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Brief Communication

Dynamic Modulation of Inspiratory Drive Currents by
Protein Kinase A and Protein Phosphatases in Functionally
Active Motoneurons
Christopher M. Bocchiaro,1 Shane A. Saywell,2 and Jack L. Feldman2
Systems Neurobiology Laboratory, Departments of 1Physiological Science and 2Neurobiology, David Geffen School of Medicine, University of California Los
Angeles, Los Angeles, California 90095-1763

Plasticity underlying adaptive, long-term changes in breathing behavior is hypothesized to be attributable to the modulation of respiratory motoneurons by intracellular second-messenger cascades. In quiescent preparations, protein kinases, including cAMP-dependent
protein kinase A (PKA), potentiate glutamatergic inputs. However, the dynamic role of protein kinases or phosphatases in functionally
active and behaviorally relevant preparations largely remains to be established. Rhythmic inspiratory drive to motoneurons innervating
inspiratory muscles is mediated by the release of glutamate acting predominately on AMPA receptors. In rhythmically active brainstem
slices from neonatal rats, we investigated whether synaptic AMPA receptor function could be modulated by changes in intracellular PKA
activity, affecting inspiratory drive in hypoglossal (XII) motoneurons. Intracellular perfusion of the catalytic subunit of PKA potentiated
endogenous synaptic and (exogenously applied) AMPA-induced currents in XII motoneurons. Conversely, when a peptide inhibitor of
PKA was perfused intracellularly, inspiratory drive currents were depressed. Intracellular perfusion with microcystin, a potent phosphatase 1 and 2a inhibitor, increased both endogenous and exogenous AMPA receptor-mediated currents, further supporting a role of
phosphorylation in modulating motoneuronal excitability affecting behaviorally relevant synaptic inputs. These findings suggest that
PKA is constitutively active in XII motoneurons in vitro. Thus, endogenous synaptic AMPA currents in XII motoneurons are influenced
by phosphorylation, specifically by PKA, and dephosphorylation. The role of this modulation may be to keep the activity of motoneurons
within a dynamic range that aids in responding to different physiological challenges affecting breathing, such as exercise, hypoxia, and
sleep.
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Introduction
Established models of neuronal plasticity, such as long-term potentiation (LTP) and long-term depression (LTD) seen in hippocampal, cerebellar, and cortical neurons (Colwell and Levine,
1995; Kameyama et al., 1998; Lee et al., 2000; Snyder et al., 2000),
focus on the modulation of glutamatergic inputs in isolated neurons or in slices in which activity is induced pharmacologically or
by electrical stimulation. These forms of synaptic plasticity appear to be mediated, at least in part, by protein kinases that phosphorylate AMPA receptor subunits to alter their conductance
(Derkach et al., 1999) or affect the shuttling of AMPA receptors to
and from the postsynaptic membrane (Beattie et al., 2002). One
such protein kinase, PKA, phosphorylates AMPA/kainate receptors in both neuronal and cell culture systems (Greengard et al.,
1991; Wang et al., 1991; Kameyama et al., 1998; Carvalho et al.,
1999; Lee et al., 2000). Phosphorylation-induced increases in excitatory synaptic transmission affect neurons in the neostriatum
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and hippocampus in vitro (Colwell and Levine, 1995; Lee et al.,
2000), and in the brainstem and striatum in vivo (Lalley et al.,
1997; Snyder et al., 2000). Also, inhibiting protein phosphatases 1
and 2a potentiates peak glutamate and AMPA currents in neurons in both cortical (Thomas et al., 1997) and brainstem (Ge and
Feldman, 1998) slices.
In quiescent preparations, protein kinases, including PKA,
potentiate glutamatergic inputs; however, the dynamic role of
protein kinases or phosphatases in functionally active and behaviorally relevant neurons largely remains to be established. Motoneurons receive excitatory amino acid input from premotor
neurons and transform this activity into appropriate output to
produce muscle contraction. Delineating how motoneuronal excitability is controlled is an important component in understanding behavior (Rekling et al., 2000).
The principal fast excitatory inputs to motoneurons, like most
other neurons, are glutamatergic (Rekling et al., 2000), yet
whether motoneurons can show synaptic plasticity similar to
hippocampal, striatal, and cortical neurons is rarely considered.
We investigated the role of PKA and protein phosphatases 1 and
2a in modulating the excitability of hypoglossal (XII) motoneurons, which innervate the tongue and participate in breathing (by
modulating upper airway resistance) and oral–motor behaviors,
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including swallowing, phonation, and mastication. The inability
to properly modulate XII motoneuronal excitability during sleep
appears to be a major contributor to snoring and obstructive
sleep apnea (OSA) (Fogel et al., 2000). Factors that exacerbate
OSA, such as alcohol consumption (Scanlan et al., 2000), may
also regulate synaptic plasticity through PKA-dependent mechanisms (Melis et al., 2002). In response to episodic hypoxia in vivo,
activation of second-messenger cascades in motoneurons is hypothesized to underlie adaptive activity-independent respiratory
plasticity (Baker-Herman and Mitchell, 2002).
XII motoneurons receive inspiratory-related excitatory drive
currents that are principally mediated by AMPA receptors (Funk
et al., 1993). We patch-clamped XII motoneurons that receive
endogenous inspiratory drive in medullary slices of neonatal rat
and examined the effects of manipulating intracellular PKA and
phosphatase activity on endogenous synaptic inspiratory drive.
We found that modulation of AMPA receptors by PKA and protein phosphatases dramatically affects the excitability of these
functionally active motoneurons.

