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The pedunculopontine nucleus (PPN) is part of the reticular activating
system (RAS) in charge of arousal and rapid eye movement sleep. The
presence of high-frequency membrane oscillations in the gamma-band
range in the PPN has been extensively demonstrated both in vivo and
in vitro. Our group previously described histone deacetylation (HDAC)
inhibition in vitro induced protein changes in F-actin cytoskeleton and
intracellular Ca2� concentration regulation proteins in the PPN. Here,
we present evidence that supports the presence of a fine balance
between HDAC function and calcium calmodulin kinase II-F-actin
interactions in the PPN. We modified F-actin polymerization in vitro
by using jasplakinolide (1 �M, a promoter of F-actin stabilization), or
latrunculin-B (1 �M, an inhibitor of actin polymerization). Our results
showed that shifting the balance in either direction significantly
reduced PPN gamma oscillation as well as voltage-dependent calcium
currents.
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INTRODUCTION

The pedunculopontine nucleus (PPN) is most active during
the two states of arousal, waking, and rapid eye movement
sleep (10, 19). The PPN modulates ascending projections
through the thalamus influencing arousal and descending pro-
jections through the pons and medulla modulating posture and
locomotion (11, 19). PPN neuronal activity in the beta/gamma-
frequency range has been confirmed in vivo in the cortical EEG
and PPN of the cat when the animal is active (33) and in the
region of the PPN in humans during stepping but not at rest
(12). PPN neurons were found to fire at low frequencies ~10
Hz at rest, but the same neurons increased firing to gamma-
band frequencies when the animal woke up or when the animal
began walking on a treadmill (13). That is, the same PPN cells
were involved in both arousal and motor control.

Recent discoveries have determined the mechanisms behind
gamma-band activity in the PPN to be mediated by voltage-
dependent, high-threshold N- and P/Q-type Ca2� channels that

are expressed in every PPN neuron (10, 11, 14, 15, 19, 20, 35).
These Ca2� channel subtypes are modulated by different in-
tracellular pathways: N-type by the cAMP/PK pathway and
P/Q-type via the calcium calmodulin kinase II (CaMKII) path-
way (9, 23, 24).

Epigenetic mechanisms (i.e., histone posttranslational mod-
ification and DNA methylation) play a role in regulation of
gene expression in response to a wide range of environmental
stimuli, such as learning, stress, or drugs of abuse (4). The recent
results of our group showed that 1) acute in vitro exposure to
the histone deacetylation inhibitor trichostatin A (TSA) led to
lower activation of high threshold, voltage-dependent Ca2�

channel-mediated intrinsic membrane oscillations, specifically
in the gamma-band range, but not lower frequency oscillations;
2) preincubation with TSA led to a similar decrease specifically
in gamma-band oscillations; and 3) a significant reduction in
calcium currents was elicited by TSA (11, 34). These changes
in PPN rhythmicity could be explained by decreased deacety-
lation of histones (i.e., changes in gene expression) and/or
changes in the deacetylation of other protein targets like
CaMKII and F-actin (2, 5). Indeed, proteomic analysis of PPN
tissue samples after preincubation (30–60 min, in vitro) with
carbachol (CAR) or CAR � TSA showed significant protein
changes related to F-actin cytoskeleton and intracellular Ca2�

concentration ([Ca2�]) regulation (2).
Changes in acetylation of cytoplasmic proteins by histone

deacetylation (HDAC) inhibitors have been described, includ-
ing cytoskeleton-reorganizing proteins (5). We hypothesized
that HDAC inhibition of filamentous actin (i.e., F-actin) dy-
namics may be linked to altered PPN physiology. It has been
shown that polymerization of nuclear actin increased histone
deacetylase class I (HDAC I) activity (32). At the cytoplasmic
level, F-actin interactions with a variety of accessory proteins
have been found to be essential for a wide range of dynamic
neuronal processes such as axonal growth, synaptic integration,
and membrane expression of voltage-dependent channel and
their gating (6, 39). Many proteins regulating the turnover of
F-actin are Ca2� dependent (27). Depolymerization of F-actin
filaments reduced [Ca2�] transients mediated by voltage-de-
pendent Ca2� channels (31). Furthermore, voltage-dependent
L-type Ca2� channels mediated Ca2� entry depolymerized
F-actin filaments through a PKC-dependent pathway (8). In
addition, increasing F-actin depolymerization has been corre-
lated with dendritic spine loss in a mouse model of Alzhei-
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mer’s disease (22) and with altered glutamatergic long-term
plasticity (25).

