruption in de-
scending synaptic inputs to phrenic motor neurons via unilateral
axon conduction block enhances ipsilateral diaphragm EMG ac-
tivity once axon conduction is restored (Castro-Moure and Gos-
hgarian, 1996), suggesting that mechanisms downstream from
brainstem respiratory networks are sufficient to induce plasticity
in response to phrenic/diaphragm inactivity. However, it is cur-
rently unknown whether inactivity-induced diaphragm EMG fa-
cilitation is due to mechanisms operating in the phrenic motor
circuit or at the neuromuscular junction. Indeed, both the dia-
phragm (Mantilla and Sieck, 2009) and phrenic motor pool
(Castro-Moure and Goshgarian, 1997) exhibit profound mor-
phological changes in response to prolonged inactivity.

Here, we provide the first evidence that reduced central respi-
ratory neural activity elicits mechanisms of plasticity in or near
the phrenic motor pool that manifest as a prolonged enhance-
ment of phrenic burst amplitude once respiratory neural activity
is restored (i.e., iPMF). Furthermore, we demonstrate that iPMF
requires activity of atypical protein kinase C (aPKC) isoforms,
PKC� and/or PKC�. Specifically, spinal PKC�/� activity following
a neural apnea is necessary to transition from an early, transient
facilitation to a longer-lasting, stable iPMF; however, once
formed, continued PKC�/� activity is no longer necessary to
maintain late iPMF. Finally, early (but not late) iPMF is associ-
ated with increased interaction between PKC�/� and the scaffold-
ing protein PKC�-interacting protein (ZIP) (also known as p62)
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in spinal regions associated with the phrenic motor pool, suggest-
ing activation of PKC�/� in the relevant time frame at relevant
sites. In contrast, spinal aPKC is not necessary for an activity-
independent form of phrenic plasticity, phrenic long-term facil-
itation (pLTF) following acute intermittent hypoxia (Dale-Nagle
et al., 2010), suggesting that these forms of spinal plasticity occur
via distinct cellular mechanisms. To our knowledge, this is the
first report describing a key role for local PKC�/� activity in sta-
bilizing plasticity in any spinal motor output.

Materials and Methods
Animals. Experiments were performed on 2- to 5-month-old male
Sprague Dawley rats (Harlan colony 217). Rats were housed two per cage
in a controlled environment (12 h light/dark cycle), with food and water
ad libitum. The Institutional Animal Care and Use Committee at the
University of Wisconsin–Madison approved all experiments.

Surgical preparation. Anesthesia was induced with isoflurane in a closed
chamber, followed by inhalation of isoflurane through a nose cone (2.5–
3.5% in 50% O2, balance N2). Rats were tracheotomized and pump venti-
lated (tidal volume, 2–2.5 ml; Harvard Apparatus; Rodent Ventilator 683),
and isoflurane was continued through the ventilator. End-tidal CO2 was
monitored (Respironics Novametrix) and maintained at �45 mmHg
throughout surgery by adjusting ventilation rate and/or adding CO2 to the
inspired gas mix. A bilateral vagotomy was performed to prevent entrain-
ment of respiratory frequency with the ventilator. Tracheal pressure was
monitored throughout the surgery to assure rats continued respiratory ef-
forts during surgery. The femoral artery was catheterized for blood pressure
measurement and periodic blood gas sampling. Depending on surgeon pref-
erence, the tail or femoral vein was catheterized for fluid infusion. C2 lami-
nectomy was performed, and a small hole was cut in the dura to place a soft
silicone catheter (2 French; Access Technologies) connected to a Hamilton
syringe in the intrathecal space over spinal segment C4. The left phrenic
nerve was exposed dorsally, cut distally, desheathed, and submersed in min-
eral oil. Rats were converted to urethane anesthesia (1.7–1.8 mg/kg, i.v.), and
isoflurane was withdrawn. Rats were then paralyzed with pancuronium bro-
mide (2.5 mg/kg, i.v.), and 1–3 ml/h fluid infusion of 1:4 hetastarch (Hespan,
6% hetastarch in 0.9% sodium chloride), and lactated Ringer’s solution was
started and continued throughout the experiment. Body temperature was
maintained at 37°C using a rectal probe and a custom-designed heated table.

Electrophysiological measurements. The phrenic nerve was placed on a
bipolar silver electrode. Phrenic activity was amplified (10,000�), band-
pass filtered (0.3–20 kHz), and integrated (time constant, 50 ms). Raw
and integrated traces were recorded using either the WinDAQ (DATAQ
Instruments) or PowerLab (ADInstruments) data acquisition systems.

End-tidal CO2 was used as an index of arterial PCO2. These values
were confirmed by periodically sampling arterial blood at key time points
for blood gas analysis (Radiometer Copenhagen; ABL 500). Blood pres-
sure was monitored and used as an indicator of the stability of the prep-
aration and depth of anesthesia by pressor responses to paw pad pinch.

Pharmacological treatments. Stock solutions of the following com-
pounds were prepared in artificial CSF (aCSF) (in mM: 120 NaCl, 3 KCl,
2 CaCl, 2 MgCl, 23 NaHCO3, 10 glucose bubbled with 95% O2/5% CO2):
myristoylated �-pseudosubstrate inhibitory peptide (PKC�-PS) (2 �g/
�l; Tocris Bioscience), myristoylated scrambled �-pseudosubstrate pep-
tide (scrPKC�-PS) (2 �g/�l; Tocris Bioscience), ( S)-2,6-diamino-N-[(1-
(1-oxotridecyl)-2-piperidinyl)methyl]hexanamide (NPC-15437) (2.4
�g/�l; Enzo Life Sciences). Bisindolylmaleimide I (BIM) (Tocris Biosci-
ence) was prepared in 1.7% DMSO (in aCSF; 10 ng/�l) or in 17% DMSO
(100 ng/�l). It should be noted that PKC�-PS is also frequently referred
to as “ZIP” (�-pseudosubstrate inhibitory peptide) in the literature; how-
ever, to avoid confusion with the scaffolding protein ZIP/p62, we refer to
this compound as “PKC�-PS.” All compounds were delivered intrathe-
cally at doses consistent with those reported in the literature that block
different forms of spinal plasticity: PKC�-PS (10 nmol) (Asiedu et al.,
2011; Laferrière et al., 2011), scrPKC�-PS (10 nmol), NPC-15437 (50
nmol) (Laferrière et al., 2011), and BIM (0.24 and 2.4 nmol) (Yashpal et
al., 1995; Hua et al., 1999; Ferguson et al., 2008) (M. Devinney and G.
Mitchell, personal communication). Vehicle-treated rats received aCSF.

For all compounds, a total of 10 �l was delivered in the intrathecal space
in 1–2 �l boluses over 2 min.

