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Rho-associated kinase (ROCK) regulates neural cell migration, proliferation and survival, dendritic spine morphology, and axon guid-
ance and regeneration. There is, however, little information about whether ROCK modulates the electrical activity and information
processing of neuronal circuits. At neonatal stage, ROCK� is expressed in hypoglossal motoneurons (HMNs) and in their afferent inputs,
whereas ROCK� is found in synaptic terminals on HMNs, but not in their somata. Inhibition of endogenous ROCK activity in neonatal rat
brainstem slices failed to modulate intrinsic excitability of HMNs, but strongly attenuated the strength of their glutamatergic and
GABAergic synaptic inputs. The mechanism acts presynaptically to reduce evoked neurotransmitter release. ROCK inhibition increased
myosin light chain (MLC) phosphorylation, which is known to trigger actomyosin contraction, and reduced the number of synaptic
vesicles docked to active zones in excitatory boutons. Functional and ultrastructural changes induced by ROCK inhibition were fully
prevented/reverted by MLC kinase (MLCK) inhibition. Furthermore, ROCK inhibition drastically reduced the phosphorylated form of
p21-associated kinase (PAK), which directly inhibits MLCK. We conclude that endogenous ROCK activity is necessary for the normal
performance of motor output commands, because it maintains afferent synaptic strength, by stabilizing the size of the readily releasable
pool of synaptic vesicles. The mechanism of action involves a tonic inhibition of MLCK, presumably through PAK phosphorylation. This
mechanism might be present in adults since unilateral microinjection of ROCK or MLCK inhibitors into the hypoglossal nucleus reduced
or increased, respectively, whole XIIth nerve activity.

Introduction
The serine/threonine Rho-associated kinase (ROCK), the major
effector of the small GTP-binding protein RhoA, is pivotal for cell
migration, proliferation, and survival. Through its regulatory
role in actin cytoskeletal rearrangements, ROCK controls
smooth-muscle contraction as well as cell migration, neurite out-
growth, and synapse retraction (Riento and Ridley, 2003; Mueller
et al., 2005; Sunico et al., 2010; Moreno-López et al., 2011). Two
isoforms of ROCK, I (or �) and II (or �) have been described so
far (Nakagawa et al., 1996). ROCK� is the main isoform found in
the brain whereas ROCK� is preferentially expressed by non-

neural tissue (Leung et al., 1995; Matsui et al., 1996; Nakagawa et
al., 1996). Profuse distribution of ROCK� in neuron perikarya
and dendrites of the frontal lobe, the hippocampus, and the
cerebellum supports its contribution to essential brain func-
tions (Hashimoto et al., 1999). ROCK participates in synaptic
plasticity-underlined processes such as spatial learning, working
memory, and fear memory consolidation (Dash et al., 2004;
Huentelman et al., 2009; Ota et al., 2010). Both actin and ROCK,
at the presynaptic and postsynaptic hippocampal synapse coun-
terparts, are important for long-lasting potentiation (Wang et al.,
2005). However, whether ROCK regulates neuronal physiology
by modulating intrinsic membrane properties and/or afferent
input drive to neurons remains unknown so far. In this way,
ROCK regulates several ionic channels (Li et al., 2002; Piccoli et
al., 2004; Staruschenko et al., 2004; Iftinca et al., 2007).

Phosphorylation of myosin light chain (p-MLC), one of the
main substrates of ROCK, results in stimulation of actin-myosin
interactions (Luo, 2002; Mueller et al., 2005), which are localized
at presynaptic terminals (Drenckhahn and Kaiser, 1983). Actin
filaments form an intricate cytoskeletal network that associates
closely with vesicles and active zones (a.z.) (Hirokawa et al., 1989;
Phillips et al., 2001). Actin, in turn, interacts with synapsin and
captures vesicles (Sakaba and Neher, 2003), thereby preventing
them from fusing to the plasma membrane (Llinás et al., 1985;
Schiebler et al., 1986; Bähler and Greengard, 1987).
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The level of p-MLC is determined by the balanced actions of
MLC kinase (MLCK) and MLC phosphatase (MLCP). In turn,
ROCK can— directly and/or indirectly, by inhibition of MLCP—
phosphorylate MLC (Moreno-López et al., 2011). It is thus
possible that ROCK modulates neurotransmitter release and
electrical activity of neuronal circuits through its cytoskeletal-
dependent regulation of presynaptic vesicle pools. This hypoth-
esis gains support from the finding that MLCK controls the size of
the pool of fast releasing vesicles at the calyx of Held (Srinivasan
et al., 2008).

The aim of this work was to scrutinize whether endogenous
ROCK regulates motoneuron physiology by modulating in-
trinsic membrane properties and/or synaptic inputs to hypo-
glossal motoneurons (HMNs). The combined experimental
analysis shows that presynaptic ROCK activity seems to main-
tain evoked neurotransmitter release from glutamatergic and
GABAergic afferent inputs to HMNs. In view of our results, we
propose a possible mechanism of action by which ROCK reg-
ulates synaptic strength. Finally, we provide evidence that
ROCK activity is necessary for the normal performance of a
motor output in the adult rat.

Materials and Methods
Wistar rats of either sex were obtained from an authorized supplier (An-
imal Supply Services, University of Cádiz, Spain), and were cared for and
handled in accordance with the guidelines of the European Union Coun-
cil (86/609/UE) and Spanish regulations (BOE 67/8509-12; BOE 1201/
2005) on the use of laboratory animals. Experimental procedures were
approved by the local Animal Care and Ethics Committee.

Extraction of brainstem slices for in vitro experiments
Rat pups (P6 –P9) were anesthetized by hypothermia ( placed on ice for
10 –15 min) and decapitated, and their brainstems were quickly removed
(Sunico et al., 2010). Dissection was in ice-cold (�4°C) sucrose artificial
CSF (S-aCSF) bubbled with 95% O2 and 5% CO2. S-aCSF composition
was as follows (in mM): 26 NaHCO3, 10 glucose, 3 KCl, 1.25 NaH2PO4, 2
MgCl2, and 218 sucrose. Transverse slices (300 – 400 �m thick) were
obtained using a vibroslicer (NVSL; WPI). Slices were transferred to
normal oxygenated aCSF (in mM: 26 NaHCO3, 10 glucose, 3 KCl, 1.25
NaH2PO4, 2 MgCl2, 130 NaCl, and 2 CaCl2) and allowed to stabilize at
�37°C for 30 min. Next, slices were either transferred to a recording
chamber for whole-cell patch-clamp recordings or incubated for 10 min
(�22°C), with aCSF alone or supplemented with various drug treat-
ments, before histological processing, hypoglossal nucleus (HN) micro-
dissection for Western blotting experiments, or ROCK activity assay.

Histological procedures
For confocal microscopy. Animals were anesthetized with chloral hy-
drate, injected intraventricularly with heparin, and perfused transcar-
dially first with PBS, followed by 4% paraformaldehyde (PFA) in 0.1 M

phosphate buffer (PB), pH 7.4, at 4°C. The brains were removed and
postfixed for 2 h in the same fixative solution. Brains were cryopro-
tected by overnight immersion in 30% sucrose in 0.1 M PB at 4°C.
Serial coronal sections (30 �m thick) were obtained from brainstems
using a microtome and stored at �20°C in a cryoprotectant solution
(glycerol/PBS, 1:1 v/v).

Immunohistochemistry was performed against synaptophysin (syn)
and/or vesicular glutamate (VGLUT2) transporter as synaptic markers,
ROCK� and ROCK�, and/or the nonphosphorylated form of neurofila-
ment H (SMI32) as a motoneuron marker. Sections were rinsed in PBS
and immersed in 2.5% (w/v) bovine serum albumin, 0.25% (w/v) so-
dium azide, and 0.1% (v/v) Triton X-100 in PBS for 30 min, followed by
overnight incubation at 4°C with different combinations of up to three
antisera. Polyclonal primary antibodies used in this study were anti-syn
(1:200; Zymed Laboratories) developed in rabbit, anti-VGLUT2 (1:2000;
Millipore Bioscience Research Reagents) developed in guinea pig, anti-
ROCK� (1:50 or 1:100), anti-ROCK� (1:50; Santa Cruz Biotechnology)

developed in goat, and anti-SMI32 (1:8000; Covance) developed in
mouse. Subsequently, the tissue was rinsed three times with PBS for 5
min each and incubated for 2 h at room temperature with the secondary
antibodies, developed in donkey: anti-guinea pig, anti-goat, anti-mouse,
or anti-rabbit IgGs labeled with the cyanine 2, 3, or 5 (Cy2, Cy3, Cy5)
(1:200; Jackson ImmunoResearch Laboratories). Finally, sections were
washed with PBS and mounted on slides with a solution containing
propyl gallate (0.1 mM in PBS/glycerol, 1:9 v/v). Omission of the primary
antibodies resulted in no detectable staining.

Slides were analyzed using a Leica confocal microscope for fluores-
cence. All neurons were acquired in a z-plane where optimal antibody
diffusion was reached. The pinhole opening was the same for all experi-
mental conditions.

For electron microscopy. Brainstem slices (300 �m thick) were fixed by
45 min immersion in 3.5% glutaraldehyde in 0.1 M PB, pH 7.4, at 36°C.
Slices were then left 30 min at room temperature before storing 20 h at
4°C. Finally, the slices were rinsed six times with abundant 0.1 M PB and
stored in PB with 0.05% sodium azide at 4°C until electron microscopy
processing. Sections were postfixed with 2% osmium tetroxide in 0.1 M

PB for 90 min. Subsequently, the slices were rinsed with distilled water,
dehydrated in graded series of ethanol including 30% (5 min), 50% (5
min), and 70% (10 min), and stained for 2 h 30 min in 2% uranyl acetate
in 70% ethanol at 4°C. Afterward, sections were dehydrated again in
graded series of ethanol including 70% (2 � 5 min), 96% (2 � 10 min),
and 100% (2 � 10 min), washed with propylene oxide (2 � 10 min),
embedded in Araldite resin, and left to polymerize for at least 72 h at
70°C. Ultrathin sections (70 – 80 nm thick) obtained with an ultrami-
crotome (LeicaEMUC6) were analyzed under a FEI Tecnai Spirit elec-
tron microscope at high magnification (43,000�) attached to a digital
camera (Morada Preview). Captured images were analyzed off-line using
the ImageJ free software.