Proteomic analysis of PPN tissue samples showed signifi-
cant protein changes related to F-actin cytoskeleton after acute
inhibition of histone deacetylases (2). This study was designed
to determine if PPN intrinsic gamma oscillations that are
involved in arousal are affected by F-actin polymerization.
Herein, we provide novel results on the effects of the histone
acetylation inhibitor TSA on F-actin interactions. We studied
intrinsic PPN gamma-band oscillatory activity and its under-
lying changes in Ca2� current density after preincubation with
CAR or CAR � TSA. We showed that gamma oscillations in
PPN neurons exposed to CAR were indeed modulated by
F-actin polymerization. However, preincubation with CAR �
TSA blunted F-actin interactions with intrinsic gamma oscil-
lations. These results open important new lines of research on
the neuroepigenetics of arousal.

MATERIALS AND METHODS

Animals. All experiments were conducted in compliance with the
Animal Research: Reporting of In Vivo Experiments guidelines. Rat
pups (n � 36 pups, either sex, aged 9–13 days; 15–23 g) from adult
timed-pregnant Sprague-Dawley rats (280–350 g, 6–10 pups per
litter) used in this study were provided by the Animal Facility at
University of Arkansas for Medical Sciences. Each litter was housed
in individually ventilated cages with ad libitum access to water and
food. All experimental protocols were approved by the Institutional
Animal Care and Use Committee of the University of Arkansas for
Medical Sciences (Institutional Animal Care and Use Committee
Protocol No. 3906), in agreement with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.

Slice preparation. Pups were anesthetized with ketamine (70 mg/kg
im). The use of ketamine was approved by the Institutional Animal
Care and Use Committee of the University of Arkansas for Medical
Sciences. When tail pinch reflex was absent, pups were killed by
decapitation by a trained researcher and the brain was rapidly re-

moved then cooled in oxygenated sucrose-artificial cerebrospinal fluid
(sucrose-aCSF). The sucrose-aCSF consisted of the following (in
mM): 233.7 sucrose, 26 NaHCO3, 3 KCl, 8 MgCl2, 0.5 CaCl2, 20
glucose, 0.4 ascorbic acid, and 2 sodium pyruvate. Sagittal sections
(400 �m) containing the PPN were cut and slices equilibrated in
normal aCSF at room temperature for at least 20 min. The aCSF was
composed of the following (in mM): 117 NaCl, 4.7 KCl, 1.2 MgCl2,
2.5 CaCl2, 1.2 NaH2PO4, 24.9 NaHCO3, and 11.5 glucose. The
recorded neurons were localized in the pars compacta in the posterior
PPN, which is easily identified in sagittal sections of the brainstem
(19, 20). This area of PPN has been shown to have the highest density
of cells (36, 37). We first identified PPN neurons by cell type as
previously described (14, 19, 20), although all cell types showed
gamma-band oscillations when depolarized using current ramps dur-
ing recording (17, 18, 20, 34). Slices were recorded at 36°C while
perfused (1.5 ml/min) with oxygenated (95% O2–5% CO2) aCSF in an
immersion chamber for patch-clamp studies as previously described
(17, 18, 20, 34).

During recordings, aCSF solution contained the following synaptic
receptor antagonists: the selective NMDA receptor antagonist 2-ami-
no-5-phosphonovaleric acid (40 �M; cat. no. A5282, Sigma Aldrich,
St. Louis, MO), the competitive AMPA/kainate glutamate receptor
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (10 �M; cat. no.
C239, Sigma-Aldrich, St. Louis, MO), the glycine receptor antagonist
strychnine (10 �M; cat. no. S0532, Sigma-Aldrich), the specific
GABA-A receptor antagonist gabazine (10 �M; cat. no. S106, Sigma-
Aldrich), and the nicotinic receptor antagonist mecamylamine (10
�M; cat. no. M9020, Sigma-Aldrich), collectively referred to here as
synaptic blockers (SB) plus tetrodotoxin (3 �M; TTX-citrate; cat. no.
554412, Sigma-Aldrich; cat. no. T550, Alomone Laboratories, Jeru-
salem, Israel; or cat. no. 1069, Tocris, Minneapolis, MN).