Electrophysiological protocols. Approximately 1 h after conversion to
urethane anesthesia, CO2 apneic and recruitment thresholds for phrenic
activity were determined to set baseline phrenic nerve activity. Apneic
threshold was determined by monitoring end-tidal CO2 and slowly in-
creasing ventilator rate and/or lowering inspired CO2 until rhythmic
phrenic burst activity ceased. Recruitment threshold was determined by
slowly lowering ventilator rate and/or increasing inspired CO2 until
phrenic activity resumed. End-tidal CO2 was raised a further 2 mmHg to
establish baseline phrenic discharge. After 20 –30 min of stable phrenic
burst amplitude and frequency, an arterial blood sample was drawn;
arterial PCO2 and phrenic burst activity at this time point were consid-
ered “baseline” for all subsequent measurements. Rats were then sub-
jected to one of the following three protocols: (1) neural apnea, (2) acute
intermittent hypoxia, or (3) time control (see below).

Central (brainstem) respiratory neural activity was eliminated by
clamping PaCO2 �5 mmHg below the CO2 threshold for breathing. This
“neural apnea” was achieved by increasing ventilator rate and/or decreas-
ing inspired CO2 until end-tidal CO2 was just below the apneic threshold
and phrenic bursting ceased. Neural apnea was maintained for 30 min,
and then respiratory neural activity was resumed by returning arterial
PCO2 to baseline values. Since rats were mechanically ventilated, arterial
oxygen levels were maintained throughout the neural apnea. Blood gas
analysis confirmed that arterial oxygen levels were �150 mmHg
throughout the protocol, and that PaCO2 levels returned to within 1.5
mmHg of baseline following restoration of central respiratory neural
activity. Rats exposed to a neural apnea received intrathecal injections of
the following: (1) aCSF (n � 10), scrPKC�-PS (n � 8), or PKC�-PS (n �
8) �20 min before neural apnea; (2) scrPKC�-PS (n � 7), PKC�-PS (n �
6), NPC-15437 (n � 5), or BIM (n � 3, each dose) 10 min following the
resumption of respiratory neural activity; or (3) PKC�-PS (n � 3) 45 min
following the resumption of respiratory neural activity.

Acute intermittent hypoxia (IH) consisted of three 5 min episodes of
hypoxia (11%; PaO2 � 36 � 1 mmHg) separated by a 5 min return to
baseline oxygen conditions. Following IH, baseline oxygen conditions
were restored. Blood gas analysis confirmed that arterial PO2 was be-
tween 35 and 45 mmHg during hypoxia and that arterial CO2 was main-
tained within 1.5 mmHg of baseline following IH exposure. Rats exposed
to IH received intrathecal injections of either (1) scrPKC�-PS (n � 3) or
PKC�-PS (n � 8) �20 min before IH or (2) scrPKC�-PS (n � 3) or
PKC�-PS (n � 5) 10 min following IH exposures.

To control for any time-dependent changes in phrenic motor output
not related to our treatments, results were compared with “time con-
trols” that received similar surgery and experimental duration, but no
neural apnea or IH. Time control rats received either intrathecal aCSF
(n � 6), PKC�-PS (n � 7), or NPC-15437 (n � 3).

Phrenic burst amplitude was monitored continuously before, during,
and for 60 –90 min following the above protocols. Arterial blood samples
were analyzed before, during, and at 10 –15, 25–30, 60, and 90 min after
each treatment protocol to ensure adequate maintenance of baseline
arterial PCO2, PO2, SBE (base excess), and pH (note: 90 min blood gas
sample was only collected in rats receiving poststimulus drug injections).
At the end of each protocol, a maximal CO2 response (90 � PETCO2 �
100) was assessed to ensure that observed responses were not influenced
by deterioration of the preparation. To be included in the analysis, rats
had to meet the following criteria: arterial PO2 of �150 mmHg (except
during hypoxia in IH rats), arterial PCO2 maintained within 1.5 mmHg
of baseline (except during neural apnea), and base excess within 3 mEq/L
from baseline values.

Tissue preparation for immunoprecipitation. In separate subgroups of
rats, the association of PKC� and PKC� with ZIP/p62 was measured at
different time points following a neural apnea and were compared with a
similar surgical duration in time controls. Rats were prepared as de-
scribed above. At 10 (neural apnea, n � 6; time control, n � 6), 20 (neural
apnea, n � 3; time control, n � 3), or 60 (neural apnea, n � 8; time
control, n � 4) min following restoration of respiratory neural activity,
the C4 spinal segment was harvested and stored en bloc at �80°C for
future analysis.
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Segments were placed on a freezing microtome, and successive 40 �m
sections of the dorsal horn were removed and discarded until the ventral
aspect of the central canal was visible. Ventral white matter was removed
in the same manner until ventral gray matter was visible. Lateral white
matter was removed with a no. 11 scalpel blade under a dissecting micro-
scope. The remaining ventral horn was placed in 200 �l of ice-cold im-
munoprecipitation (IP) buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1
mM EDTA, 1% (v/v) Nonidet P 40, 1� Protease Inhibitor Mixture
(Sigma-Aldrich), 1� Halt Phosphatase Inhibitor Mixture (Pierce Bio-
technology)] and homogenized in a glass–Teflon Dounce homogenizer
with 15–20 strokes of the pestle. Homogenates were centrifuged at
2500 � g for 10 min at 4°C. Protein concentration of the supernatant was
measured using the BCA Protein Assay Kit (Pierce Biotechnology) ac-
cording to the manufacturer’s instructions. Supernatants were diluted to
2.21 �g/�l with IP buffer, and 442 �g of total protein was used for
immunoprecipitation.

Immunoprecipitation. Supernatants were incubated with 1 �g of anti-
PKC� polyclonal antibody (C20; Santa Cruz Biotechnology) or 1 �g of
preimmune rabbit IgG (Sigma-Aldrich) at 4°C overnight. The substrate–
antibody complex was precipitated with protein G-Sepharose (Sigma-
Aldrich) at 4°C for 1 h, washed four times in 15� volumes of IP buffer,
and eluted by incubation in SDS-PAGE loading buffer [62.5 mM Tris-
HCl, pH 6.8, 2% SDS, 20% glycerol, 5% (v/v) �-mercaptoethanol] at
96°C for 5 min.