Whole-cell patch-clamp recordings from HMNs in
brainstem slices
Whole-cell patch-clamp experiments were performed on HMNs from
transverse brainstem slices of 6- to 9-d-old Wistar rats as previously
described (González-Forero et al., 2007; Sunico et al., 2010). Recordings
were performed at 31°C on slices superfused (rate �3– 4 ml/min) with
aCSF solution equilibrated with 95% O2 and 5% CO2. HMNs were iden-
tified based on their location and characteristic size and shape and
patched under visual guidance using IR-DIC (infrared-differential inter-
ference contrast) optics. Patch electrodes (1.5–3 M� resistance) con-
tained either a KGluconate-based internal solution (composition in mM:
17.5 KCl; 122.5 KGluconate, 9 NaCl; 1 MgCl2; 10 HEPES; 0.2 EGTA; 3
Mg-ATP, 0.3 GTP-Tris with pH buffered to 7.2) or a CsCl-based internal
solution (composition in mM: 120 CsCl; 4 NaCl; 4 MgCl2; 1 Cl2Ca; 10
HEPES; 0.2 EGTA; 3 Mg-ATP, 0.3 GTP-Tris). Current- and voltage-
clamp recordings were obtained and low-pass bessel-filtered at 10 kHz
with a MultiClamp 700B amplifier. Data were digitized at 20 kHz with a
Digidata 1332A analog-to-digital converter and acquired using pCLAMP
9.2 software (Molecular Devices). Only recordings with access resistance
between 5 and 20 M� were considered acceptable for analysis. The access
resistance was checked throughout the experiments, and recording was
abandoned if it changed �15%. Series resistance was routinely compen-
sated 65% to 75%. Leak currents and liquid junction potentials were not
corrected.

All drugs were prepared just before the experiment from stock solu-
tions maintained at �20°C and applied to the recording bath either
alone, in combination, or in specific sequences by switching the perfu-
sion line manually. In general, the protocol used for studying the effects
of the drugs was as follows: all HMNs were initially perfused with normal
aCSF to obtain baseline control data. After baseline preexposure record-
ing, the slice was superfused for 10 min with aCSF containing a given
drug before current or voltage responses were acquired again. In some
experiments, a second drug was subsequently added to the perfusate and
its effects tested 10 min later. Finally, a last round of acquisition was taken
after a 10 min washout with drug-free aCSF. Data were stored on a
computer disk and analyzed off-line by using MiniAnalysis (Synaptosoft)
and Clampfit 9.2 (Molecular Devices) software.
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Current-clamp recordings. Current-clamp experiments were con-
ducted to determine whether pharmacologic inhibition of endogenous
ROCK activity affected intrinsic excitability and repetitive firing of
HMNs. For current-clamp recordings, the patch pipettes were filled with
the KGluconate-based pipette solution. The resting membrane potential
(Vr), current threshold for firing (ITh), input resistance (RN), and rela-
tionship between average firing frequency and injected current ( f–I
curves) were calculated for each cell under control preexposure condi-
tions, during pharmacological treatment, and after washing out the drug.
Depolarizing and hyperpolarizing current pulses were applied at 2 s in-
tervals via the recording pipette. ITh was determined as the lowest depo-
larizing current pulse (5 ms) required to elicit an action potential in 50%
of cases. RN was calculated from the current–voltage ( I–V) plots ob-
tained by injecting a series of depolarizing and hyperpolarizing current
pulses intracellularly (0.5 s; �0.2– 0.2 nA). The resulting data points were
then fitted with a least-squares regression line, and RN was estimated as
the slope of the lines. Finally, f–I curves were constructed by applying
intracellular injections of depolarizing current pulses (1 s; steps of 0.02
nA) and plotting the mean firing rate (mFR) within each burst against
current pulse amplitude. The curves were fitted with the three-parameter
exponential equation mFR � a � [1 � e (�b � I)] � c. The instantaneous
slope of the curve was determined as the derivative of the exponential
curve: slope � a � b � e (�b � I). To compare the f–I curves generated from
the same cell under different experimental conditions, the slopes of the
curves were computed at the midpoint of the current range tested.

Voltage-clamp recordings. Whole-cell voltage-clamp recordings were
used to analyze the effects of pharmacologic inhibition of basal ROCK
activity on synaptic strength at excitatory and inhibitory synapses on
HMNs. To clearly determine these effects and avoid interference with
other synaptic mechanisms, we focused our analysis on the AMPAergic
component of the excitatory postsynaptic responses and on the GABAA-
receptor-mediated component of the inhibitory postsynaptic responses.
To distinguish between presynaptic and postsynaptic effects of ROCK
inhibition, we performed a combined electrophysiological analysis of (1)
AMPAergic miniature EPSCs (mEPSCsAMPA), (2) spontaneous AMPA
synaptic currents recorded under conditions of facilitated synaptic release
(sEPSCsAMPA), (3) whole-cell AMPAergic current responses to glutamate
pulses, (4) excitatory postsynaptic AMPA currents (eEPSCsAMPA), and in-
hibitory postsynaptic GABAA currents (eIPSCsGABA) evoked by electrical
stimulation of afferent axons, (5) synaptic facilitation of eEPSCsAMPA

following repetitive or paired-pulse stimulation, and (6) eEPSCsAMPA

evoked by a minimal stimulation paradigm. Whole-cell AMPAergic re-
sponses were recorded at a holding potential of �65 mV with the
KGluconate-based intracellular solution. GABAA postsynaptic currents
were recorded in cells voltage-clamped at �70 mV using the CsCl-based
electrode solution.

mEPSCsAMPA were pharmacologically isolated in the presence of 1 �M

tetrodotoxin (TTX), 1 �M strychnine hydrochloride, 10 �M bicuculline
methochloride, 30 �M D-tubocurarine, and 50 �M (DL)-APV applied to
the bath perfusion. All these drugs were purchased from Tocris Cookson.
The recording of sEPSCsAMPA was performed under conditions of facil-
itated synaptic release without TTX in a modified extracellular solution
containing high-Ca 2� (4 mM), high-K � (9 mM), and the receptor antag-
onists indicated above. The AMPAergic nature of both types of events
(mEPSCsAMPA and sEPSCsAMPA) was confirmed in some cells by block-
ing with NBQX (20 �M; Tocris Cookson) at the end of the experiment.
For each cell and treatment condition, we obtained segments of contin-
uous recording (5– 8 min) of spontaneous activity. During analysis, the
threshold level for detection of events was set at three times the root mean
squares (RMS) noise (�2–3 pA, detection threshold �6 –9 pA). Spurious
events and noise artifacts were manually rejected after visual inspection
of the automatically screened events. For each cell, peak amplitudes and
interevent intervals of single mEPSCsAMPA and sEPSCsAMPA were mea-
sured across the different recording epochs and used to calculate mean
values and generate cumulative probability plots.

To test sensitivities of HMNs to glutamate we placed, at 75–100 �m
distance from the recorded cells, a second micropipette containing 1 mM

glutamate (Tocris Cookson) coupled to a Picospritzer II (General Valve
Corporation) pressure ejection system. The cells were voltage clamped at

�65 mV and tested for their response to 100 ms pulses of glutamate (20
psi). To avoid complications from other possible synaptic currents
evoked by the glutamate pulse, aCSF was replaced with a modified extra-
cellular solution containing nominally zero Ca 2�. The AMPAergic com-
ponent of the glutamate-evoked currents was pharmacologically isolated
with bicuculline, strychnine, APV, and D-tubocurarine. For each cell we
obtained one or two series of test pulses (5–10 at 0.05 Hz) under each
experimental condition. Traces were averaged and peak amplitude of
response was measured for each treatment condition in each cell.

eEPSCsAMPA and eIPSCsGABA were elicited by means of a concentric
bipolar tungsten electrode placed in the ventrolateral reticular formation
(VLRF) �0.5–1 mm from the border of the HN. Evoked AMPAergic or
GABAergic responses were recorded in absence of TTX and pharmaco-
logically isolated with blockers of glycine, nicotinic and NMDA
receptors, plus either bicuculline or NBQX, respectively. Stimulation
parameters (�400 �A, 50 �s pulse duration, delivered at 0.05 Hz) were
chosen to generate a sizable and reproducible postsynaptic response.
Usually, the stimulus intensity was adjusted so that the postsynaptic
response was �50% of maximal amplitude and then it was maintained
constant throughout the recording period. A minimum of 10 responses
was recorded under each pharmacological condition and averaged for
analysis of eEPSCsAMPA or eIPSCsGABA amplitudes. The effect of phar-
macologic inhibition of basal ROCK activity on evoked glutamate release
at VLRF inputs was also tested using a minimal-stimulation protocol.
Pharmacologically isolated eEPSCsAMPA were elicited by single pulses of
minimum strength delivered at a frequency of 0.2 Hz via the VLRF stim-
ulation electrode. ‘‘Minimal” stimulation was defined as a percentage of
eEPSCsAMPA failures in the range between 30% and 40%. The detection
threshold was set at three times the RMS noise (threshold 9 pA). Evoked
responses lower than the threshold level were counted as failures.

Facilitation of eEPSCsAMPA was studied using conventional paired
pulse and repetitive stimulation protocols. In these experiments, the
AMPA- or GABAA-receptor-mediated component of the responses was
pharmacologically isolated as described above. For paired pulse facilita-
tion, VLRF was stimulated with pairs of electrical stimuli with interpulse
intervals ranging from 25–200 ms in 25 ms steps given with 30 s delay
between pairs. At least 10 individual responses were averaged at each
interval. Paired-pulse facilitation ratio (PPF ratio) was computed by di-
viding the peak amplitude of the second response by the peak amplitude
of the first one. The repetitive stimulation protocol consisted of a train of
20 pulses at 40 Hz applied to the VLRF. For averaging, 5–10 trains were
applied, with 60 s intervals between successive trains. The peak amplitude
of the individual response throughout the train was determined from the
average trace. Estimates of facilitation are expressed relative to the am-
plitude of first response in the train.

Western blotting
Tissue slices from neonatal rat pups (P6 –P9) were obtained as described
above and incubated for 10 min in carbogen-bubbled aCSF alone (con-
trol) or supplemented with drug treatments. Next, slices were immedi-
ately transferred to ice-cold (�4°C) aCSF supplemented with protease (1
mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 10 mg/ml pep-
statin A, 10 mg/ml aprotinin) and phosphatase inhibitors, where micro-
dissection of HNs was performed. Using a 1 ml syringe, microdissected
nuclei were homogenized in lysis buffer [50 mM Tris/HCl, pH 7.4, 1%
(v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate] supplemented
with protease and phosphatase inhibitors. Equal amounts of protein
were processed for SDS-PAGE and immunoblotting, using a specific
antibody against p-MLC and MLC developed in goat and rabbit, respec-
tively (1:200; Santa Cruz Biotechnology), or phospho-p21 activated ki-
nase 1–3 ( p-PAK1–3) developed in rabbit (1:1000; Cell Signaling
Technology). Membranes were also probed with anti-�1-tubulin anti-
body (1:250,000; Sigma-Aldrich) as control for the total amount of pro-
tein contained in each well. Analysis was performed using the ImageJ
1.36b software from the National Institutes of Health.