Whole cell patch-clamp recordings. Differential interference con-
trast optics was used to visualize neurons using an upright microscope
(Nikon FN-1, Nikon). Whole cell recordings were performed using
borosilicate glass capillaries pulled on a P-97 puller (Sutter Instrument
Co., Novato, CA) and filled with a high-K� intracellular solution,
designed to mimic the intracellular electrolyte concentration of the
following (in mM): 110 K�-gluconate, 30 KCl, 10 HEPES, 10 Na2

Fig. 1. Effect of in vitro treatment with carbachol
(CAR; 50 �M) and CAR � trichostatin A (TSA;
1 �M) on pedunculopontine nucleus (PPN)
gamma oscillations. Ramp-induced oscillations
(top) and power spectrum (bottom) from PPN
neurons recorded from slices preincubated with
either synaptic blockers (SB) � tetrodotoxin
(TTX) � CAR (A) or SB � TTX � CAR � TSA
(B). Note higher oscillation frequencies in the
power spectrum shown in A compared with B. C:
bar graph and individual data (open dots) repre-
senting mean input resistance (Rm) for PPN neu-
rons from CAR (black bar; n � 18 PPN cells)
and CAR � TSA treatments (red bar; n � 23
PPN cells). *P � 0.05, Student’s t test, t � 2.7,
df � 39, P � 0.01. D: bar graph and individual
data (open dots) representing mean amplitude of
gamma oscillations for PPN neurons from CAR
(black bar; n � 18 PPN cells) and CAR � TSA
treatments (red bar; n � 23 PPN cells). E: bar
graph and individual data (open dots) represent-
ing mean frequency of gamma oscillations for
PPN neurons from CAR (black bar; n � 18 PPN
cells) and CAR � TSA treatments (red bar; n �
23 PPN cells). *P � 0.05, Student’s t-test, t �
2.8, df � 39, P � 0.01.
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phosphocreatine, 0.2 EGTA, 2 Mg-ATP, 0.5 Li-GTP, and 1 MgCl2.
Osmolarity was adjusted to ~270–290 mosM and pH to 7.3. The
pipette resistance was 2–5 M�. All recordings were made using a
Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) in
both current- and voltage-clamp mode. Digital signals were low-pass
filtered at 2 kHz and digitized at 5 kHz using a Digidata-1440A
interface and pClamp10 software (Molecular Devices). We used 1.5
s-long depolarizing current ramps to study membrane potential gam-
ma-band oscillations. Current ramps allow us to gradually change
membrane potential from resting values up to 0 mV in current clamp
mode (17, 18, 20). Membrane input resistance (Rm) was calculated
using square hyperpolarizing current pulses in current-clamp mode
(�300 pA, 500-ms long).

PPN slices were recorded after being randomly preincubated with
a modified aCSF containing SB � TTX � CAR (50 �M) or SB �
TTX � CAR � TSA (CAR � TSA; 1 �M; stock solution prepared
in DMSO; Refs. 2, 34). Slices were acutely incubated in either CAR
or CAR � TSA-modified aCSF solution from a minimum of 30 min
and a maximum of 60 min. Incubation times followed acute periods of
incubation previously reported by our group (2, 34). No transcription-
translation inhibitor was used during these experiments. Thus acute
effects mediated by TSA on PPN rhythmicity could be explained by
decreased deacetylation of histones (i.e., changes in gene expression)
and/or changes in the deacetylation of other protein targets in the
cytoplasm (5). Whole cell patch-clamp recordings were performed in
the same modified aCSF that was previously used for preincubation.

The role of F-actin on oscillations was studied using experimental
conditions that allowed us to rule out its effects on either Na� or
T-type voltage-dependent channels (i.e., in the presence of TTX and
keeping membrane potential at �50 mV, keeping T-type channels
inactivated during experiments; Refs. 14, 20, 23, 24). F-actin polym-
erization state was studied by adding to the modified saline solutions
(CAR or CAR � TSA) jasplakinolide (JAS, 1 �M; an actin-specific
reagent that promotes actin polymerization; cat. no. 2792, Tocris) or
latrunculin B (LAT-B; 1 �M; an inhibitor of actin polymerization; cat.
no. 3974, Tocris). The stock solutions of JAS and LAT-B were
dissolved in DMSO and immediately stored at �30°C (the final
concentration of DMSO in the incubation aCSF solution was
�0.01%). Similar concentrations of JAS and LAT-B have been used
by other authors during whole cell patch-clamp recordings in vitro (1,
8, 31, 38).