Immunoblotting. Samples were resolved by PAGE on 4 –15% Tris-HCl
gels in Tris/glycine/SDS buffer (Bio-Rad) and transferred to Immobilon
polyvinylidene difluoride membranes (Millipore). Blots were blocked in
5% milk in 1� TBST (20 mM Tris, 500 mM NaCl, 0.1% Tween) for 1 h
and probed with anti- SQSTM/p62 monoclonal antibody (1:8000; Ab-
cam) overnight at 4°C. Immunoblots were rinsed in 1� TBST and
probed with HRP-conjugated horse anti-mouse IgG (1:10,000; Cell Sig-
naling Technology) for 1 h at room temperature. The immunoblot label
was expressed using Pierce Super Signal West Dura extended duration
chemiluminescent kit (Pierce Biotechnology). Chemiluminescence was
detected and digitized using an AutoChemi Imaging system (UVP Bio-
imaging Systems) with LabWorks 4.6. To ensure equal loading, blots
were stripped using Pierce Restore Western blot Stripping Buffer (Pierce
Biotechnology) and reprobed with anti-PKC� polyclonal antibody (1:
1000; Santa Cruz Biotechnology) and HRP-conjugated goat anti-rabbit
IgG (1:10,000; Cell Signaling Technology).

Immunofluorescence. In separate subgroups of rats, immunofluores-
cence was used to assess changes in aPKC levels following a neural apnea
and to determine whether aPKC and ZIP/p62 were colocalized in iden-
tified phrenic motor neurons. Rats were anesthetized with isoflurane
through a nose cone (1–2% isoflurane in 50% O2, balance N2). A 25 �l
Hamilton syringe was used to bilaterally inject 10 �l of 5 mg/ml cholera
toxin B subunit solution (CTB) (List Biological Laboratories) in the in-
trapleural space (Mantilla et al., 2009). Rats were allowed to recover for
5 d before electrophysiological experiments described above (neural ap-
nea, n � 3; time control, n � 4). Following electrophysiological measure-
ments, animals were transcardially perfused with 4% paraformaldehyde
(PFA) in 1� PBS, pH 7.4.

Spinal segments C3–C6 were collected, postfixed for 24 h in 4% PFA,
and cryoprotected by sequential 24 h incubations in 20% sucrose and
30% sucrose in 1� PBS, and 40 �m coronal sections were prepared using
a Leica SM200R sliding microtome. Spinal cord sections were incubated
with antibodies against CTB (1:10,000 anti-CTB; Calbiochem), aPKC
(1:1000 anti-PKC�/� C-20; Santa Cruz Biotechnology), and ZIP/p62 (1:
500 anti-SQSTM/p62; Abcam) to localize aPKC and ZIP/p62 with CTB-
backlabeled phrenic motor neurons. All secondary antibodies were
conjugated to Alexa Fluor fluorescent dyes (Invitrogen). Sections were
mounted on slides with ProLong Gold (Invitrogen). Immunofluores-
cence images were obtained as described by Guenther et al. (2012). All
images were collected with the same laser and EZ-C1 software settings.

Statistical analysis. Integrated phrenic burst amplitude was analyzed in
30 – 60 s bins before (baseline), and 5, 15, 30, 60, and 90 min following
neural apnea, intermittent hypoxia, or an equivalent duration in time
controls (90 min time point was only analyzed in rats receiving intrathe-
cal compounds after neural apnea). Since there were no differences in

phrenic burst amplitude at any time point between time controls receiv-
ing intrathecal aCSF or PKC�-PS, burst amplitude data from these
groups were combined for comparison with groups receiving PKC�-PS
or scrPKC�-PS and neural apnea. Integrated phrenic burst amplitude
was expressed as a percentage change from baseline. A two-way repeated-
measures ANOVA was used to detect significant differences (Prism 5;
GraphPad Software). Individual comparisons were made via Bonferro-
ni’s post hoc tests at a significance level of 0.05.

Arterial PCO2, PO2, and pH were analyzed using a two-way repeated-
measures ANOVA (Prism 5; GraphPad Software) before (baseline), and
10 –15, 25–30, 60, and 90 min following neural apnea, intermittent hyp-
oxia, or an equivalent duration in time controls (90 min time point was
only analyzed in rats receiving intrathecal compounds after neural
apnea).

ZIP/p62 and PKC�/� immunoblot images were analyzed with ImageJ
software. Images were converted to an 8 bit format, and thresholds were
set manually and masked. ZIP/p62 and PKC�/� bands were outlined; the
resulting regions were superimposed on the original 8 bit version of the
same image, and mean gray value of each region was measured. ZIP/p62
density was normalized to PKC�/� density, and ANOVA was used to
detect significant differences (Prism 5; GraphPad Software) between
groups. Individual differences were determined by Student–Newman–
Keuls post hoc tests at a significance level of 0.05. All data are presented as
means � SEM.

Results
To induce a reversible disruption in central respiratory neural
activity, rats were hyperventilated just below the CO2 apneic
threshold for breathing. This “neural apnea” was maintained for
30 min while continuing arterial oxygen support with the venti-
lator. Central respiratory neural activity was resumed by restor-
ing arterial PCO2 to baseline levels. Table 1 lists average arterial
PCO2, PO2, and pH during baseline and at the end of the proto-
col; no time-dependent changes in post-neural apnea blood gases
were apparent in any rat group.

iPMF requires spinal aPKC activity
Figure 1A depicts representative compressed phrenic neurograms,
illustrating phrenic burst amplitude during baseline, a 30 min neural
apnea, and for 60 min following restoration of respiratory neural
activity (representative time control traces not shown). Figure 1B
represents the average change in phrenic burst amplitude from base-
line for 60 min following restoration of respiratory neural activity
after neural apnea (or equivalent points in time controls) in all rats.
In rats with vehicle (aCSF) injections, phrenic burst amplitude fol-
lowing neural apnea was significantly increased relative to baseline
(all time points, p � 0.05) and significantly increased relative to time
control rats that experienced the same surgical procedures, but no
neural apnea (all time points, p � 0.05; Fig. 1A,B), indicating iPMF.
iPMF lasted for at least 60 min following restoration of respiratory
neural activity. These data demonstrate that reduced central respira-
tory neural activity elicits iPMF, consistent with other reports
(Baker-Herman and Strey, 2011; Mahamed et al., 2011).

The PKC superfamily is divided into classical, novel, and atypical
subfamilies based on structure and requirement for coactivators
(Tanaka and Nishizuka, 1994; Reyland, 2009). To determine the role
of aPKC activity in iPMF, rats received an intrathecal injection of
PKC�-PS, a cell-permeable pseudosubstrate inhibitory peptide that
binds to and inhibits the catalytic domain of all aPKC isoforms. As
expected, rats receiving intrathecal scrPKC�-PS before a neural ap-
nea exhibited significant increases in phrenic burst amplitude rela-
tive to baseline and time control rats at all time points following
restoration of respiratory neural activity (all p � 0.05; Fig. 1A,B),
indicating scrPKC�-PS does not interfere with iPMF. In contrast,
rats pretreated with intrathecal PKC�-PS expressed significant in-
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creases in phrenic burst amplitude relative to baseline shortly after
restoration of respiratory neural activity (5 and 15 min; p � 0.05),
which was significantly lower than rats receiving scrPKC�-PS (p �
0.05) and was not significantly different from time controls (p �
0.05; Fig. 1A,B). These data suggest that spinal aPKC inhibition
attenuates, but does not eliminate early phases of iPMF. This modest
facilitation was only transient since phrenic burst amplitude was no
longer significantly different from baseline or time controls by 30
and 60 min following restoration of respiratory neural activity (p �
0.05). Thus, whereas expression of late iPMF requires spinal aPKC
activity, early iPMF is only partially dependent on its activity.