Electroneurographic recordings in adult animals
Adult animals were prepared for electroneurographic recordings of both
XIIth nerves as described previously (González-Forero et al., 2004; Mon-
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tero et al., 2008). Briefly, rats were anesthetized (1.5–3% isoflurane
mixed with 100% O2) and additionally injected with atropine (0.2 mg/kg,
i.m.). Teflon-isolated silver bipolar electrodes were fixed around both
XIIth nerves. Electrodes were electrically isolated from neighboring tis-
sue with Vaseline jelly and Parafilm. Rectal temperature was continu-
ously monitored and maintained at 37 	 1°C.

Spontaneous activity from both XIIth nerves was recorded in mono-
polar mode, AC coupled, amplified, and filtered (10 Hz to 10 kHz). The
electroneurographic signals were integrated (� � 20 ms), and the area of
each burst was determined using a parabola automatically fitted to the
integrated burst activity provided by the Chart software (ADInstru-
ments). The ratio between the treated and contralateral (control) sides
was measured before and after the injection of ROCK inhibitors into the
right HN.

Glass micropipettes with tips broken to �25 �m were used to perform
unilateral microinjections of the vehicle (PBS) or ROCK inhibitors. So-
lution was injected 200 �m lateral to the midline and 1.2 mm below the
dorsal surface of the medulla at the obex level. Intranuclear microinjec-
tions were performed over 5 min intervals using an oil-filled system
(Montero et al., 2010).

ROCK activity assay
Brainstem slices were obtained and incubated as indicated above. The
HNs were microdissected and immediately immersed in 20 mM Tris, pH
8, 250 mM sucrose (70 �l). The tissue was then homogenized using an
insulin syringe, and subsequently centrifuged at 1500 � g for 2 min to
remove the nuclei. Supernatant was used to measure ROCK activity us-
ing the 96-well ROCK Activity Assay Kit (Cell Biolabs) according to the
manufacturer’s instructions.

Drugs and treatments
Either alone or in different combinations, the following drugs were
added to the incubation/recording bath: the specific inhibitors of ROCK
trans-4-[(1 R)-1-aminoethyl]-N-4-pyridinylcyclohexanecar boxamide
dihydrochloride (Y-27632) and ( S)-(�)-2-methyl-1-[(4-methyl-5-
isoquinolinyl)sulfonyl]-hexahydro-1 H-1,4-diazepine dihydrochloride
(H-1152) (both at 20 �M; Tocris Bioscience), and the MLCK inhibitor
1-(5-Iodonaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydro-
chloride (ML-7) (10 �M; Sigma). All studies were performed at least 5–10
min after addition of drugs to the bath solution. In the experiments in adult
animals, a solution containing Y-27632 (5 mM), H-1152 (2 mM), or ML-7
(2.5 mM) was injected into the HN.

Statistics and data analysis
Data are expressed as the mean 	 SEM. For construction of cumulative
frequency histograms of spontaneous AMPAergic current amplitudes,
we collected a significantly high number of events from each neuron
(between 4993 and 5397 for each pharmacological treatment). The num-
ber of analyzed boutons, a.z., or HMNs per experimental condition is
indicated in figure legends or in the Results. Data were obtained from at
least three animals per experimental condition. In Western blotting ex-
periments, each individual assay was performed by using tissue samples
collected from six neonatal animals per experimental condition. Quan-
titative data from Western blot represent three independent experi-
ments. Applied statistical tests per experimental condition are indicated
in figure legends or in results. In all cases, the minimum significance level
was set at p � 0.05.

Results
ROCK is expressed in the HN of neonatal animals and
exhibits basal activity in in vitro slices
To explore a possible role of endogenous ROCK in shaping the
normal motor output of the HN, we first studied the expression
pattern of ROCK� and ROCK� in the HN from neonatal (P7)
rats. ROCK� immunohistochemistry labeled a large number of
neuronal somata in the nucleus (Fig. 1A). Double immunolabel-
ing with antibodies against ROCK� and the motoneuronal
marker SMI32 further confirmed that this isoform was expressed
in HMN cell bodies (Fig. 1A, inset). Inspection of ROCK� im-

munostaining at higher magnification also revealed the presence
of ROCK�-immunoreactive (ir) puncta-like structures in the
HN, which in some cases colocalized with the synaptic marker
syn (Fig. 1B). On the other hand, ROCK� labeling consisted of
punctate staining densely distributed throughout the nucleus
(Fig. 1C), in some examples delineating neuron-like profiles, and
around SMI32-identified HMNs (Fig. 1C, inset). ROCK�-ir
punctate also partially colocalized with syn (Fig. 1D). Our quan-
titative analysis revealed that 7.4 	 0.9% (n � 65 HMNs) of
syn-ir puncta apposed to the perikarya of HMNs showed
ROCK�-ir, whereas only 0.5 	 0.2% (n � 55 HMNs) coex-
pressed ROCK�. These data suggest that ROCK� is the main
isoform expressed in HMNs, whereas ROCK� is the predomi-
nant isoform expressed in synaptic structures.

ROCK activity was measured in microdissected HN from
rat pups (P7) using a commercial assay kit. Kinase activity was
well fitted by a simple exponential equation (r � 0.9; p �
0.0001) relative to the protein amount tested (Fig. 1 E), reach-
ing a maximal value (100.0 	 3.3%) at 0.75 �g. Preincubation
of tissue samples with the specific ROCK inhibitor H-1152 for
10 min reduced ROCK activity in a dose-dependent manner,
with �62% inhibition at 20 �M and nearly full ROCK inhibi-
tion at 100 �M (Fig. 1 E; Mann–Whitney U test, p � 0.05).
Therefore, these data indicate that the two ROCK isoforms are
expressed in the HN at neonatal ages and that at least one of
them retains endogenous kinase activity in our in vitro brain-
stem slice model.

Effects of ROCK inhibition on intrinsic excitability of HMNs
The presence of ROCK� immunolabeling in HMNs raises the
possibility that this kinase may directly modulate their intrinsic
membrane properties. To test this, we performed whole-cell
patch-clamp recordings of HMNs from sliced neonatal (P6 –P9)
rat brainstems and examined the effects of pharmacologic inhi-
bition of ROCK on their intrinsic excitability. Current-clamp
responses were compared before and after 10 min treatment with
H-1152 (20 �M). We found that inhibition of ROCK signaling
had no apparent effect (p � 0.4, paired t test; n � 9 HMNs) on Vr

(�65.0 	 1.9 mV before vs �64.9 	 1.8 mV after H-1152), RN

(80.2 	 12.8 M� before vs 78.9 	 10.8 M� after H-1152), or ITh

(1050 	 103.2 pA before vs 982.6 	 82.3 pA after H-1152) (Fig.
1F,G). To examine whether H-1152 altered repetitive discharge
of HMNs, we recorded the voltage responses to a series of su-
prathreshold depolarizing current steps (Fig. 1H). The resulting
f–I relationships were best fitted with three-parameter exponen-
tial rise to maximum functions (r � 0.9; p � 0.001). Comparison
of f–I curves shows that the ROCK inhibitor did not modify
repetitive firing properties of HMNs (Fig. 1 I). The average in-
stantaneous slope calculated at the midpoint of the curve was
similar (p � 0.79, paired t test, n � 8 HMNs) before and after
drug perfusion (53.1 	 5.4 Hz/nA vs 52.8 	 5.7 Hz/nA, respec-
tively). Therefore, these data do not support the idea that endog-
enous activity of ROCK modulates intrinsic excitability of
neonatal HMNs, or at least not in our in vitro experimental
model.

Inhibition of endogenous ROCK signaling depresses
excitatory synaptic transmission in HMNs
Given that our immunohistochemical studies revealed expres-
sion of ROCK protein in both HMNs and puncta-like structures
resembling presynaptic boutons, we next examined the potential
role of basal ROCK signaling in synaptic transmission. As we have
recently reported (Sunico et al., 2010), electrical stimulation of
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the VLRF evokes monosynaptic EPSPs in HMNs in in vitro prep-
arations (Fig. 2A). In the voltage-clamp mode, application of the
same type of stimulus consistently evoked large, inwardly di-
rected, postsynaptic currents in HMNs held at �65 mV using
KGluconate-filled electrodes. This response was almost fully sup-
pressed with antagonists for AMPA (NBQX) and NMDA (APV)
receptors (Fig. 2A). The small residual current component per-
sisting in the presence of these blockers was partially abolished
with the specific GABAA- and glycine-receptor antagonists bicu-
culline and strychnine, respectively (Fig. 2A).

To test whether endogenous ROCK signaling modulates ex-
citatory synaptic transmission from these afferent inputs, we an-
alyzed the effect of specific ROCK inhibitors on the electrically
evoked EPSCs in HMNs. In vivo, most HMNs exhibit a repetitive
rhythmic firing consisting of inspiratory-related bursting dis-
charges driven by excitatory brainstem afferences (Peever et al.,
2002; González-Forero et al., 2004). The inspiratory synaptic
drive to HMNs is mediated by the excitatory amino acid gluta-
mate mainly acting on AMPA receptors (AMPARs) (Rekling and
Feldman, 1998). Hence, we focused our functional analysis on

Figure 1. Inhibition of ROCK signaling had no effects on intrinsic excitability of HMNs. A–D, Low-magnification epifluorescence images showing the overall expression pattern of the two ROCK
isoforms, ROCK� (A) and ROCK� (C), in the HN from neonatal (P7) rats. Double-labeling confocal immunofluorescence for the synaptic marker synaptophysin (syn; green) and ROCK� (B) or ROCK
� (D) isoforms. Arrows indicate examples of colocalization of syn and ROCK� or �. Insets, Double-labeling confocal immunofluorescence for the motoneuron marker SMI32 (green) and ROCK� (A)
or ROCK � (C) isoforms (red). Scale bars: A, C, 100 �m; B, D, and insets, 10 �m. E, ROCK activity relative to total protein content (black) and concentration of the ROCK inhibitor H-1152 (blue)
determined in HN homogenates from neonatal rat pups. Each point represents the average from three independent assays. F, Top traces, comparison of the voltage responses to identical
depolarizing current pulses of threshold intensity obtained in an HMN before (control) and 10 min after adding 20 �M the ROCK inhibitor to the bath (H-1152). Bottom traces, Subthreshold voltage
responses of the same HMN to negative and positive current pulses (0.5 s duration, 0.04 nA increments) under the specified recording conditions. Dotted lines indicate �60 mV and arrowheads the
time point used to measure the peak voltage response. G, V–I relationships for the traces shown in F. RN was determined by the slope of the regression line through the V–I plot. The calculated RN

for the HMN was 64.5 M� in control conditions and 66.9 M�after drug perfusion. H, Repetitive firing of an HMN for three current steps of increasing amplitude before (control) and after superfusion
with H-1152. I, Plot of mean f–I relationship for the HMN shown in H in control conditions (dots) and in the presence of H-1152 (circles). A collection of exponential regression lines for five additional
HMNs (denoted by numbers) obtained before (solid gray lines) and after H-1152 treatment (dashed blue lines) are displayed in the graph as well.
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the AMPAergic component of the EPSCs evoked by VLRF stim-
ulation (eEPSCsAMPA) and tested its sensitivity to H-1152 or
Y-27632. The results show that the amplitude of the eEPSCsAMPA

was strongly attenuated (by �50%) after 10 min continuous in-
fusion with either of these drugs (from �591.8 	 103.6 to
�214.9 	 77.6 pA for H-1152, and from �699.3 	 159.7 to
�267.6 	 74.0 pA for Y-27632) (Fig. 2B,C). This effect was
reversed upon washing with drug-free aCSF. In summary, these
results indicate that endogenous activity of ROCK is required to
maintain the strength of AMPAR-mediated synaptic transmis-
sion in the HN.