In addition to membrane oscillation recordings, voltage-dependent
Ca2� currents (ICa) were studied using a high-Cs�/QX-314 pipette
solution (in mM: 110 CsMeSO3, 40 HEPES, 10 TEA-Cl, 12 Na2-
phosphocreatine, 0.5 EGTA, 2 Mg-ATP, 0.5 Li-GTP, and 1 MgCl2.
pH was adjusted to 7.3 with CsOH). Cesium and TEA-Cl (cat. no.
T2265, Sigma Aldrich) are well-known potassium channel blockers.
ICa was recorded in the presence of extracellular synaptic receptor
antagonists and TTX (3 �M) �TEA-Cl (25 mM) (17, 18, 20). Square
voltage steps (100-ms long) were used to generate PPN neuronal ICa

from a holding potential of �50 mV, and then depolarized up to 40
mV. Deactivation kinetic (�) of ICa was obtained after fitting to a
single factor exponential equation: y � y0 � a 	 exp[�Time (ms)/�]

individual current deactivation during square pulse depolarization
from �50- to 0-mV holding potentials. When fitting r2 coefficients
were �0.8, currents were fitted to a double exponential equation:
y � y0 � a 	 exp[�Time (ms)/�1] � b 	 exp[�Time (ms)/�2].

Setting the holding potential at �50 mV allowed us to inactivate
T-type Ca2� channels, while allowing normal activation of high-
threshold P/Q- and N-type Ca2� channels that have been described by
our group to mediate PPN membrane potential oscillations (17, 18, 20,
34). Our group has shown that the PPN has three separate populations
of neurons that contain either N�type Ca2� channels only (30%),
P/Q�type Ca2� channels only (20%), or both N� and P/Q�type Ca2�

channels (50%) (23, 24). Here we did not use specific toxins to dissect
the specific effects of JAS/LAT-B on N-type expressing PPN neurons.

Both series resistance and liquid junction potential were compensated
(
14-kHz correction bandwidth; equivalent to �10-ms lag).

Data analysis and statistical comparisons. Off-line analyses were
performed using Clampfit software (Molecular Devices, Sunnyvale,
CA). Peak oscillatory amplitude was analyzed by first filtering each
ramp recording and measuring the three highest amplitude oscillations
to derive a mean peak amplitude induced during each ramp. The mean
peak frequency of the same three oscillations was filtered and mea-
sured to derive a mean frequency of oscillations during the three
highest amplitude oscillations in each ramp. The power of each
frequency was also analyzed by composing a power spectrum for the
frequencies in the entire ramp (bandpass filtered high pass at 10 Hz
and low pass at 100 Hz), giving a measure of peak power for
frequency (34). Comparisons between groups (control versus 20-min
bath application of F-actin modulators) were carried out using Orig-
inPro 9.1.0 (Origin Laboratory.com, Northampton, MA). Normality
and equal variance tests were performed before paired, t test compar-
isons using Origin Pro 9.1.0. No sample calculation was performed.
Data values that showed 
2 SD from the mean were excluded.
Differences were considered significant at values of P � 0.05. Results
are presented as means � SE.

Fig. 2. Effect of in vitro F-actin stabilization with jasplakinolide (JAS; 1 �M)
on pedunculopontine nucleus (PPN) gamma oscillations. A: ramp-induced
oscillations before (black trace) and after bath application of JAS (1 �M; red
trace) from a PPN neuron recorded in the presence of synaptic blockers (SB) �
tetrodotoxin (TTX) � carbachol (CAR). B: bar graphs representing the mean
percentage of change of gamma-oscillation amplitude (left) and frequency
(right) for PPN neurons treated with CAR (black bars) or CAR � JAS (solid
red bars). *P � 0.05, amplitude: paired t test, t � 2.7, df � 6, P � 0.02; **P �
0.01, frequency: paired t test, t � 3.6, df � 6, P � 0.01. C: same as shown in
B for PPN neurons treated with CAR � TSA (solid black, red dashed bars) or
CAR � TSA � JAS (open, red dashed bars). No statistically different
amplitudes (paired t test, t � 0.5, df � 5, P � 0.6) or frequencies (paired t test,
t � 0.2, df � 5, P � 0.8) were observed for this treatment group. Numbers in
parenthesis in all bar graphs represent the number of cells recorded.
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RESULTS