Materials and Methods
Experiments were performed on a medullary slice preparation that spontaneously generates respiratory rhythm (Smith et al., 1991). Neonatal
Sprague Dawley rats (0 –3 d of age) were anesthetized by hypothermia
and rapidly decerebrated. The brainstem–spinal cord was isolated,
mounted rostral side up in the specimen vise of a Vibratome, and sectioned serially in the transverse plane until the nucleus ambiguus and
inferior olive were visible. One transverse slice (600 –700 m thick) containing the preBötzinger complex was cut. The slice was transferred to a
recording chamber of 1 ml volume. The dissection and slicing were performed in artificial CSF (ACSF) bubbled with 95% O2–5% CO2 at room
temperature. The ACSF contained (in mM): 128 NaCl, 3.0 KCl, 1.5 CaCl2,
1 MgSO4, 23.5 NaHCO3, 0.5 NaH2PO4, and 30 glucose. During electrophysiological recording, the slice was continuously superfused (3 ml/
min) with ACSF (temperature maintained at 27 ⫾ 1°C) with elevated
KCl (9 mM) to assure robust rhythmic respiratory activity.
Electrophysiological recording. XII motoneurons were visualized with
infrared differential interference contrast microscopy. XII motoneurons
were identified by the criteria of Funk et al. (1993). All XII motoneurons
selected for this study received endogenous rhythmic activity in phase
with XII nerve (XIIn) inspiratory-modulated motor output. Electrodes
(4 – 8 M⍀; ⬃1.5 m tip diameter) were pulled from borosilicate glass on
a horizontal puller. Electrodes were filled with solution containing (in
mM): 120 potassium gluconate, 11 EGTA, 5 NaCl, 1 CaCl2, 10 HEPES,
and 2 ATP (Mg 2⫹ salt), pH adjusted to 7.3 with KOH. Positive pressure
was applied to the back of the electrode as it was advanced into the tissue.
When the electrode was positioned on the surface of the soma of the
target neuron, positive pressure was released and negative pressure was
applied to form a Giga ⍀ seal. The cell was then ruptured with short
negative pressure pulses. Intracellular signals were amplified with a
patch-clamp amplifier (Axopatch 1D, Axon Instruments, Foster City, CA);
whole-cell capacitance was compensated, as was the series resistance. Input
resistance stability was checked throughout experiments. During voltageclamp recordings, XII motoneurons were held at ⫺70 mV.
Respiratory-related nerve activity was recorded from the cut ends of
the XII nerve (XIIn) with a suction electrode, amplified 10,000 or 20,000
times, bandpass filtered (3–3000 Hz), and rectified. XIIn burst activity
defined the inspiratory period.
Drugs and drug application. The following drugs (obtained from
Sigma, St. Louis, MO) were prepared in patch electrode solution: active
catalytic subunit of PKA (250 U/ml; P2645; Sigma); inhibitory peptide
(PKI) (500 g/ml; P0300; Sigma), which binds to the catalytic subunit of
PKA and inhibits its activity (Raymond et al., 1993); and microcystin-LR
(MLR; 50 M), dissolved in dimethylsulfoxide (DMSO) and diluted before use (final DMSO, 0.5% v/v).
For experiments involving application of exogenous AMPA, action

potential-dependent synaptic transmission was prevented by bath application of tetrodotoxin (TTX, 1 M). AMPA was dissolved in ACSF (10
M) and pressure ejected from glass electrodes (tip diameter, 3 m;
pressure, 10 psi; duration, 50 –150 msec) placed under visual guidance
above the neuron being recorded. With this concentration and injection
protocol (see below), we did not see any evidence of desensitization of
AMPA responses between injections.
Data acquisition and analysis. Signals were recorded digitally (DC, 20
kHz) and stored on a computer hard drive for off-line analysis using
Clampfit 8.0 (Axon Instruments) and Origin 6.0 (Origin Lab Corp.).
Statistical values are reported as means ⫾ SD. Differences between means
were calculated by independent t test, and p ⬍ 0.05 was considered
significant.
Recordings of endogenous synaptic drive currents were triggered off
the onset of the integrated XII motor output. Peak inspiratory drive
currents were averaged from 6 to 10 consecutive inspiratory bursts. Averaged peak currents were normalized to current amplitude immediately
after whole-cell break-in. After establishing whole-cell patch configuration, membrane currents remained stable for the duration of the experiments, with no significant rundown or change in input resistance.