Endogenous ROCK signaling operates presynaptically to
facilitate glutamate release
To dissect the synaptic site of action for ROCK inhibitors, we
performed a combined electrophysiological analysis. Miniature
quantal events represent the postsynaptic responses to transmit-
ter release from single vesicles, and their average amplitude is
usually taken as a measure of the sensitivity and/or number of
postsynaptic receptors (Turrigiano et al., 1998; Carroll et al.,
1999; González-Forero and Alvarez, 2005). In the first set of ex-
periments, we examined the consequences of inhibiting endoge-
nous ROCK activity with H-1152 on pharmacologically isolated
mEPSCsAMPA. The mEPSCsAMPA were totally blocked by bath
coapplication of NBQX, confirming that they were AMPAR-
mediated events (data not shown). Our data show that applica-
tion of H-1152 had no significant effect on the mEPSCAMPA

amplitude (Fig. 3A). Thus, the mean amplitude of mEPSCsAMPA

recorded after 10 min exposure to this drug was 23.3 	 0.9 pA,
which was comparable to the average amplitude of mEPSCsAMPA

measured under preexposure control conditions (23.8 	 1.1 pA;
p � 0.74, paired t test; n � 6 HMNs). This was also supported by
the drug’s lack of effect on the cumulative probability functions
of mEPSCAMPA amplitudes (Fig. 3B; p � 0.25; Kolmogorov–
Smirnov test). Likewise, H-1152 did not have any marked effect
on the average frequency of mEPSCsAMPA (6.6 	 1.4 Hz before vs
6.4 	 2.0 Hz after H-1152).

To further investigate whether the facilitatory effect of basal
ROCK signaling on AMPAergic synaptic transmission occurs
through a postsynaptic mechanism, HMNs were tested for their
sensitivity to exogenously applied glutamate pulses before and
after H-1152 application. Exogenous glutamate pulses consis-
tently evoked large inward AMPAergic currents in all HMNs
tested (Fig. 3C), with a mean value of �4.73 	 0.49 nA (n � 7
HMNs). Bath perfusion of H-1152 had no significant effect (p �
0.78, paired t test) on the mean peak amplitude of the glutamate-
evoked currents (�4.67 	 0.44 nA) (Fig. 3C). These postsynaptic
responses were mostly mediated by AMPARs because they were
effectively blocked (by �95%) with the AMPAR antagonist
NBQX (Fig. 3C). Together, the results from these two experi-
ments indicate that the inhibitory effect of H-1152 on AMPAer-
gic transmission is not attributable to changes in the postsynaptic
sensitivity to glutamate, because any such change should be man-
ifested as changes in the amplitudes of mEPSCsAMPA and whole-
cell responses to exogenous glutamate pulses.

In light of these previous results, we considered the possibility
that depression of excitatory synaptic responses by ROCK inhi-
bition in the HN was due to a presynaptic mechanism. We tested
this possibility by recording spontaneous AMPAergic synaptic
currents under conditions of facilitated spontaneous glutamate

Figure 2. Pharmacologic inhibition of basal ROCK strongly reduces the amplitude of the AMPAergic component of the EPSCs in HMNs. A, Left, schematic diagram of the in vitro experimental model
used to analyze the effects of pharmacologic inhibition of ROCK activity on synaptic transmission to HMNs. Whole-cell patch-clamp recordings (Rec) were obtained from somata of large HN neurons
in neonatal brainstem slices. EPSCs were evoked by electrical stimulation (Stim) of the ventrolateral reticular formation (VLRF). Right, Pharmacological dissection of postsynaptic currents evoked in
HMNs by electrical stimulation of the VLRF. Cells were voltage-clamped at �65 mV. Addition of glutamate receptor blockers (20 �M NBQX � 50 �M APV) reduced by �90% the full current peak
amplitude. The remaining residual current was partially abolished with GABAA- and glycine-receptor antagonists (10 �M bicuculline � 1 �M strychnine). B, Representative examples of pharma-
cologically isolated eEPSCsAMPA from HMNs recorded before (black), following a 10 min exposure to H-1152 or Y-27632 (blue), and after 10 min of wash with drug-free solution (red). C, Summary
data showing the changes in eEPSCsAMPA peak amplitude induced by H-1152 (n � 6) and Y-27632 (n � 7). *p � 0.05, one-way ANOVA for repeated measures.
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release (sEPSCsAMPA). Under these phar-
macological conditions (see Materials and
Methods), we would expect that spontane-
ous synaptic activity was a mixture of action
potential-dependent and -independent
events. Consistent with this prediction,
sEPSCsAMPA had peak amplitudes and fre-
quencies 1.42- and 1.75-fold higher, re-
spectively, than those calculated for
mEPSCAMPA. We therefore examined the
effect of H-1152 on sEPSCsAMPA. Under
control pretreatment conditions sEPSC-
sAMPA had a mean amplitude of 33.9 	
2.4 pA, and a variable frequency ranging
from 4.6 to 17.4 Hz (11.9 	 2.3 Hz);
after H-1152 treatment, the mean
sEPSCsAMPA amplitude was signifi-
cantly reduced to 74.0% (25.1 	 1.1 pA)
(Fig. 4 A, B). Consequently, the cumula-
tive distribution of sEPSCAMPA ampli-
tude was significantly shifted to the left,
indicating lower event amplitudes after
treatment ( p � 0.01; Kolmogorov–
Smirnov test) (Fig. 4C). The attenuation
reached steady state within 5 min, and
sEPSCAMPA amplitude recovered after 5
min of washout (Fig. 4 A–C). Although
we found a consistent tendency in the
frequency of sEPSCAMPA to decrease af-
ter H-1152 application (11.9 	 2.3 Hz before vs 9.6 	 2.3 Hz
after H-1152), these differences did not reach statistical signif-
icance ( p � 0.23, one-way ANOVA for repeated measures).
The above results are more consistent with the idea that ROCK
inhibition elicits depression of action potential- and Ca 2�-
dependent glutamatergic transmission through a mechanism
involving presynaptic modifications.

To confirm this notion, we examined the effect of H-1152
on facilitation of electrically evoked eEPSCsAMPA using
paired-pulse and repetitive afferent stimulation from the
VLRF. Under repetitive stimulation, a change in the amount
of facilitation is considered to be attributable to a presynaptic
change in the release probability (Zucker, 1989). Thus, syn-
apses with a high release probability tend to produce large-
amplitude EPSCs following single-pulse afferent stimulation and
exhibit little facilitation upon repetitive stimulation. If the
H-1152-mediated synaptic attenuation involved a presynaptic
mechanism of action, it would be associated with an increase in
the magnitude of facilitation. Under control conditions, eEPSC-
sAMPA evoked by paired stimulation of VFLR afferent fibers dis-
played a robust facilitation over the entire range of interstimulus
intervals (Fig. 4D,E). However, facilitation was typically more pro-
nounced at shorter interstimulus intervals and smaller at longer
intervals. The mean paired-pulse facilitation ratio (PPR) was 1.89	
0.12 with an interval of 25 ms and 1.65 	 0.08 at 50 ms, decreasing to
1.39	0.06 at 100 ms and to 1.18	0.04 ms at 200 ms intervals. After
5 min application of H-1152, paired-pulse facilitation showed a
marked and reversible increase at 50 and 25 ms intervals (Fig. 4E).
On average, the magnitude of PPR increased by 14.4% at 25 ms
(mean 2.15 	 0.16) and by 10.9% at 50 ms interval (mean 1.82 	
0.12) after H-1152 application.

Repeated VLRF stimulation with a train of 20 shocks at 40 Hz
also resulted in a powerful facilitation of eEPSCsAMPA, with a
progressive enhancement in the eEPSCsAMPA amplitude through

the train (Fig. 4F,G). The standard facilitation index was calcu-
lated by measuring the amplitude of the individual eEPSCsAMPA

throughout the train in relation to the first eEPSCAMPA. In con-
trol recordings, the average values of the facilitation index for the
10th and 20th eEPSCsAMPA were 1.79 	 0.19 and 1.80 	 0.23,
respectively. Application of H-1152 to the bath reversibly poten-
tiated this facilitation in all HMNs tested (Fig. 4F,G). Thus, after
H-1152 the facilitatory index for the 10th eEPSCsAMPA was
2.51 	 0.18, whereas for the 20th eEPSCsAMPA this value was
2.59 	 0.18. The increase in the magnitude of the facilitatory
index induced by H-1152 was statistically significant from the
third to the 20th eEPSCsAMPA (Fig. 4G). In summary, our data
from paired-pulse and train stimulation tests demonstrate
that the reduction in the eEPSCsAMPA amplitude by endoge-
nous ROCK inhibition was accompanied by an increase in the
magnitude of facilitation induced by repetitive afferent
stimulation.