In the present study, we characterized the effects of bath-
applied modulators of F-actin polymerization on PPN neuronal
rhythmicity and Ca2� currents. Recordings of gamma-band
oscillations in PPN neurons (total number of cells studied, n �
117; 36 pups) were performed using PPN slices randomly
preincubated with a modified saline aCSF solution containing
SB � TTX � CAR (i.e., CAR treatment group) or SB �
TTX � CAR � TSA (i.e., CAR � TSA treatment group).
Throughout this work, we paired recorded PPN cells before
and 20 min after JAS (1 �M; an actin-specific reagent that
promotes actin polymerization), or LAT-B (1 �M; an inhibitor
of actin polymerization).

Initial characterization of PPN neuronal rhythmicity showed
that CAR � TSA treatment reduced the frequency of gamma
oscillations compared with CAR alone (Fig. 1, A and B). On
average, PPN cells from the CAR � TSA treatment group
manifested higher input resistance (Rm; Fig. 1C; Student’s t

test, t � 2.7, df � 39, P � 0.01) and lower frequency of
oscillations (Fig. 1E; Student’s t test, t � 2.8, df � 39, P �
0.01). No significant differences in mean oscillation amplitude
were observed comparing both groups (Fig. 1D; Student’s t
test, t � 0.2, df � 39, P � 0.9).

Acute F-actin stabilization with JAS (1 �M) reduced gam-
ma-band oscillations in PPN neurons preincubated with CAR
(Fig. 2A). In CAR-treated slices, JAS reduced mean amplitude
(paired t test, t � 2.7, df � 6, P � 0.02) and frequency (paired
t test, t � 3.6, df � 6, P � 0.01) of gamma oscillations (Fig.
2B). However, no significant JAS-mediated effect on either
mean amplitude (paired t test, t � 0.5, df � 5, P � 0.6) or
frequency (paired t test, t � 0.2, df � 5, P � 0.8) was observed
in cells from the CAR � TSA treatment group.

Acute inhibition of F-actin polymerization with LAT-B re-
duced the amplitude of gamma-band oscillations in CAR-
treated cells (Fig. 3A). On average, LAT-B significantly re-
duced amplitude (paired t test, t � 6.8, df � 5, P � 0.001) but
not frequency of oscillations (paired t test, t � 1.3, df � 5, P �
0.2) in the CAR group (Fig. 3B). As was the case with JAS, no
effect of LAT-B was observed in the CAR � TSA treatment
group (Fig. 3C; amplitude: paired t test, t � 0.6, df � 6, P �
0.5; frequency: paired t test, t � 0.5, df � 6, P � 0.6).

We then tested whether F-actin stabilization affected high-
threshold, voltage-dependent Ca2� currents (ICa). ICa were
recorded after gaining access to the neuronal intracellular space
and series resistance was compensated and stable. In CAR-

Fig. 3. Effect of in vitro F-actin depolymerization with latrunculin-B (LAT-B;
1 �M) on pedunculopontine nucleus (PPN) gamma oscillations. A: ramp-
induced oscillations before (black trace) and after bath application of LAT-B
(1 �M; red trace) from a PPN neuron recorded in the presence of synaptic
blockers (SB) � tetrodotoxin (TTX) � carbachol (CAR). B: bar graphs
representing the mean percentage of change of gamma-oscillation amplitude
(left) and frequency (right) for PPN neurons treated with CAR (black bars) or
CAR � LAT-B (solid, red dashed bars). **P � 0.01, amplitude: paired t test,
t � 6.8 df � 5 P � 0.001; frequency: paired t test, t � 1.3 df � 5 P � 0.2. C:
same as shown in B for PPN neurons treated with CAR � TSA (black bars)
or CAR � TSA�LAT-B (solid, red bars). No statistically different amplitudes
(paired t test, t � 0.6, df � 6, P � 0.5) or frequencies (paired t test, t � 0.5,
df � 6, P � 0.6) were observed for this treatment group. Numbers in paren-
thesis in all bar graphs represent the number of cells recorded.