Spinal aPKC activity is required to stabilize iPMF
To determine whether continued spinal aPKC activity following
resumption of respiratory neural activity is required for late
iPMF, rats were exposed to a 30 min neural apnea, and then
respiratory neural activity was restored; 10 min following resto-
ration of respiratory neural activity, rats received intrathecal
scrPKC�-PS or PKC�-PS (i.e., after early iPMF had developed).

Figure 2A depicts representative compressed phrenic neuro-
grams, illustrating phrenic burst amplitude during baseline, 30
min neural apnea, and for 90 min following the restoration of
respiratory neural activity. Figure 2B illustrates the average
change in phrenic burst amplitude from baseline during the first
90 min after neural apnea. Rats receiving intrathecal scrPKC�-PS
or PKC�-PS 10 min following restoration of respiratory neural
activity (scrPKC�-PS-10 and PKC�-PS-10, respectively) ex-
pressed a similar significant increase in phrenic burst amplitude

Table 1. Arterial levels of PO2 , PCO2 , and pH in rat groups before and at the end of
the protocol

PO2 PCO2 pH

Time control
Baseline 250 � 7 47.4 � 1.5 7.36 � 0.01
60 min 253 � 3 47.4 � 1.5 7.35 � 0.01

Neural apnea � pre-aCSF
Baseline 253 � 10 47.3 � 1.2 7.35 � 0.01
60 min 249 � 13 47.6 � 1.3 7.34 � 0.01

Neural apnea � pre-PKC�-PS
Baseline 239 � 5 47 � 1.9 7.34 � 0.01
60 min 246 � 6 46.4 � 1.9 7.33 � 0.02

Neural apnea � pre-scrPKC�-PS
Baseline 240 � 12 49.4 � 1.5 7.34 � 0.02
60 min 241 � 10 49.6 � 1.6 7.33 � 0.01

IH � pre-PKC�-PS
Baseline 266 � 12 50.3 � 1.2 7.34 � 0.01
60 min 270 � 11 50.6 � 1 7.30 � 0.01

IH � pre-scrPKC�-PS
Baseline 277 � 21 48.6 � 2 7.37 � 0.04
60 min 270 � 11 48.9 � 2 7.33 � 0.01

Neural apnea � PKC�-PS-10
Baseline 276 � 24 51.8 � 0.9 7.34 � 0.01
90 min 297 � 7 51.4 � 1 7.34 � 0.01

Neural apnea � scrPKC�-PS-10
Baseline 276 � 17 49.2 � 1 7.33 � 0.01
90 min 281 � 19 49.8 � 1 7.34 � 0.02

IH � PKC�-PS-10
Baseline 254 � 28 47.3 � 2.6 7.35 � 0.02
90 min 288 � 13 47.1 � 2.1 7.36 � 0.01

IH � scrPKC�-PS-10
Baseline 265 � 50 46.7 � 1.9 7.36 � 0.01
90 min 286 � 25 46.6 � 1.7 7.38 � 0.01

Neural apnea � PKC�-PS-45
Baseline 258 � 4 42.3 � 2 7.36 � 0.02
60 min 226 � 26 43 � 2.3 7.37 � 0.01

Time control � NPC-15437
Baseline 299 � 20 45.4 � 1.6 7.37 � 0.02
90 min 290 � 6 45 � 1.3 7.38 � 0.01

Neural apnea � NPC-15437
Baseline 282 � 18 42.3 � 1.3 7.38 � 0.01
90 min 303 � 19 42.4 � 1.4 7.40 � 0.02

Neural apnea � BIM
Baseline 275 � 6 43 � 0.4 7.36 � 0.01
90 min 244 � 15 43.1 � 0.6 7.38 � 0.03

No significant differences were observed over time in any group.

Figure 1. Spinal aPKC activity is necessary for iPMF. A, Representative compressed and
integrated phrenic neurograms before, during, and for 60 min following a 30 min neural apnea,
illustrating that rats receiving injections (arrows) of intrathecal aCSF (top) or scrPKC�-PS (mid-
dle) before neural apnea expressed a prolonged increase in phrenic burst amplitude following
resumption of respiratory neural activity, indicating iPMF. Only modest, transient increases in
phrenic burst amplitude after neural apnea were observed rats receiving intrathecal PKC�-PS
(bottom) before a neural apnea, indicating that spinal aPKC inhibition attenuated and short-
ened iPMF. B, Average change in phrenic burst amplitude from baseline for 60 min following
resumption of respiratory neural activity in rats receiving intrathecal aCSF (squares),
scrPKC�-PS (triangles), or PKC�-PS (circles) 20 min before neural apnea. Prolonged iPMF is
expressed in rats receiving control injections of aCSF or scrPKC�-PS, when compared with base-
line or time controls (inverted triangles). Rats receiving intrathecal PKC�-PS (circles) expressed
only transient, modest iPMF since phrenic burst amplitude was significantly increased from
baseline only at 5 and 15 min following resumption of respiratory neural activity, which was not
significantly different from time controls. No changes in phrenic burst amplitude were observed
in time controls receiving similar surgery, but no neural apnea. Mean values � SEM. The filled
symbols indicate significantly different from baseline. *Significantly different from time con-
trols. #Significantly different from PKC�-PS rats. p � 0.05.
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immediately before intrathecal drug application (both p � 0.05
relative to baseline), indicating that both rat groups began with a
similar iPMF magnitude. As expected, intrathecal scrPKC�-
PS-10 did not impair subsequent iPMF expression since phrenic

burst amplitude remained significantly increased relative to base-
line at all time points following scrPKC�-PS-10 injections (p �
0.05); these values were not significantly different from phrenic
activity before scrPKC�-PS-10 treatment (p � 0.05). In contrast,
phrenic burst amplitude steadily decreased in rats receiving in-
trathecal PKC�-PS-10, such that by 30 min after neural apnea,
phrenic burst amplitude was significantly reduced relative to that
observed before intrathecal PKC�-PS-10 injections and remained
below preinjection levels until the end of the recording (all p �
0.05). In addition, phrenic burst amplitude following intrathecal
PKC�-PS-10 was significantly reduced relative to scrPKC�-PS-10
at 60 and 90 min after neural apnea (p � 0.05), suggesting that
aPKC inhibition during early phases of iPMF attenuates late
iPMF.