The preceding results show that the attenuation of the evoked
AMPAergic responses induced by ROCK inhibition was related
to a reduction in the glutamate release probability and to an
increase in the amount of facilitation. Release probability at sin-
gle central synapses is believed to be determined by the number of
fusion-competent vesicles (Dobrunz, 2002; Millar et al., 2002).
Therefore, changes in synaptic strength induced by ROCK inhi-
bition could reflect a decrease in the size of the readily releasable
pool (RRP) of synaptic vesicles. This idea was further strength-
ened by the subsequent analysis of eEPSCsAMPA amplitudes using
a minimal stimulation paradigm, which is designed to stimu-
late only one fiber and a single or small number of release sites.
Typically, the intensity of the stimulation was set to elicit
eEPSCsAMPA with �30% to 40% failures. Under control condi-
tions, eEPSCsAMPA amplitudes evoked by minimal stimulation
were distributed over a range from zero to �80 pA (Fig. 4H),
with a mean amplitude of 40.0 	 3.1 pA (n � 3 HMNs, excluding

Figure 3. ROCK inhibition does not affect the sensitivity of the postsynaptic membrane to quantally released or exogenously
applied glutamate. A, Traces of spontaneously occurring mEPSCsAMPA recorded from a representative HMN before and after 10 min
bath perfusion with H-1152. The cell was held at �65 mV during recording. Quantal AMPAergic currents (mEPSCsAMPA) were
isolated with tetrodotoxin (1 �M), bicuculline (10 �M), strychnine (1 �M), APV (50 �M), and D-tubocurarine (30 �M). B, Cumu-
lative probability functions of mEPSCAMPA amplitudes pooled from 4 HMNs recorded under control conditions (black) and after
treatment with H-1152 (blue). Bin width, 2 pA. C, Whole-cell AMPAergic currents evoked by 100 ms pressure pulses of glutamate
(applied at saturating concentrations; 1 mM) in an HMN before (black) and after superfusion with H-1152 (blue). Recordings were
performed at �65 mV in the presence of tetrodotoxin in nominally Ca 2�-free solution. AMPAergic responses evoked by the
glutamate pulse were pharmacologically isolated by bath application of bicuculline, strychnine, APV, and D-tubocurarine. Post-
synaptic responsiveness to glutamate pulses was effectively (�95%) blocked with 20 �M AMPA receptor antagonist NBQX
(green).
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Figure 4. The mechanism underlying ROCK-dependent maintenance of synaptic strength operates presynaptically. A, Current traces of sEPSCsAMPA recorded from an HMN before (black),
following treatment with H-1152 (blue), and after washing (red). sEPSCsAMPA were isolated in the presence of bicuculline, strychnine, APV, and D-tubocurarine and recorded at �65 mV in a
high-K �, high-Ca 2� containing aCSF without tetrodotoxin. B, Average sEPSCAMPA amplitude for the H-1152-treated group of HMNs compared with their respective pretreatment (control) and
washout periods (n � 6 HMNs). *p � 0.05, one-way ANOVA for repeated measures. C, Normalized cumulative probability distributions of sEPSCAMPA amplitudes measured for each condition (listed
in the inset box). Bin width, 2 pA. D, Examples of eEPSCsAMPA recorded in response to paired-pulse stimulation of VLRF axons in an HMN before (black) and after treatment with H-1152 (blue), and
after washing (red). Stimulus interval was 25 ms. The rightmost trace shows the superimposition of the responses scaled to the peak of the first eEPSCsAMPA. PPR was obtained from the amplitude
of the first and second eEPSCsAMPA by the formula eEPSCsAMPA2/eEPSCsAMPA1. E, Comparison of PPR measured at interpulse intervals ranging from 25 to 200 ms for HMNs recorded before, during,
and after washout of the drug (n � 5 HMNs). *p � 0.05, two-way ANOVA for repeated measures. F, Sample records illustrating succession of eEPSCsAMPA in an HMN evoked by a train of 20 stimuli
at 40 Hz applied to the VLRF in normal aCSF (black) and 10 min after adding H-1152 (blue). Traces are scaled so that the first eEPSCsAMPA of train recorded under H-1152 treatment is equal in size to
the first eEPSCsAMPA of train under control conditions. Facilitation index of eEPSCsAMPA throughout the train was calculated relative to the amplitude of first eEPSCsAMPA in the same train. G, Mean
eEPSCsAMPA amplitude, normalized to the first eEPSCsAMPA (eEPSCsAMPAn/eEPSCsAMPA1) and plotted against the position number of eEPSCsAMPAn within the train (1–20) for the H-1152-treated
group of HMNs under control, drug perfusion, and washout conditions (n � 6 HMNs). Symbol code listed in E, above. *p � 0.05, two-way ANOVA for repeated measures. H, Top, Representative
examples showing superimposition of 10 successive eEPSCsAMPA evoked at 0.2 Hz by minimal stimulation of VLRF in an HMN before (black), after treatment with H-1152 (blue) and after washing
(red). Bottom, Amplitude distribution histograms of eEPSCsAMPA in response to minimal stimulation before, during, and after H-1152 treatment. Arrows indicate mean values. Note the reversible
shift of the distribution to the left under H-1152. Each histogram is made of 600 responses (5 pA bin size) pooled from 3 HMNs. I, Histogram showing changes in eEPSCsAMPA failure rates to minimal
stimulation for the control, H-1152, and washout conditions. The fraction of events classified as failures was significantly increased by H-1152 (n � 3). *p � 0.05, one-way ANOVA on ranks for
repeated measures.
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failures). This value is close to the mean sEPSCAMPA amplitude
and almost double the average amplitude of mEPSCsAMPA, a dif-
ference that could be interpreted as the activation of a single
afferent fiber causing the release of more than one vesicle at the
same or different VLRF-HMN contact sites. As summarized in
Figure 4H, bath application of H-1152 significantly reduced the
peak amplitude of eEPSCsAMPA obtained with minimal stimula-
tion (from 40.0 	 3.1 pA to 18.3 	 0.9 pA, excluding failures), an
effect that was accompanied by marked narrowing of the ampli-
tude distribution toward lower amplitudes (upper limit of � 55
pA) and by an increase of the eEPSCsAMPA failure rate (38.4 	
2.4% before vs 53.6 	 5.5% after H-1152; Fig. 4H, I). All these
effects were reversible with washing (Fig. 4H, I).

Together, these data strongly suggest that the depression of
synaptic strength induced by ROCK inhibition is completely de-
pendent on a reduction in the release probability from excitatory
glutamatergic terminals apposed on HMNs, an effect probably
attributable to a reduction in the RRP of synaptic vesicles. These
results indeed demonstrate that endogenous ROCK signaling
maintains normal excitatory synaptic transmission through a
purely presynaptic mechanism.

The presynaptic mechanism underlying the
ROCK-dependent maintenance of synaptic strength involves
MLCK inhibition, presumably by PAK phosphorylation
Our previous results show that basal activity of presynaptic
ROCK in the HN is required to maintain evoked glutamate re-
lease from excitatory afferent terminals at optimal levels. ROCK
activation usually results in MLC phosphorylation, by a direct
action on MLC and/or by inhibition of MLCP. Phosphoryla-
tion of MLC subsequently induces stimulation of actin-
myosin interactions, as reviewed by Luo (2002); however, our
immunoblot analysis on HN homogenates unexpectedly re-
vealed an increase (40.8 	 15.1%) in the ratio of p-MLC to
MLC in H-1152-incubated relative to aCSF-incubated brain-
stem slices (Fig. 5 A, B).

Since the level of p-MLC is regulated by the balanced actions
of MLCK and MLCP (Luo, 2002), our results led us to consider
the possibility that endogenous ROCK may have an inhibitory
effect on MLCK. To test this idea, we used ML-7, a specific inhib-
itor of MLCK, in Western blot and electrophysiological experi-
ments. Incubation of neonatal brainstem slices with ML-7 for 10
min had no effects on the p-MLC/MLC ratio (Fig. 5A,B), thereby
indicating the absence of a net action of endogenous MLCK on
the levels of MLC phosphorylation. However, the H-1152-
induced increase in p-MLC was fully prevented by coaddition to
the bath of the MLCK inhibitor (Fig. 5A,B). In agreement with
these results, the electrophysiological recordings show that ML-7
alone did not alter (p � 0.60, paired t test, n � 5 HMNs) the mean
peak amplitude of eEPSCsAMPA evoked in HMNs by electrical
stimulation of VLRF (�727.1 	 178.2 pA before vs �709.4 	
153.7 pA after ML-7), but fully reverted the reduction induced by
H-1152 when ML-7 was subsequently added to the bath
(�684.4 	 109.9 pA before, � 465.6 	 81.3 pA after H-1152, and
622.4 	 105.6 pA after ML-7) (Fig. 5C,D). Likewise, ML-7 re-
verted the increase in the PPR of eEPSCsAMPA induced by prein-
cubation with H-1152, which provides support for a presynaptic
site of ML-7 action (1.55 	 0.07 before and 2.40 	 0.18 after
H-1152, and 1.56 	 0.06 after ML-7) (Fig. 5E,F). Together, the
preceding data point to MLCK as a main molecular substrate
being directly or indirectly inhibited by endogenously active
ROCK within excitatory presynaptic terminals. This mechanism,
in turn, keeps baseline levels of MLC phosphorylation and facil-

itates excitatory synaptic transmission, at least in our experimen-
tal conditions (see Fig. 9 for a schematic representation of the
proposed molecular pathway).

Given that evidence for direct inhibition of MLCK by
ROCK has not been reported so far, we next looked for a
molecular partner that could act downstream of ROCK with
inhibitory properties on MLCK. A candidate molecule for me-
diating such action is p21-activated kinase (PAK), which cat-
alyzes an inhibitory phosphorylation of MLCK and indirectly
reduces MLC phosphorylation (see Fig. 9) (Li et al., 2010).
Interestingly, Western blot analysis of HN homogenates re-
vealed that the level of PAK1–3 phosphorylation was strongly
reduced by treatment with the ROCK inhibitor H-1152
(�48.2 	 15.5%; p � 0.05, Mann–Whitney U test; n � 3
independent experiments) (Fig. 5G). This finding suggests a
novel molecular mechanism by which basally active ROCK
could inhibit actomyosin contractility (see Fig. 9).

Inhibition of endogenous ROCK reduces the size of the RRP
of synaptic vesicles in a MLCK-dependent way
Before investigating the final effector mechanism underlying the
H-1152-mediated attenuation of glutamate release during spon-
taneous or evoked neurotransmission, we assessed the expression
of ROCK protein in glutamatergic presynaptic terminals within
the HN from neonatal rats by immunohistochemistry. To that
end, we performed triple immunofluorescence staining with an-
tibodies against ROCK�-�, VGLUT2, and SMI32. It is important
to clarify that labeling of HMN somata almost fully disappeared
when the anti-ROCK� antibody dilution was decreased to half
(1:100), suggesting a higher concentration of the antigen in
puncta-like structures than in motoneuron perikarya. Immuno-
histochemistry against ROCK� was performed at this dilution
to minimize interference with perikarya immunoreactivity.
ROCK-ir punctate elements were frequently observed either in
close proximity to or partially colocalizing with VGLUT2-ir
puncta apposed to HMNs (Fig. 6A,B). This distribution pattern
is consistent with the presumed location of ROCK at the central
core of the presynaptic boutons, from where it exerts a regulatory
role on cytoskeleton dynamics and microtubule organization
(Benarroch, 2007). Our quantitative analysis revealed that two
thirds (66.6 	 4.5%; n � 15 HMNs) of VGLUT2-ir puncta ap-
posed to the perikarya of HMNs showed a direct relationship
with ROCK-positive structures (Fig. 6A,B). These structural data
are in agreement with our electrophysiological results and sup-
port the notion that most glutamatergic afferent inputs on HMNs
contain the molecular machinery required for a presynaptic ac-
tion of ROCK.