Fig. 4. Effect of in vitro jasplakinolide and latrunculin-B (LAT-B) on pedun-
culopontine nucleus (PPN) voltage-dependent calcium currents (ICa). A: rep-
resentative ICa (current density values, pA/pF) recordings elicited by a 50-ms
long depolarizing square step from a holding potential of �50 to 0 mV in a
carbachol (CAR)-treated PPN neuron before (black record) and after jas-
plakinolide (JAS) bath application (red record). B: percent change of ICa

amplitude after CAR (black bar) or CAR � JAS (red bar) treatments. C:
percent change of ICa amplitude after CAR (black bar) or CAR � LAT-B
(dashed red bar) treatments. *P � 0.05; comparing CAR vs. CAR � JAS,
paired t test, t � 6.6, df � 6, P � 0.001. No statistically different ICas were
observed after CAR � LAT-B bath application (paired t test, t � 1.0, df � 4,
P � 0.4). Numbers in parenthesis in all bar graphs represent the number of
cells recorded.
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treated slices, bath application of JAS (1 �M) was found to
reduce ICa current density (Fig. 4A). In a group of seven PPN
neurons, the mean blocking effect on ICa by JAS was 
40%
(Fig. 4B; paired t test, t � 6.6, df � 6, P � 0.001). JAS
affected ICa deactivation kinetics during square pulse deacti-
vation. In CAR, ICa deactivation was fitted to a single expo-
nential function (see MATERIALS AND METHODS), with a mean
� � 13.6 � 4.5 ms (r2
 0.9). However, ICa recorded in
CAR � JAS were best fitted to a double exponential function,
yielding �1 � 26 � 8 ms and �2 � 6.5 � 1.8 ms (r2
 0.9). No
effect of LAT-B was observed (Fig. 4C; paired t test, t � 1.0,
df � 4, P � 0.4) on ICa.

In CAR � TSA-treated cells, no effects on ICa were ob-
served after acute bath application of either JAS (paired t test,
t � 2.1, df � 4, P � 0.4), or LAT-B (paired t test, t � 1.4,
df � 4, P � 0.2; data not shown, n � 5 PPN cells).

DISCUSSION

We previously described proteomic analysis following in
vitro preincubation with CAR or CAR � TSA (2). We ob-
served significant changes particularly in several proteins re-
lated to F-actin cytoskeleton and intracellular [Ca2�] regula-
tion in the PPN (2). Other authors have also described fast
actions of the HDAC inhibitors SAHA and MS275 on the
acetylation of several proteins related to the cytoskeleton (5).

Filamentous actin is a dynamic polymer assembled from
ATP-bound G-actin monomers and is a key cytoskeletal com-
ponent in neuronal dendritic filopodia-like structures and ma-
ture dendritic spines (6). F-actin is concentrated in a sub-
membranous region throughout the cell soma (1) as well as in
dendritic spines (16). F-actin polymerization dynamics are

controlled by the PKC-dependent pathway (8), and, impor-
tantly, CaMKII bundles F-actin (28). Under basal conditions,
CaMKII is associated with F-actin, while activity-dependent
increases in Ca2� levels can disrupt this interaction (21, 28).
Exposure to CAR is known to induce gamma oscillations in
PPN neurons through the intracellular modulation of P/Q-type
Ca2� channels (18) and is a well-known agent for activating
PPN (for review, see Ref. 19). It has been established that
F-actin acts via CaMKII, an interaction that is finely tuned by
intracellular [Ca2�] associated with L-type voltage-dependent
Ca2� channels, or NMDA glutamate receptors located at post-
synaptic dendritic spines (16). Ca2� entry through NMDA
receptors is also reduced after F-actin depolymerization (25).
In our study, preincubation of PPN slices with the CaMKII
inhibitor KN93 (1 �M) blocked the effects of both JAS and
LAT-B on gamma oscillations (Table 1). Although this work
includes no experiments using specific toxins to block N-type
or P/Q-type calcium channels, our group has reported that
KN�93 blocked gamma oscillations and ICa in PPN neurons
expressing P/Q-type channels (~70% of neurons; Refs. 23, 24),
suggesting that CaMKII might be interacting with a F-actin-
dependent intracellular pathway to modulate P/Q-type chan-
nels (9, 23, 24).