To determine whether aPKC activity is required to maintain
late iPMF, we delivered intrathecal PKC�-PS 45 min (PKC�-PS-
45) following restoration of respiratory neural activity. As ex-
pected, rats expressed a significant iPMF immediately before
PKC�-PS-45 application (p � 0.05; Fig. 2A,B). However, con-
trary to intrathecal PKC�-PS-10, intrathecal PKC�-PS-45 did not
interfere with subsequent iPMF expression. Indeed, rats receiving
intrathecal PKC�-PS-45 continued to express significant in-
creases in phrenic burst amplitude from baseline at all measured
time points after intrathecal PKC�-PS-45 (p � 0.05), which was
not significantly different from phrenic amplitude before PKC�-
PS-45 injections or scrPKC�-PS values at any time point (all p �
0.05). Collectively, these data suggest that spinal aPKC activity is
necessary to transition from early to late iPMF, but continued
aPKC activity is not necessary to maintain late iPMF.

pLTF does not require aPKC activity
To determine whether spinal aPKC activity is a general require-
ment for phrenic plasticity, we investigated the role of aPKC in a
contrasting model, pLTF, following moderate acute IH (Dale-
Nagle et al., 2010; Baker-Herman and Strey, 2011). In contrast to
iPMF, pLTF is activity independent (MacFarlane and Mitchell,
2009) and is expressed as a progressive ramping of phrenic burst
amplitude that is often not significantly increased from baseline
until 30 min following IH in anesthetized rats. Figure 3A depicts
representative compressed phrenic neurograms, illustrating
phrenic burst amplitude before, during, and for 60 min following
three hypoxic episodes. Figure 3B illustrates the average change in
phrenic burst amplitude from baseline for 60 min after IH. In rats
receiving control injections of intrathecal scrPKC�-PS before IH,
phrenic burst amplitude was significantly greater than baseline at
all measured time points after IH (p � 0.05) and significantly
greater than time controls at 60 min after IH (p � 0.05). Simi-
larly, in rats receiving intrathecal PKC�-PS before IH, phrenic
burst amplitude was significantly increased relative to baseline
and time controls at 30 and 60 min (p � 0.05). Importantly, there
were no significant differences in phrenic burst amplitude be-
tween PKC�-PS- and scrPKC�-PS-treated rats at any time point
following IH (p � 0.05). These data suggest that spinal pretreat-
ment with an aPKC inhibitor did not impair pLTF following IH.

A separate group of rats received intrathecal scrPKC�-PS or
PKC�-PS 10 min after IH exposure (scrPKC�-PS-10 and PKC�-
PS-10, respectively; Fig. 3A,C; representative trace for scrPKC�-
PS-10 not shown). As expected, scrPKC�-PS-10 did not impair
pLTF; rats receiving intrathecal scrPKC�-PS-10 expressed signif-
icantly increased phrenic burst amplitude relative to baseline and
time controls at 30, 60, and 90 min after IH (all p � 0.05). Simi-
larly, rats receiving intrathecal PKC�-PS-10 expressed significant
increases in phrenic burst amplitude relative to baseline and time

Figure 2. Spinal aPKC activity following a neural apnea stabilizes but does not maintain
iPMF. A, Representative compressed and integrated phrenic neurograms before, during, and for
90 min following a 30 min neural apnea, illustrating that a control injection of intrathecal
scrPKC�-PS 10 min (scrPKC�-PS-10; top) following resumption of respiratory neural activity did
not impair neural apnea-induced iPMF. In contrast, intrathecal PKC�-PS delivered 10 min
(PKC�-PS-10; middle), but not 45 min (PKC�-PS-45; bottom), following resumption of respira-
tory neural activity returned phrenic burst amplitude toward baseline. The arrows indicate time
points of drug delivery. B, Average change in phrenic burst amplitude from baseline for 90 min
following neural apnea in rats receiving intrathecal scrPKC�-PS-10 (triangles), PKC�-PS-10
(circles), or PKC�-PS-45 (gray square) at time points after resuming respiratory neural activity.
The arrows indicate time points of drug delivery (black arrow for scrPKC�-PS-10 and PKC�-PS-
10; gray arrow for PKC�-PS-45). All rats expressed significant increases in phrenic burst ampli-
tude relative to baseline or time controls (data not shown) immediately before drug injections,
indicating iPMF. Significant iPMF was observed in rats receiving intrathecal scrPKC�-PS-10 for
up to 90 min (vs baseline or time controls), whereas iPMF progressively declined following
PKC�-PS-10 injections, such that by 30 min following resumption of respiratory neural activity,
iPMF was significantly decreased from the pre-PKC�-PS-10 injection value. No impairment in
iPMF was observed in PKC�-PS-45 rats. Intrathecal PKC�-PS-10 was significantly lower than
scrPKC�-PS-10 and PKC�-PS-45 at 60 and 90 min following neural apnea. Shown are mean
values � SEM. The filled symbols indicate significantly different from baseline. *Significantly
different from preinjection time point. #Significantly different from PKC�-PS-10 rats. p � 0.05.
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controls at 30, 60, and 90 min after IH (all p � 0.05). Importantly,
increased phrenic burst amplitude following IH was not signifi-
cantly different between rats receiving intrathecal PKC�-PS-10
and those receiving intrathecal scrPKC�-PS-10. Together, these
data suggest that, unlike iPMF, pLTF does not require spinal
aPKC activity.

iPMF requires PKC�/� activity
aPKC isoforms include PKC� and PKC�/� (PKC� is the mouse
homolog of PKC�, but for simplicity, we refer to PKC�/� as PKC�)
and a constitutively active form of PKC� that lacks a regulatory
subunit, known as PKM� (Reyland, 2009). To determine whether
iPMF stabilization requires activation of PKCs containing both a
regulatory and catalytic subunit, a subgroup of rats received in-
trathecal NPC-15437 10 min following restoration of respiratory
neural activity (Fig. 4). NPC-15437 binds to the regulatory do-
main of all PKC isoforms and, as such, does not inhibit PKM�
activity (Sullivan et al., 1991). Intrathecal NPC-15437 had no
effect on phrenic burst amplitude in time control rats (p � 0.05)
(data not shown), suggesting no time-dependent change in
phrenic burst amplitude due to NPC-15437 alone. As expected,
rats receiving intrathecal NPC-15437 10 min following resump-
tion of respiratory neural activity after neural apnea expressed a
significant increase in phrenic burst amplitude relative to base-
line and time controls immediately before NPC-15437 injection
(p � 0.05), indicating iPMF; however, following intrathecal

NPC-15437 delivery, phrenic burst amplitude steadily declined,
such that by 15 min after neural apnea, phrenic burst amplitude
was significantly lower relative to the 5 min (preinjection) time
point and remained at or below these levels until the end of the
recording (all p � 0.05). In addition, all measured time points
following intrathecal NPC-15437 were not significantly different
from baseline or time controls (p � 0.05). These data suggest that
an isoform of PKC containing a regulatory subunit is necessary
for iPMF expression.