At this point, we hypothesized that endogenous ROCK signal-
ing might, through its modulatory control on the actin-myosin
cytoskeleton, regulate clustering and spatial distribution of syn-
aptic vesicle pools within excitatory presynaptic boutons. There-
fore, we analyzed the ultrastructural organization of excitatory
synaptic boutons on HMNs in control and treated neonatal
brainstem slices by electron microscopy. Under electron micros-
copy, HMNs are easily distinguishable from interneurons, which
present a noticeable invaginated nucleus and smaller soma sizes
in cross-sectional areas at the nucleolar level (Sunico et al., 2011).
As we have reported (Sunico et al., 2010), presynaptic boutons on
the somatic membrane of HMNs with a presumably excitatory
function were identified by the spherical nature of their synaptic
vesicles, assisted by synaptic densities when these were evident,
and classified as S-type boutons. To quantify the spatial distribu-
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tion of vesicles relative to the a.z. within S-type boutons, three
regions were delimited by lines parallel to the a.z. profile, and we
counted the number of vesicles included in the intervals of 0 –100
nm, 100 –200 nm, and 200 –300 nm away a.z. (Fig. 6C). For each
bouton, we also counted all vesicles in the entire vesicle pool to
evaluate feasible effects on vesicle trafficking and/or recycling
(Fig. 6D). Visualization of high-resolution images of S-type bou-
tons attached to HMNs in H-1152-treated slices revealed a con-
spicuous reduction in the number of vesicles near the a.z. (Fig.
6E). In slices incubated in aCSF (control), the number of vesicles
averaged 9.6 	 0.4 in the interval nearest the a.z., 9.7 	 0.4 in the
intermediate, and 8.9 	 0.6 in the more distant interval. The
mean number of vesicles in the entire pool in the control condi-
tion was 53.9 	 3.3 per a.z. (n � 133 boutons). A significant

reduction in the number of vesicles was observed in the two
regions closest to the a.z. after H-1152 treatment (0 –100 nm,
�16.7 	 3.7%; 100 –200 nm, �13.8 	 4.3%) (Fig. 6F), along
with a nonsignificant (�8.9 	 5.7%) reduction in the more dis-
tant region (Fig. 6E,F). These changes in the size of the vesicle
pool were prevented by coincubation with the MCLK inhibitor
ML-7 (Fig. 6E,F). Finally, we measured the linear density (num-
ber of vesicles per 100 nm membrane) of synaptic vesicles docked
at the a.z. (Fig. 6G). Addition to the bath of the ROCK inhibitor
induced a significant reduction (�20.9 	 6.4%) in the number of
docked vesicles; coincubation with ML-7 prevented this reduc-
tion (�1.9 	 6.6%). These outcomes suggest that endogenous
ROCK signaling may be involved in the maintenance of the RRP
of synaptic vesicles. Interestingly, none of the pharmacologic

Figure 5. Inhibition of endogenous ROCK activity increases p-MLC levels in the HN via a mechanism that involves MLCK activation and is accompanied by PAK dephosphorylation. A, Western blot
of phosphorylated and total MLC protein levels (denoted as p-MLC and MLC, respectively) in the HN of neonatal brainstem slices incubated for 10 min in aCSF alone (control) or supplemented with
either H-1152, 10 �M ML-7 or with H-1152 plus ML-7. �-Tubulin (�-tub) expression was used as an internal loading reference. B, Histogram showing the average ratio of p-MLC to total MLC
densitometric intensity for the control and treated slices. Ratio values were normalized relative to the control group. Columns represent average of at least four independent experiments. *p � 0.05,
one-way ANOVA on ranks, post hoc Dunn’s test. C, Left traces, Examples of eEPSCsAMPA recorded from an HMN in normal aCSF (control; thick black) and after 10 min bath perfusion with ML-7 (thin
black line). Right traces, eEPSCsAMPA recorded in an HMN before (thick black) and sequentially after adding to the bath H-1152 (gray) and then ML-7 (thin black line). D, Histogram showing
quantitative comparison of average sEPSCAMPA amplitude for the ML-7 (n �5) and H-1152 plus ML-7 (n �4) treated groups of HMNs compared with their respective pretreatment controls (before).
*p � 0.05, one-way ANOVA for repeated measures. E, Examples of eEPSCsAMPA evoked by paired-pulse stimulation of VLRF axons (interpulse interval 25 ms) in an HMN before (thick black) and
following treatment with H-1152 (gray) and finally after coaddition of ML-7 (thin black). The rightmost trace shows the superimposition of the responses scaled to the peak of the first eEPSCsAMPA.
F, Summary histogram of changes in PPR of eEPSCsAMPA measured in HMNs exposed sequentially to H-1152 and H-1152 plus ML-7 (n � 5) *p � 0.05, one-way ANOVA for repeated measures. G,
Western blot analysis of p-PAK1–3 in HN homogenates from control and H-1152-treated brainstem slices. �-tub was used as loading reference.
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treatments altered the total number of vesicles in the entire vesicle
pool (Fig. 6F).

To identify other presynaptic changes that could also contrib-
ute to H-1152-induced reduction in release probability from ex-
citatory boutons, we further analyzed the average a.z. length,
mean number of a.z. per bouton, average number of excitatory
boutons per motoneuron, and mean cross-sectional bouton area

(Table 1). The ultrastructural analysis shows that none of these
drug treatments had any significant effect on the first three pa-
rameters (Table 1). However, treatment with H-1152 induced an
increase in the mean cross-sectional area of S-type boutons; this
was fully prevented by coincubation with ML-7 (Table 1). This
change in bouton size might presumably reveal a dynamic re-
modeling of the actin cytoskeleton regulated by the ROCK-

Figure 6. ROCK inhibition reduces the size of the RRP of synaptic vesicles through a mechanism that involves MLCK activation. A, Triple-labeling confocal immunofluorescence for the motoneuron
marker SMI32 (blue), the vesicular glutamate transporter 2 (VGLUT2; green), and ROCK (� and � isoforms; red) in a high-magnification image captured from a selected region of the HN from a
neonatal (P7) rat. Yellow signals indicate the sites of colocalization of VGLUT2 and ROCK�/�. ROCK-ir clusters were found to be spatially contiguous or colocalizing with VGLUT2-ir terminals. Inset
shows at higher magnification a z-stack reconstruction through the dashed box region. B, High-magnification confocal z-series showing straight relationship (top panels) between VGLUT2- and
ROCK�/�-ir puncta and partial colocalization in the bottom panels. Scale bars: A, 25 �m; inset in A, 2 �m; B, 1 �m. C, D, Electron micrographs of two S-type boutons (containing spherical vesicles)
with asymmetric synaptic contacts on the somatic membrane of an HMN depicting details of the procedure used to examine topographically the numerical changes in synaptic vesicles. The number
of synaptic vesicles was counted in three zones, each 0.1 �m wide, parallel to the membrane of the synaptic cleft and at successively greater distances from the a.z. (C). The first region (boxed with
a red dotted line) encloses an area directly adjacent to the a.z. membrane. The intermediate region (boxed with a blue dotted line) was located in the interval from 0.1 �m to 0.2 �m away from the
a.z. Finally, the more distant region (boxed with a white dotted line) occupied an area corresponding to the distance interval from 0.2 �m to 0.3 �m. The total number of synaptic vesicles contained
in each bouton was also quantified (D). Scale bar, 200 nm. E, Electron microscopy images of S-type boutons over the soma of HMNs from neonatal rats following incubation of brainstem slices in aCSF
alone (control) or supplemented with either H-1152 or with H-1152 plus ML-7. Scale bar: 200 nm (applies to all panels). F, Quantitative changes in the number of synaptic vesicles (expressed as
percentage change from control) contained in each spatial compartment after treatment with the indicated drugs. Histogram bins indicate distances from the a.z. as indicated in the legend. G,
Histogram showing the linear density of docked synaptic vesicles per 100 nm a.z. under the indicated conditions. *p � 0.05, one-way ANOVA, post hoc Tukey’s test.

Table 1. Ultrastructural characterization of S-type boutons attached to HMNs

Length of a.z. (�m) No. of a.z. per bouton Bouton area (�m 2) HMN perimeter (�m) No. of boutons/HMN

Control 0.24 	 0.08 (169) 1.27 	 0.05 (133) 0.35 	 0.02 (131) 70.9 	 2.3 (50) 2.8 	 0.3 (86)
H-1152 0.25 	 0.07 (119) 1.21 	 0.04 (102) 0.44 	 0.02 (100)* 70.7 	 2.5 (32) 2.5 	 0.5 (35)
H-1152 � ML-7 0.24 	 0.09 (140) 1.22 	 0.05 (115) 0.32 	 0.02 (110) 75.4 	 1.9 (30) 2.3 	 0.2 (103)

Number of sampled motoneurons, boutons or a.z. is indicated in parentheses. *p � 0.05, one-way ANOVA, post hoc Tukey’s test, relative to the control group.
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MLCK signaling pathway. In conclusion, these data indicate that
the attenuation of glutamatergic transmission on HMNs induced
by suppression of endogenous ROCK activity is the consequence
of a redistribution of the vesicle pool within the terminal rather
than a disruption of vesicle trafficking and/or recycling, which
affects the RRP of synaptic vesicles (see Fig. 9).

Inhibition of ROCK activity reduces the strength of
inhibitory synapses on HMNs via a presynaptic mechanism
An intriguing question that emerges from the results presented so
far is whether this ROCK-dependent mechanism regulating syn-
aptic strength is present only at excitatory glutamatergic synapses
or also operates for other neurotransmitter systems. This is par-
ticularly relevant with respect to the mechanism’s effects on the
excitatory/inhibitory balance and on the levels of electrical activ-
ity within neuronal circuits. To address this question, we tested
the effect of H-1152 on electrically evoked IPSCs (eIPSCs) in
HMNs. To maximize eIPSCs generated by the opening of
chloride-selective channels (glycine and GABAA receptors),
HMNs were held at �70 mV and recorded with a high-chloride
pipette solution. Under these recording conditions, the reversal
potential calculated by the Nernst equation for a chloride selec-
tive conductance was close to 0 mV. Mixed GABAergic/glyciner-
gic IPSCs were pharmacologically isolated with AMPA, NMDA,
and nicotinic receptor antagonists and detected as inward
currents.