JAS is known to modulate the accumulation of disorganized
aggregates of F-actin, which would increase the level of
spontaneous nucleation sites. This effect may result in disor-
dered polymeric actin, affecting the normal process of actin
filament elongation due to the depletion of G-actin monomers
(3). Therefore, JAS might be exacerbating F-actin nucleation,
which would reduce its ability to anchor voltage-dependent
Ca2� channels to the plasma membrane (26), downregulating

Table 1. Effects of JAS and LAT-B on gamma-oscillation-required Ca2�-CAMKII activation

CAR � KN93 CAR � KN93 � JAS CAR � KN93 � LAT-B

Mean amplitude, mV 2.1 � 0.2 (n � 9) 2.5 � 0.4 (n � 3) 1.9 � 0.2 (n � 6)
Mean frequency, Hz 60 � 4.5 (n � 9) 47 � 6.7 (n � 3) 58 � 4.1 (n � 6)

Values are means � SE. Gamma oscillations were recorded repetitively using up to 3 ramps per pedunculopontine nucleus cell recorded. CAR (50 �M),
carbachol; KN93 (1 �M), Ca2�-calcium calmodulin kinase II (CaMKII) inhibitor; JAS (1 �M), jasplakinolide, promotes F-actin polymerization; LAT-B (1 �M),
latrunculin-B, inhibitor of F-actin polymerization. No significant differences were observed (t test, P 
 0.05).

Fig. 5. Schematic summary of the potential relationships be-
tween P/Q-type channels, calcium calmodulin kinase II
(CaMKII), and F-actin in the presence of histone deacetylase
(HDAC) class IIa. P/Q-type calcium channels (green structure)
are modulated by CaMKII (green hexagon), which is modu-
lated by HDAC IIa (pink structure), in keeping with our
previous findings. Our new results suggest one functional link
between HDAC IIa and CaMKII may be F-actin and that
shifting the balance towards greater nucleation by using jas-
plakinolide (JAS) or toward depolymerization using latruncu-
lin-B (LAT-B) would significantly reduce F-actin-CaMKII in-
teractions necessary for gamma-oscillation manifestation. Such
interaction would require HDAC-IIa to shuttle out of the
nucleus, as previously suggested (11, 34). TSA, trichostatin A;
HAT, histone acetyltransferase.
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P/Q-type-mediated calcium current density (30), while altering
kinetics of T-type calcium channels (29). Such a mechanism
would explain the observed reduction in Ca2� current density
after bath application of JAS. Our results agree with the
previously described amplitude and time course of Ca2�-
dependent JAS effects in retinal neurons (31).

Furthermore, we also observed clear effects of both JAS and
LAT-B on the mean amplitude of gamma oscillations. These
results can be explained by the previously described inhibition
of voltage-dependent potassium currents by F-actin depoly-
merization (31). Preventing F-actin nucleation through Arp2/3
interacting proteins altered inactivation of neuronal potassium
channels (39), which represent key intrinsic properties that
allow PPN neurons to oscillate at gamma band (20). CaMKII
has also been described to modulate these channels, by direct
physical association with voltage-dependent, A-type, Kv4
channels (7). Although A-type potassium channels are not
involved in gamma oscillations (20), we cannot rule out the
existence of CaMKII-mediated modulation of other K� chan-
nels expressed in PPN neurons. Therefore, F-actin may be
changing the dynamics of calcium (29) and potassium channel
activation (20, 39) underlying gamma oscillations, leading to
decreased amplitude.

In conclusion, we previously determined that HDAC inhib-
itors affect the interaction between P/Q-type channels and
CaMKII, but until now, the mechanistic link between HDAC
action and CaMKII was missing. The results herein suggest
that at least one of the mechanisms providing a link between
histone deacetylation and P/Q-type channel/CaMKII binding is
through F-actin. CaMKII is known to bundle F-actin through a
stoichiometric interaction, serving as a signaling molecule for
such structural changes as dictated by HDACs (28). In keeping
with this suggestion, polymerization of nuclear actin increased
HDAC activity (32). Figure 5 illustrates potential links be-
tween P/Q-type channels, CaMKII, and F-actin, suggesting
additional studies to firmly establish these suggestions.

These results do suggest that there is a fine balance between
HDAC function and CaMKII-dependent modulation on F-ac-
tin. Our results show that shifting the balance F-actin/CaMKII
in either direction significantly reduced gamma-oscillation mani-
festation.
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