Results

Effects on endogenous inspiratory drive
When whole-cell voltage-clamped with microelectrodes filled
with standard patch solution, XII motoneurons exhibit periodic
inward currents in-phase with integrated XII motor output
(Funk et al., 1993). We observed no change in the shape and no
decrement in peak amplitude of these currents in recordings lasting up to 30 min (Fig. 1 A, top inset, Control ).
To establish a role for PKA in modulating endogenous respiratory drive, we included a purified peptide of the PKA catalytic
subunit in the patch electrode. This resulted in progressive increases in peak inspiratory drive currents in XII motoneurons
after break-in (Fig. 1 A). Normalized (to break-in values) peak
currents increased to 190 ⫾ 60% (Fig. 1 A, bottom inset) ( p ⬍
0.01), reaching peak amplitude in ⬃15 min (n ⫽ 7).
To determine whether endogenous PKA activity affected inspiratory drive currents under our experimental conditions, we
recorded with PKI in the patch electrode. Peak endogenous currents decreased 56 ⫾ 13% (Fig. 1 B, bottom inset) ( p ⬍ 0.01)
relative to break-in values in a time-dependent manner starting
at 4 min after and peaking 10 min after break-in (Fig. 1 B) (n ⫽ 5).
Because changes in intracellular PKA activity affected inspiratory drive currents, we tested whether changes in phosphatase
activity had consistent effects. Inclusion of microcystin, a
membrane-impermeable inhibitor of protein phosphatases 1 and
2a, in the patch electrode increased peak endogenous inspiratory
drive currents in XII motoneurons (Fig. 1C). Peak currents increased to 170 ⫾ 21% (Fig. 1C, bottom inset) ( p ⬍ 0.001), reaching peak amplitude 5–30 min after break-in (n ⫽ 5).
Effects on exogenous AMPA application
To demonstrate the effect of phosphorylation on AMPA
receptor-mediated currents, XII motoneurons were identified as
indicated above, and then AMPA (10 M) was applied exogenously (via micropipette) after bath application of TTX (1 M).
As TTX washed into the recording chamber, rhythmic inspiratory XII nerve activity ceased, as did rhythmic inspiratory drive
currents in XII motoneurons. The duration of AMPA injections
was adjusted to produce peak inward currents with a shape and
peak magnitude similar to endogenous inspiratory currents. Exogenously applied AMPA-induced currents were longer lasting
than endogenous inspiratory drive currents, presumably because
of the effects of diffusion of pressure-ejected AMPA through the
brainstem tissue (Funk et al., 1995). Injections were spaced at
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least 1 min apart to avoid AMPA receptor desensitization
(Trussell et al., 1988).
Inclusion of the PKA catalytic subunit in the patch electrode
enhanced the peak AMPA-induced current 165 ⫾ 36% (Fig. 2 A,
bottom inset) (n ⫽ 3; p ⬍ 0.05). Potentiation of AMPA currents
developed slowly over several minutes to a peak value, reaching a
maximum 5–16 min after break-in (Fig. 2 A).
To determine whether phosphatase inhibition had the same
effect on AMPA currents as on endogenous inspiratory drive
currents, we performed the above protocol with microcystin (50
M) in the patch electrode. We observed significantly increased
peak whole-cell currents in response to local exogenous AMPA
application (Fig. 2 B, bottom inset) (202 ⫾ 45%; n ⫽ 5; p ⬍ 0.001).
Maximal effects of microcystin occurred within 15 min of
break-in.