To analyze the relative contribution of glycine- and GABAA-
receptor-mediated components to mixed eIPSCs in HMNs, we

used the selective antagonists strychnine and bicuculline, respec-
tively (Fig. 7A). In the three cells tested, the strychnine-sensitive
component of the eIPSC was significantly smaller than the
bicuculline-sensitive component, accounting for �34% and 66%
respectively, of the total peak amplitude. This supports a domi-
nant role of GABA in evoked inhibitory neurotransmission from
VLRF to HMNs. Therefore, we focused our analysis on the effect
of ROCK inhibition on the GABAergic component of the eIPSCs.
On average, H-1152 reduced the eIPSCsGABA amplitude to 46%
of control (�155.8 	 25.5 pA before vs 72.1 	 12.0 pA after
H-1152, n � 10 HMNs) (Fig. 7B,C). To investigate whether the
H-1152-mediated depression of GABAergic transmission in-
volves a presynaptic mechanism, we examined the effect of
H-1152 on facilitation of electrically evoked eIPSCsGABA using
paired-pulse stimulation from the VLRF. As with the evoked glu-
tamatergic currents, paired-pulse stimulation with an inter-
stimulus interval of 50 ms resulted in amplitude enhancement of
the second eIPSCGABA. Bath application of H-1152 significantly
increased the mean PPR from 1.82 	 0.23 to 2.28 	 0.16 (n � 10
HMNs) (Fig. 7D,E). All changes induced by H-1152 were com-
pletely reversed after 10 min of washout with normal aCSF. These
results extend our glutamatergic synapse findings, providing ev-
idence that H-1152 also inhibits GABAergic synaptic transmis-
sion via a presynaptic locus of action and leaves open the
possibility that the mechanism underlying this ROCK-dependent
maintenance of synaptic strength may be ubiquitously expressed
in different types of synaptic contacts.

Figure 7. Inhibition of ROCK activity reduces GABAergic transmission by a presynaptic mechanism. A, Pharmacological profile of eIPSCs in HMNs. To isolate chloride-dependent eIPSCs, pipettes
were filled with a high-chloride internal solution and recordings were performed in the presence of 20 �M NBQX, 50 �M APV, and 30 �M D-tubocurarine. eIPSCs were evoked from a holding potential
of �70 mV via electrical stimulation of the VLRF and pharmacologically dissected into its composite subtypes. The relative contribution of glycine- versus GABAA-receptor-mediated components to
eIPSCs was determined by addition of the selective receptor antagonists strychnine (1 �M) and bicuculline (10 �M), respectively. Traces show averaged eIPSCs (each an average of 10 responses)
recorded from an HMN before (thick black) and after superperfusion first with strychnine (blue) and then with control aCSF (wash; thin black), followed by bath application of bicuculline (red), and
finally after coaddition of strychnine (green). B, Superimposition of averaged eIPSCsGABA from an HMN recorded before (black), following a 10 min exposure to H-1152 (blue), and after 10 min of
wash with drug-free solution (red). C, Summary data showing the changes in eIPSCsGABA peak amplitude induced by H-1152 (n � 10 HMNs). D, Examples of eIPSCsGABA evoked by paired-pulse
stimulation of VLRF axons (interpulse interval 50 ms) in an HMN recorded before (black), during (blue), and after washout of H-1152 (red). The rightmost trace shows the superimposition of the
responses scaled to the peak of the first eIPSCsGABA. E, Summary histogram of changes in PPR of eIPSCsGABA induced by H-1152 (n � 10 HMNs). *p � 0.05, one-way ANOVA for repeated measures.
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Endogenous ROCK signaling facilitates baseline inspiratory
activity of the HMN pool in adulthood
To evaluate whether endogenous activity of presynaptic ROCK
has any physiologically relevant function in modulating the nor-
mal motor output from the HN in adulthood, we first analyzed
the expression pattern of ROCK protein within the HN of adult
rat brainstems. Accordingly, coronal brainstem sections contain-
ing FG-back-labeled HMNs were processed for dual immunode-
tection of the presynaptic marker syn and either ROCK� or
ROCK� (Fig. 8A–E). Our data show that immunolabeling for
each of the isoforms had a punctuate pattern throughout the HN
that partially overlapped the distribution of syn-ir puncta. Quan-
titative analysis shows that 22.1 	 2.4% (n � 350 boutons ap-
posed on 14 HMNs) and 21.3 	 3.0% (n � 412 boutons apposed
on 19 HMNs) of syn-ir puncta apposed to FG-identified HMNs
colocalized with ROCK�- or ROCK�-ir puncta, respectively.
Therefore, the molecular machinery to support a role of presyn-
aptic ROCK in neurotransmitter release is also present in the
adult HN. Given that ROCK� immunohistochemistry in adults
was performed using an antibody dilution higher than that used

for neonatal tissue, we cannot discard the possibility that this
isoform is actually expressed within adult HMN cell bodies.

Most HMNs discharge bursts of action potentials synchro-
nized with the inspiratory phase of respiration that are driven
mainly by glutamatergic brainstem afferences with little or no
contribution of inhibitory inputs (Peever et al., 2002; González-
Forero et al., 2004). This rhythmic activity persists during anes-
thesia or following decerebration, even though most oro-facial
motor drive is suppressed under such conditions (González-
Forero et al., 2004; González-Forero et al., 2007; Montero et al.,
2008; Montero et al., 2010). To determine whether endogenous
ROCK also facilitates transmitting and shaping motor com-
mands to the HN in adult animals, we tested the effect of
unilateral microinjections of ROCK inhibitors into the HN of
anesthetized adult rats on the rhythmic bursting pattern of the
XIIth nerve. Activity was expressed as the ratio of the integrated
area of XIIth nerve bursts between the injected and contralateral
(noninjected) sides. This ratio was significantly decreased after
microinjection of H-1152 (2 nmol) into the right nucleus, reach-
ing maximal effects (�10.0 	 1.9%) at 5.2 	 0.2 min from the

Figure 8. Acute inhibition of endogenous ROCK signaling in the HN attenuates XIIth nerve burst activity in adult rats. A, Confocal photomicrograph taken from a selected region of the HN showing
dual immunofluorescence for the synaptic marker synaptophysin (syn; green) in combination with ROCK� (red). HMNs were retrogradely labeled with the tongue-injected fluorescent tracer
FluoroGold (FG; blue). Asterisk marks motoneuron shown in B. Scale bar, 50 �m. B, C, Confocal images of HMNs retrogradely labeled with FG in sections double-immunostained for syn and either
ROCK� (B) or ROCK� (C). Arrows indicate examples of syn-immunoreactive puncta with colocalized immunofluorescence for each ROCK isoform. Scale bars: B, 15 �m; C, 10 �m. D, E, High-
magnification series of confocal sections collected with z-steps of 0.5 �m showing colocalization of ROCK� (D) or ROCK� (E) with syn in presynaptic terminals around HMN cell bodies. The
bottom-rightmost panels depict the superposition of all the single confocal sections from each series. Scale bars: D, 1 �m; E, 2 �m. F, Integrated XIIth nerve inspiratory activity recorded bilaterally
in an anesthetized adult rat before and 5.5 min after unilateral microinjection of H-1152 into the HN. H-1152 (2 nmol) or Y-27632 (5 nmol) were locally ejected from glass microelectrodes into the
HN using pressure microinjection. Bipolar silver electrodes implanted on the XIIth nerve were used for recording whole XIIth nerve activity ipsilaterally and contralaterally to the injection site.
Integrated burst activity was generated from the raw electroneurographic recordings. Analysis of burst activity in neurograms was performed on the integrated XIIth nerve signal. G, Time course of
the ratio between the area of the synchronic bursts recorded in the injected versus the contralateral (noninjected) sides measured on the integrated XIIth nerve discharge before and after central
microinjections of the indicated drugs. Taking as reference the integrated activity from the noninjected control side, H-1152 induced a decrease in the activity recorded ipsilaterally to the injected
side, whereas ML-7 induced an increase. Horizontal black and gray lines indicate the timing of injections. H, Summary of the effects of vehicle (PBS; n � 11 injections), H-1152 (n � 3 injections in
3 rats), Y-27632 (n � 6 injections in 4 rats), and ML-7 (n � 6 injections in 3 rats) on the burst area ratio between the injected and control sides obtained when maximal effect was observed
(expressed as percentage variation from the control side). *p � 0.05, Mann–Whitney U test.
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beginning of the drug administration (Fig. 8F–H). Intranuclear
injection of another ROCK inhibitor, Y-27632 (5 nmol), induced
similar alterations peaking (�6.5 	 0.9%) at 4.2 	 0.8 min (Fig.
8H). These data demonstrate that endogenous ROCK activity
plays an outstanding role in modulating the physiological pat-
terns of HN motor output via facilitation of baseline discharge
activity of the HMN pool in adulthood.

Our in vitro experiments on neonatal HMNs provide evidence
that ROCK regulates excitatory synaptic strength through MLCK
inhibition. Hence, we aimed to investigate a feasible regulatory
action of endogenous MLCK on the inspiratory basal activity of
the HMN pool in adults. Local microinjection of the MLCK in-
hibitor ML-7 (2.5 nmol) significantly increased discharge activity
recorded in the XIIth nerve ipsilateral to the injected nucleus
compared with the noninjected side (Fig. 8G,H), reaching max-
imal effects (�7.7 	 0.8%) at 9.2 	 1.0 min postinjection. These
results indicate that endogenous activity of MLCK regulates mo-

tor output commands in vivo and also agree with our in vitro
findings, suggesting that this kinase exerts an inhibitory influence
on glutamate release. Differential action of ML-7 in in vitro and in
vivo preparations could be the consequence of different activity
states of the afferent drive on HMNs in the two experimental
approaches.

Discussion
We report here that endogenous ROCK signaling is pivotal for
the normal performance of motor output commands. ROCK
activity maintains synaptic strength by regulating the size of the
RRP of synaptic vesicles at afferent synapses driving motoneu-
rons (Fig. 9). The mechanism of action involves imbalance to-
ward the nonphosphorylated form of MLC by indirect inhibition
of MLCK, probably by phosphorylation of PAK1–3, which di-
rectly inhibits MLCK. By reducing MLC phosphorylation, ROCK
might keep the presynaptic actin-myosin contractile apparatus in

Figure 9. Proposed mechanism by which baseline ROCK activity maintains synaptic strength. Endogenous ROCK signaling, by direct and/or indirect phosphorylation, activates PAK1–3, which
through an inhibitory phosphorylation directly keeps MLCK in an inhibited state. Subsequently, MLCK inactivation promotes dephosphorylation of MLC and thus slows or arrests contractility of the
actomyosin structure. Stabilization of the actomyosin cytoskeleton would be required to maintain the spatial distribution of vesicles within the presynaptic terminal and the size of the RRP of synaptic
vesicles. Inhibition of basal ROCK signaling leads to enhanced MLC phosphorylation, contraction of the actomyosin apparatus, and reduction of the size of the RRP of synaptic vesicles, which results
in short-term depression of synaptic transmission and in attenuation of AMPAR and GABAA-receptor-mediated postsynaptic currents (PSCs). Pharmacological suppression of endogenous ROCK
activity with either H-1152 or Y-27632 directly or indirectly promotes PAK1–3 dephosphorylation and inactivation. This latter event, in turn, relieves p-PAK1–3-mediated inhibition of MLCK, leading
to enhanced MLC phosphorylation. Inhibition of MLCK with ML-7 suppresses the effects of ROCK inhibitors on the phosphorylation level of MLC and on synaptic strength.
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a baseline condition to maintain a determined bulk of the RRP
of synaptic vesicles (Fig. 9). Thus, physiological modulators of
presynaptic ROCK activity could be feasible triggers for short-
term synaptic plasticity in the nervous system.