Since NPC-15437 inhibits full-length PKCs in all subfamilies
(i.e., classical, novel, and atypical), we sought to rule out an ad-
ditional requirement for other, non-atypical PKC isoforms in
iPMF. Thus, iPMF was induced by a neural apnea, and then
intrathecal BIM (0.24 or 2.4 nmol) was delivered 10 min follow-
ing restoration of respiratory neural activity (Fig. 4). BIM inhibits
classical and novel PKCs with 30 –300 times higher affinity than
aPKCs (Toullec et al., 1991; Martiny-Baron et al., 1993). The 0.24
nmol dose of BIM is consistent with doses previously used to
block other forms of spinal plasticity (Yashpal et al., 1995; Hua et
al., 1999; Ferguson et al., 2008), whereas the 2.4 nmol spinal dose
of BIM is known to block phrenic motor facilitation induced by
intrathecal injections of a classical and novel PKC isoform acti-
vator, PMA (M. Devinney and G. Mitchell, personal communi-
cation). In contrast to NPC-15437 or PKC�-PS-10, intrathecal
BIM (0.24 or 2.4 nmol) 10 min after neural apnea had no effect on
iPMF since phrenic burst amplitude remained elevated from

Figure 3. Intermittent hypoxia-induced pLTF does not require spinal aPKC activity. A, Representative compressed and integrated phrenic neurograms before, during, and for 60 –90 min
following three 5 min episodes of hypoxia (11% O2), illustrating the development of pLTF in rats receiving intrathecal scrPKC�-PS (top) or PKC�-PS (middle) 20 min before IH, or PKC�-PS delivered
10 min (PKC�-PS-10; bottom) following IH. The arrows indicate time points of drug delivery. B, Average change in phrenic burst amplitude from baseline for 60 min following IH in rats receiving
intrathecal scrPKC�-PS (circles) or PKC�-PS (squares) 20 min before IH. Both rat groups exhibited significantly increased phrenic burst amplitude 60 min following IH relative to baseline. No
differences were observed between rats receiving intrathecal scrPKC�-PS or PKC�-PS at any point. C, Average change in phrenic burst amplitude from baseline following IH in rats receiving
intrathecal scrPKC�-PS (circles) or PKC�-PS (squares) 10 min following IH. The arrow indicates time point of drug delivery. Both groups exhibited significant increases in phrenic burst amplitude at
30, 60, and 90 min following IH relative to baseline. No differences were observed between rats receiving intrathecal scrPKC�-PS-10 or PKC�-PS-10. Shown are mean values � SEM. The filled
symbols indicate significantly different from baseline. p � 0.05.
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baseline at all time points after drug injection (all p � 0.05).
Indeed, phrenic amplitude (and iPMF magnitude) at all time
points following intrathecal BIM were not significantly different
from pre-BIM levels (0.24 or 2.4 nmol; p � 0.05). Thus, classical
and novel PKCs are not necessary to develop late iPMF.

Collectively, our data strongly demonstrate that (1) spinal
PKC� and/or PKC� activity is/are necessary in the transition to
late iPMF; (2) once late iPMF is established, neither PKC� and/or
PKC� activity are necessary to maintain iPMF; and (3) neither
novel nor classical PKC isoforms are necessary in the transition to
late iPMF.

Increased association of PKC�/� with p62 during early, but
not late iPMF
As previously reported (Guenther et al., 2010), aPKCs were ex-
pressed in retrogradely labeled phrenic motor neurons (Fig. 5).
aPKC levels in identified phrenic motor neurons did not change
60 min following restoration of respiratory neural activity after a
neural apnea (immunofluorescence intensity for time control, 1
� 0.2 A.U.; 60 min after neural apnea, 1 � 0.1 A.U.; p � 0.05).
Confirming these findings, immunoblot analysis indicated that
aPKC levels in ventral spinal regions associated with the phrenic
motor pool did not change 5 or 60 min following restoration of
respiratory neural activity (data not shown).

Following activation, PKC� and PKC� bind to specific binding
proteins to assemble a multimeric signaling complex, which con-
fers specificity in aPKC signal transduction (Moscat et al., 2006,
2007). One such binding protein is the scaffolding protein ZIP/
p62 [ZIP, �-interacting peptide, is the rat homolog of human p62,
also known as sequestosome (SQSTM1)]. ZIP/p62 binds to the
PB1 domain in the regulatory subunit of PKC� and PKC�, and, as
such, does not interact with PKM�. Immunofluorescence con-

firmed that ZIP/p62 and aPKC are colocalized in CTB-labeled
phrenic motor neurons (Fig. 6A). ZIP/p62 also labeled large,
putative motor neurons in the ventral horn that were not labeled
with CTB, suggesting that ZIP/p62 is highly expressed in � motor
neurons.

To determine whether iPMF is associated with an increase in
the interaction between PKC�/� and ZIP/p62, spinal segments
containing the bulk of the phrenic motor pool (C4) were col-
lected at 10, 20, or 60 min following the restoration of respiratory
neural activity or equivalent time points in time controls. aPKC
in ventral C4 gray matter homogenates was then immunopre-
cipitated, and immunoblot analysis for ZIP/p62 was performed
on the immunoprecipitates to assess ZIP/p62 binding to endog-
enous PKC�/� (Fig. 6B,C). ZIP/p62 density in rats exposed to
neural apnea was expressed relative to time controls. Consistent
with our neuropharmacology results, rats exposed to a neural
apnea exhibited increased ZIP/p62 binding with PKC�/� in spinal
segments associated with the phrenic motor nucleus at 10 (p �
0.05), but not 60 (p � 0.05) min following restoration of respi-
ratory neural activity. We observed a trend toward increased ZIP/
p62 binding with PKC�/� at 20 min following restoration of
respiratory neural activity (p � 0.056), but this was not statisti-
cally significant. Collectively, these data suggest that early, but
not late phases of iPMF are associated with an increased interac-
tion between ZIP/p62 and PKC�/� in regions of the spinal cord
containing phrenic motor neurons. Collectively, our data indi-
cate that spinal PKC� and/or PKC� (but not PKM�) in or near the
phrenic motor pool is/are required to transition from early, labile
increases in phrenic burst amplitude into longer-lasting, stable
iPMF, likely via the formation of a ZIP/p62–PKC�/� signaling
cassette.