Discussion
Our main finding is that a change in PKA activity in XII motoneurons modulates their AMPA receptor-mediated synaptic
currents. In XII motoneurons, enhancement of PKA activity (by
either increased intracellular PKA or decreased phosphatase activity) increased endogenous synaptic inspiratory drive currents
as well as those induced by exogenously applied AMPA; similarly,
inhibiting PKA activity depressed these currents.
Changes in the phosphorylation state of ionotropic glutamate
receptor subunits (GluRs) contribute to some forms of neuronal
plasticity, such as LTP and LTD (Roche et al., 1994; Roberson and
Sweatt, 1996; Carvalho et al., 2000; Soderling and Derkach,
2000). PKA phosphorylates both native and recombinant
AMPA/kainate receptors (Greengard et al., 1991; Wang et al.,
1991; Kameyama et al., 1998; Carvalho et al., 1999); phosphorylation of GluR1 subunits by PKA potentiates glutamate-activated
currents (Roche et al., 1996). Potentiation of glutamate-mediated
synaptic currents resulting from PKA activation is seen in neurons in slices of hippocampus (Lee et al., 2000) and of striatum
(Colwell and Levine, 1995) and in in vivo brainstem (Lalley et al.,
1997). Inhibition of phosphatases 1 and 2a increases the amplitude of glutamatergic currents (Figurov et al., 1993; Thomas et
al., 1997; Ge and Feldman, 1998), suggesting that basal phosphatase activity modulates receptor activity under these various experimental conditions.
Phosphorylation of AMPA receptors in inspiratory, including
XII, motoneurons is postulated to underlie compensatory
changes in their excitability in response to physiological challenges. XII motoneurons contribute to the regulation of upper
airway resistance, and their failure to produce appropriate output
during sleep results in airway collapse. This can cause snoring and
OSA (Fogel et al., 2000), which is characterized by intermittent
4

Figure 1. Effects of PKA and phosphatase manipulation on inspiratory drive currents. A,
Effect of intracellular dialysis of activated PKA enhanced peak endogenous glutamatergic inspiratory drive currents in XII motoneurons. Potentiation of synaptic drive currents of a PKA
dialyzed XII motoneuron 1, 5, and 30 min after establishing whole-cell recording (break-in;
Vh ⫽ ⫺70 mV) is shown. Traces are averaged (n ⫽ 10). Inset, top, Time course (for traces
shown at left) of peak whole-cell inspiratory drive current in an XII motoneuron in response to
dialysis with PKA (250 U/ml). Control time course without PKA demonstrates the stability of
recordings. Bottom, Group data (n ⫽ 7) histogram for XII motoneurons dialyzed with activated
PKA. Here and elsewhere, histogram widths reflect the temporal epochs that were averaged. B,

Intracellular dialysis of PKI diminished peak inspiratory drive currents in XII motoneurons. Decreased endogenous currents of XII motoneuron dialyzed with PKI immediately after establishing recording and 20 min later are shown (n ⫽ 10). Inset, top, Time course of normalized peak
currents from an XII motoneuron dialyzed with PKI (500 g/ml). Bottom, Group data (n ⫽ 5)
histogram for XII motoneurons dialyzed with activated PKI. C, Intracellular dialysis of MLR enhanced endogenous inspiratory drive in XII motoneurons. An average of six consecutive traces
for an XII motoneuron dialyzed with microcystin (50 M) immediately after whole-cell break-in
and at 28 min after establishing recording is shown. Inset, top, Time course of peak whole-cell
current in an XII motoneuron in response to dialysis with microcystin. Bottom, Group data (n ⫽
5) histogram for XII motoneurons dialyzed with MLR. Peak inspiratory current values are normalized to amplitude immediately after break-in [Peak I(%)]. Top inset graphs correspond to
the traces shown at left for each panel. Histograms represent pooled, averaged, and normalized
data comparing peak currents obtained immediately after break-in with maximal enhancement of current magnitude at times indicated; error bars indicate SD.
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PKA in the neural control of breathing (Lalley et al., 1997; Richter
et al., 1997), the effects of membrane permeant drugs on respiratory neurons of indeterminate function in the ventral respiratory
group were studied; the site of action of these drugs, especially
presynaptic versus postsynaptic, could not be ascertained. Here,
we dialyzed membrane impermeant drugs into respiratory neurons of known function (i.e., XII motoneurons) and then studied
these neurons after synaptic isolation with TTX. Thus, we could
observe postsynaptic responses clearly affecting AMPA receptors.
In addition, in vitro we could obtain voltage-clamp recordings
that were not contaminated by fast Na ⫹ currents, as was the case
in vivo (Lalley et al., 1997) and is suggestive of poor space clamp.
The intracellular balance between protein kinases and phosphatases determines the basal level of phosphorylation (Carvalho
et al., 1999). The general role of this modulation in XII motoneurons may be to adjust their excitability (Carvalho et al., 1999) to
assure appropriate contraction and relaxation of tongue muscles
to different physiological challenges affecting breathing, such as
exercise, hypoxia (at altitude or during lung disease), and sleep,
and its dysfunction could underlie the failure to produce appropriate output, such as occurs in many cases of snoring and OSA.
The endogenous signals that contribute to the upregulation or
downregulation of PKA and associated phosphatases have not yet
been determined. Similar modulation of the excitability of other
types of motoneurons would represent an important component
of behavioral adaptation of movements to challenges affecting
motor performance (Rekling et al., 2000).
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