Despite the high sequence similarity (83%) between ROCK �
and � (Amano et al., 2010), their differential patterns of tissue
distribution suggest distinct functions for the two isoforms in
vivo. In the brain, ROCK� is expressed at higher levels than
ROCK� (Leung et al., 1996; Matsui et al., 1996; Nakagawa et al.,
1996). Expression levels of ROCK� gradually increase during
postnatal development of the mouse brain (Komagome et al.,
2000). In bovine brain, this isoform is profusely expressed in
neurons of the cerebral cortex, hippocampus, and cerebellum
(Hashimoto et al., 1999). Accordingly, we found that the �, but
not the �, isoform is expressed in HMNs from neonatal rats.
Additionally, ROCK-ir puncta of both isoforms were observed
colocalizing and/or in close proximity to syn- or VGLUT2-ir
puncta apposed to HMNs at neonatal stages. This distribution
pattern is consistent with a preferential, but not exclusive, post-
synaptic action of ROCK� and a presynaptic function of both
isoforms. The finding that ROCK-ir punctate partially overlap
with syn-ir puncta in the HN of adult rats further suggests that the
presynaptic action of ROCKs is retained at older ages. Interest-
ingly, ROCK-ir puncta colocalize and/or are in close proximity to
VGLUT2-ir puncta apposed to adult HMNs (Sunico et al., 2010).
Therefore, the molecular substrate for a possible presynaptic role
of ROCK in excitatory inputs is also present in the adult HN.

We found that the endogenously expressed ROCK protein
retains activity in the HN from in vitro brainstem slices. However,
basal activity of ROCK does not appear to exert any effect on
intrinsic membrane properties as suggested by the lack of changes
in intrinsic excitability of HMNs below �62% ROCK inhibition.
This notion is supported by recent data from our lab showing no
changes in membrane electrophysiological parameters even after
100% inhibition of the kinase activity (García-Morales V,
González-Forero D, Moreno-López B; unpublished results).
These data argue against the idea that endogenous activity of
ROCK modulates intrinsic excitability of neonatal HMNs in
vitro. This could be explained by lack of regulation of the intrinsic
HMN excitability by this isoform, and/or by endogenous activity
of motoneuronal ROCK� below the level required to reveal its
impact on membrane properties in our experimental conditions.
The former possibility is less likely because RhoA/ROCK system
modulates the activity of several classes of ion channels (Cachero
et al., 1998; Li et al., 2002; Storey et al., 2002; Staruschenko et al.,
2004; Iftinca et al., 2007), some of which are present in motoneu-
rons. These findings rule out the possibility that in our experi-
mental preparation the functional alterations induced by ROCK
inhibition were contaminated by changes in intrinsic membrane
properties of HMNs.

ROCK regulates a wide variety of neuronal functions that are
dependent on cytoskeletal control through regulation of the
actin-myosin network (Riento and Ridley, 2003; Mueller et al.,
2005). The actin-myosin cytoskeletal structure, in turn, regulates
distribution and trafficking of synaptic vesicles within presynap-
tic terminals and neurotransmitter release at synapses (Trifaró
and Vitale, 1993; Dillon and Goda, 2005). The idea of a presyn-
aptic locus for a ROCK-mediated modulation of neurotransmis-
sion is also supported by the findings that ROCK inhibits N-type
Ca 2� channels (Piccoli et al., 2004), which are involved in
excitation-secretion coupling at central synapses (Dunlap et al.,
1995), and Kv1.2 channels, which are often localized at synaptic
compartments (Cachero et al., 1998). In our experimental con-

ditions, ROCK inhibition strongly reduced amplitudes of
eEPSCsAMPA and eIPSCsGABA in HMNs but did not attenuate
mEPSCsAMPA or whole-cell responses to glutamate pulses. Strik-
ingly, kinase inhibition elicited a conspicuous depression of
action potential- and Ca 2�-dependent AMPAR-mediated gluta-
matergic transmission and increased both the magnitude of
facilitation induced by paired pulse or repetitive afferent stimu-
lation and the failure rate of eEPSCsAMPA using a minimal stim-
ulation paradigm. Additionally, ROCK inhibition resulted in a
reduction in the number of synaptic vesicles docked to the a.z.
Altogether, these results strongly indicate that endogenous
ROCK signaling maintains normal synaptic transmission
through a purely presynaptic mechanism. Ultrastructural cor-
relates for the short-term changes in synaptic strength induced
by ROCK inhibition further suggest that they may be ascribed,
at least in part, to a reduction in the size of the RRP of synaptic
vesicles.

Changes in the actin cytoskeleton are a prerequisite for exo-
cytosis, enabling docking and fusion of secretory vesicles with the
plasma membrane (Dillon and Goda, 2005). ROCK directly
and/or indirectly, through MLCP inhibition, induces MLC phos-
phorylation that subsequently stimulates myosin-actin interac-
tions (Mueller et al., 2005). In this context, a physical relationship
between ROCK and p-MLC in excitatory synaptic puncta on
adult and neonatal HMNs has been recently reported (Sunico et
al., 2010). By contrast, in the present study ROCK inhibition
induced an unexpected increase in p-MLC levels in the HN from
neonatal slices. This agrees with a ROCK-mediated inhibition of
MLCK, the main kinase that phosphorylates MLC, rather than
with the ROCK-induced MLC phosphorylation reported so far.
Coaddition to the bath solution of a specific inhibitor of MLCK
fully prevented/reverted all functional and ultrastructural
changes induced by ROCK inhibition. These results are consis-
tent with those reported at the calyx of Held synapse, in which
MLCK was shown to control the size of the pool of fast releasing
vesicles (Srinivasan et al., 2008). The finding that MLCK inhibi-
tion per se failed to modify both p-MLC levels and the amplitude
of eEPSCs further suggests that basal activity of MLCK in our
experimental preparation is low enough so that its effects on the
actomyosin apparatus were relegated to the synaptic vesicle pool.
This also suggests a MLCK-independent mechanism maintain-
ing baseline MLC phosphorylation levels at the HN. Thus, mo-
lecular pathways, differentially modulated and essentially distinct
in composition but redundant in their effects, could converge on
MLC to stimulate its phosphorylation. It is therefore possible that
overstimulation of ROCK does not necessarily result in func-
tional changes exactly opposite to those seen after ROCK inhibi-
tion. In fact, the addition to the bath solution of lysophosphatidic
acid (LPA), a widely used activator of the RhoA/ROCK signaling
pathway, failed to induce potentiation of eEPSCsAMPA in HMNs
or to reduce p-MLC levels in the HN in vitro (González-Forero D,
Domínguez G, and Moreno-López B; unpublished results).To-
gether, our functional and anatomical results strongly suggest
that endogenous ROCK activity, through inhibition of MLCK,
maintains synaptic strength on motoneurons by stabilizing the
actomyosin cytoskeleton and the spatial distribution of the RRP
of synaptic vesicles in synaptic boutons (Fig. 9).

A link supporting the direct or indirect inhibitory action of
ROCK on MLCK is lacking so far. PAK, a downstream effector of
the Rho GTPases Rac and Cdc42, is a plausible candidate mole-
cule for mediating ROCK inhibition of MLCK because it cata-
lyzes an inhibitory phosphorylation of MLCK (Li et al., 2010).
Phosphorylation of the kinase domain is critical to PAK activa-
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tion (Galan Moya et al., 2009). Accordingly, ROCK inhibition
induced a drastic reduction in the phosphorylated forms of
PAK1–3 at their kinase domains in the HN. This finding supports
a new crosstalk interaction between the molecular pathways
downstream of Rac, Cdc42, and RhoA that regulates actin-
myosin interactions (Burridge and Wennerberg, 2004). Since the
sites of phosphorylation in PAK kinase domains present consen-
sus phosphorylation sequences for ROCK, a direct action of
ROCK on PAKs could be possible (Amano et al., 2010). We pro-
pose here a new mechanism of action by which endogenous
ROCK signaling favors PAK activity by phosphorylation, which
directly phosphorylates and inhibits MLCK (Fig. 9).

Administration of specific inhibitors of ROCK or MLCK
into the HN reduced or increased, respectively, the inspiratory-
related activity recorded in the XIIth nerve. This activity repre-
sents the output of the HMN pool, which is driven by
AMPAR-mediated excitatory inputs to HMNs (Rekling and
Feldman, 1998). These data, together with the finding that excit-
atory inputs on HMNs express ROCK, strongly indicate that en-
dogenous ROCK activity is required to maintain normal patterns
of motor output from the HN in adult animals. Whether the
maintenance of baseline ROCK activity in vitro and in vivo is
dependent on membrane-derived bioactive lipid mediators, such
as LPA and sphingosine 1-phosphate (S1P), requires further in-
vestigation. Supporting this hypothesis, it has been recently rec-
ognized that LPA and S1P receptors are expressed in the nervous
system (Anliker and Chun, 2004; Choi et al., 2010). Likewise, LPA
and S1P have been involved in spatial learning (Dash et al., 2004;
Kanno et al., 2010), which supports their involvement in synaptic
plasticity events.
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Moreno-López B, Sunico CR, González-Forero D (2011) NO orchestrates
the loss of synaptic boutons from adult “sick” motoneurons: modeling a
molecular mechanism. Mol Neurobiol 43:41– 66.

Mueller BK, Mack H, Teusch N (2005) Rho kinase, a promising drug target
for neurological disorders. Nat Rev Drug Discov 4:387–398.

Nakagawa O, Fujisawa K, Ishizaki T, Saito Y, Nakao K, Narumiya S (1996)
ROCK-I and ROCK-II, two isoforms of Rho-associated coiled-coil form-
ing protein serine/threonine kinase in mice. FEBS Lett 392:189 –193.

Ota KT, Monsey MS, Wu MS, Schafe GE (2010) Synaptic plasticity and
NO-cGMP-PKG signaling regulate pre- and postsynaptic alterations at
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