Discussion
We report a key role for spinal PKC�/� in iPMF, a novel form of
plasticity in phrenic motor output induced by respiratory neural
inactivity. iPMF consists of at least two mechanisms: (1) an early,
transient phase that is only partially dependent on spinal aPKC
activity; and (2) a longer-lasting phase that requires spinal aPKC
activity, specifically isoforms PKC� or PKC�, to develop but not
to maintain. We also report that neural apnea induces an early,
transient increase in PKC�/� binding to ZIP/p62 in spinal regions
associated with the phrenic motor pool. We hypothesize that
neural apnea leads to formation of a PKC�/�–p62/ZIP signaling
cassette within the phrenic motor pool, which stabilizes
inactivity-induced increases in phrenic burst amplitude and cre-
ates long-lasting iPMF. The role of spinal PKC�/� activity is
unique to iPMF since aPKC inhibition had no effect on pLTF
following IH. Overall, our data suggest that spinal mechanisms
sense and respond to reduced respiratory-related inputs to
phrenic motor neurons. To our knowledge, this is the first report
demonstrating a key role for PKC�/� in any form of spinal motor
plasticity.

PKC�/� is required for iPMF but not pLTF
In recent years, multiple, distinct cellular cascades leading to
phrenic motor facilitation (pMF) have been described (Zhang et
al., 2003; Golder et al., 2008; Dale-Nagle et al., 2010; Hoffman
and Mitchell, 2011; MacFarlane et al., 2011; Mahamed et al.,
2011; Nichols et al., 2012). The most frequently studied form of
pMF is pLTF following acute IH (Dale-Nagle et al., 2010). The
working model of pLTF suggests that IH leads to serotonin re-
lease near phrenic motor neurons, activating 5-HT2 receptors
(Baker-Herman and Mitchell, 2002) and increasing brain-

Figure 4. Stabilization of iPMF requires activity of spinal PKC�/�, but not classical or novel
PKC isoforms. Average change in phrenic burst amplitude from baseline for 60 min following
neural apnea in rats receiving intrathecal NPC-15437 (inverted triangles; inhibits PKC isoforms
with a regulatory subunit), 0.24 nmol of BIM (squares; novel and classical PKC inhibitor), or 2.4
nmol of BIM (triangle) 10 min after resumption of respiratory neural activity. The black arrow
indicates time point of drug delivery. All rats expressed significant increases in phrenic burst
amplitude relative to baseline or time controls (data not shown) immediately before drug
injections, indicating iPMF. iPMF progressively declined following NPC-15437 injections; by 15
min following resumption of respiratory neural activity, iPMF was significantly decreased from
preinjection value and no longer significantly different from baseline or time controls. No
change in iPMF magnitude was observed following intrathecal BIM (0.24 or 2.4 nmol). Rats
receiving intrathecal aCSF before neural apnea (from Fig. 1) are shown in gray circles for com-
parison. Shown are mean values � SEM. The filled symbols indicate significantly different from
baseline. *Significantly different from preinjection time point. p � 0.05.
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derived neurotrophic factor (BDNF) synthesis; BDNF subse-
quently activates its high-affinity receptor, TrkB (Baker-Herman
et al., 2004), and leads to ERK MAP kinase activation (Wilkerson
and Mitchell, 2009). Unlike iPMF, pLTF is activity independent
since intermittent spinal serotonin receptor activation elicits
pLTF without changes in phrenic activity during 5-HT applica-
tion and in the absence of hypoxia (MacFarlane and Mitchell,
2009).

Mechanisms giving rise to iPMF were previously unknown.
We originally hypothesized that both pLTF and iPMF required
spinal aPKC activity since the constitutively active aPKC isoform,
PKM�, plays a prominent role in several models of plasticity
(Sacktor et al., 1993; Drier et al., 2002; Ling et al., 2002; Sutton et
al., 2004; Pastalkova et al., 2006; Sacktor, 2008; Villareal et al.,
2009), including spinal nociceptive plasticity (Laferrière et al.,
2011; Zhang et al., 2012). In many studies (including ours), aPKC
activity was inhibited with �-pseudosubstrate inhibitory peptide
(PKC�-PS), which mimics the autoinhibitory pseudosubstrate
sequence in the PKC� regulatory domain. Although frequently
claimed to be a selective inhibitor for PKM�, PKC�-PS binds to
and inhibits the catalytic domain of all aPKC isoforms (Selbie et
al., 1993; Suzuki et al., 2003; Moscat et al., 2006). Thus, it is not
possible to identify the specific aPKC isoform using this com-
pound. Contrary to our original hypothesis, rats pretreated with
PKC�-PS exhibited an attenuated, transient iPMF after neural
apnea, with no effect on pLTF.

Since late, but not early iPMF was abolished by spinal aPKC
inhibition, we sought to determine critical times during iPMF
that require spinal aPKC activity. When delivered shortly after
early iPMF induction (10 min), PKC�-PS “erased” the ongoing
iPMF; when delivered 45 min after the establishment of iPMF,

PKC�-PS had no effect. Thus, spinal aPKC activity is necessary to
transition from a transient to a longer-lasting form of iPMF,
suggesting a role for spinal aPKC in stabilization of iPMF. It is
unlikely that the relevant isoform for iPMF stabilization is PKM�
since NPC-15437, which inhibits all PKC isoforms via the regu-
latory domain (Sullivan et al., 1991), also erased the ongoing
iPMF. Furthermore, since BIM had no effect on iPMF (a PKC
inhibitor with 30 –300 times greater affinity for novel/classical vs
aPKC isoforms) (Toullec et al., 1991; Martiny-Baron et al., 1993),
we suggest that the aPKC isoform(s) necessary for iPMF stabili-
zation is/are PKC� and/or PKC�.

In contrast to iPMF, spinal aPKC activity is not necessary
for pLTF following acute IH since intrathecal PKC�-PS had no
effect on pLTF when delivered either before or after pLTF
induction. Thus, the requirement for spinal aPKC activity in
phrenic plasticity appears to characterize inactivity-induced
phrenic plasticity.

Interactions between PKC�/� and ZIP/p62
Scaffolding/adaptor proteins coordinate signaling networks and
confer specificity in cell signaling processes by targeting multi-
functional kinases to particular sites, and restraining access to
unwanted substrates (Mochly-Rosen, 1995; Moscat et al., 2007;
Good et al., 2011). One scaffolding/adaptor protein targeting
PKC�/� is ZIP/p62 (Puls et al., 1997; Sanchez et al., 1998). PKC�
and PKC� interact with ZIP/p62 via the PB1 protein–protein in-
teraction domain unique to the regulatory subunit of aPKCs;
thus, PKM� or classical or novel PKC isoforms are not expected
to interact with ZIP/62 (Puls et al., 1997; Sanchez et al., 1998). In
response to specific stimuli, PKC�/� binds to ZIP/p62, which re-
locates and anchors the activated kinase to a context-specific sig-

Figure 5. aPKC levels in CTB-labeled phrenic motor neurons do not change 60 min following neural apnea. Representative photomicrographs depicting aPKC (green) and CTB (red) in the C4
ventral horn of time controls (top panel) or 60 min following neural apnea (iPMF; bottom panel). The merged image on right demonstrates colocalization of CTB(�) phrenic motor neurons and aPKC.
Scale bar, 100 �m (at 20�).
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naling complex (Mochly-Rosen, 1995; Samuels et al., 2001). ZIP/
p62 is not a substrate, nor does it affect kinase activity of PKC� or
PKC�; rather, ZIP/p62 contains protein binding motifs suggest-
ing a role in shuttling/binding PKC�/� to stimulus-specific mul-
timeric signaling complexes (Puls et al., 1997; Sanchez et al.,
1998; Suzuki et al., 2003), including complexes associated with
AMPA (Jiang et al., 2009), TrkA (Wooten et al., 2001), GABAC

(Croci et al., 2003), TNF� (Sanz et al., 1999, 2000), or IL-1 (Sanz
et al., 2000) receptors. Thus, ZIP/p62 imparts specificity in sub-
strate selectivity to PKC�/� in response to a given stimulus
(Moscat et al., 2006, 2007).

Neural apnea induced an early, transient interaction between
PKC�/� and ZIP/p62 in spinal regions associated with the phrenic
motor nucleus, consistent with our neuropharmacology data
showing that spinal PKC�/� inhibition shortly following restora-
tion of respiratory neural activity impaired subsequent iPMF. We
hypothesize that spinal PKC�/� stabilizes early, labile increases in
phrenic burst amplitude via interactions with ZIP/p62, leading to
long-lasting iPMF. In our working model, reduced synaptic in-
puts to the phrenic motor pool activates PKC�/� and leads to
formation of a PKC�/�–ZIP/p62 signaling cassette, which an-
chors activated PKC�/� at critical subcellular sites to give rise to
iPMF. Since phrenic motor neurons richly express both aPKC

and ZIP/p62, we speculate that PKC�/�–ZIP/p62 complex forma-
tion occurs within phrenic motor neurons, although we cannot
rule out a similar effect in presynaptic neurons.

Mechanisms whereby neural apnea activates PKC�/� and in-
duces ZIP/p62–PKC�/� complex formation are not known. TNF
receptor 1 (TNF-R1) activation induces ZIP/p62–PKC�/� com-
plex formation, a key step in TNF� signaling (Sanz et al., 1999).
Our preliminary data suggest that iPMF requires spinal TNF�
(our unpublished observations); thus, ZIP/p62 may recruit
PKC�/� to the TNF-R1 complex during or following phrenic in-
activity. ZIP/p62–PKC�/� may traffic relevant proteins (Geetha
and Wooten, 2003; Jiang et al., 2009) to or from the membrane,
thereby increasing synaptic strength between bulbospinal respi-
ratory premotor neurons and phrenic motor neurons. Consistent
with this hypothesis, the ZIP/p62–PKC�/� cassette recruits
AMPA receptors to synapses during early hippocampal LTP (Ji-
ang et al., 2009).

iPMF significance
Although motor neuron pools driving respiratory muscles must
be rhythmically active from birth until death, mechanisms en-
abling respiratory neurons to adapt to prolonged changes in neu-
ronal excitability and/or synaptic inputs throughout life are

Figure 6. Increased association between PKC�/� and ZIP/p62 in ventral spinal segments containing phrenic motor neurons. A, Representative images depicting CTB (green), aPKC (red), and
ZIP/p62 (blue) in the C4 ventral horn. The merged images on right demonstrate colocalization of ZIP/p62 and aPKC in CTB� phrenic motor neurons. The phrenic motor nucleus is encircled in top
panels. Scale bars: Top, 200 �m; bottom, 20 �m. B, C, PKC�/� was immunoprecipitated from ventral C4 gray matter homogenates; immunoprecipitates were then immunoblotted for ZIP/p62. B,
Representative immunoblots of ZIP/p62 10 or 60 min following resumption of respiratory neural activity after a neural apnea, or equivalent time points in time controls. C, Average change in ZIP/p62
density from time controls illustrating significant increases in ZIP/p62 binding to PKC�/� 10 min, but not 20 or 60 min after resumption of respiratory neural activity. *Significantly different from zero,
p � 0.05.
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unknown. iPMF may represent one component in a continuum
of “homeostatic plasticity” mechanisms (Turrigiano, 2008) that
enable adjustments in neuronal activity during challenges to
breathing. In particular, iPMF may preserve inspiratory motor
output at times when an animal is at risk from inadequate respi-
ratory stimulation or excessive inhibition (Hengen et al., 2012).

An extreme example of inadequate respiratory stimulation is
cervical spinal injury. Traumatic injury induces many changes in
the spinal cord, including tissue damage, inflammation, isch-
emia, and withdrawal of synaptic inputs caudal to injury (Haus-
mann, 2003). Immediately following a high cervical injury, an
initially silent phrenic nerve slowly and spontaneously regains
(partial) function over days to weeks after injury (Nantwi et al.,
1999; Golder et al., 2001, 2003; Goshgarian, 2003; Golder and
Mitchell, 2005; Fuller et al., 2006; Vinit et al., 2007; Lane et al.,
2008). Remodeling spinal circuits after injury may restore
phrenic motor output ipsilateral to injury by recruiting latent
contralateral pathways crossing the midline at the level of the
phrenic pool (the “crossed phrenic phenomenon”) (Goshgarian,
2009; Lane et al., 2009; Darlot et al., 2012) or strengthening
spared ipsilateral pathways (Vinit et al., 2008; Vinit and Kastner,
2009). Although changes in the spinal microenvironment due to
trauma likely initiates a wide variety of cellular/synaptic changes,
inactivity may play a prominent role in restoring function by
strengthening spared pathways via the same mechanisms respon-
sible for iPMF. Consistent with this hypothesis, increased aPKC
enzymatic activity and phosphorylated aPKC expression are ob-
served in spinal segments associated with the phrenic motor pool
following cervical spinal injury at times consistent with a role in
spontaneous functional recovery (Guenther et al., 2012). While
we do not yet know the role for iPMF in compensating for im-
paired respiratory neural output, understanding mechanisms of
iPMF may guide novel therapeutic strategies to treat ventilatory
control disorders in patients in whom endogenous plasticity is
impaired or insufficient.
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