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Kezunovic N, Hyde J, Simon C, Urbano FJ, Williams DK,
Garcia-Rill E. Gamma band activity in the developing parafascicular
nucleus. J Neurophysiol 107: 772–784, 2012. First published Novem-
ber 16, 2011; doi:10.1152/jn.00677.2011.—The parafascicular nu-
cleus (Pf) receives cholinergic input from the pedunculopontine nu-
cleus, part of the reticular activating system involved in waking and
rapid eye movement (REM) sleep, and sends projections to the cortex.
We tested the hypothesis that Pf neurons fire maximally at gamma
band frequency (30–90 Hz), that this mechanism involves high-
threshold voltage-dependent P/Q- and N-type calcium channels, and
that this activity is enhanced by the cholinergic agonist carbachol
(CAR). Patch-clamped 9- to 25-day-old rat Pf neurons (n � 299)
manifested a firing frequency plateau at gamma band when maximally
activated (31.5 � 1.5 Hz) and showed gamma oscillations when
voltage-clamped at holding potentials above �20 mV, and the fre-
quency of the oscillations increased significantly with age (24.6 � 3.8
vs. 51.6 � 4.4 Hz, P � 0.001) but plateaued at gamma frequencies.
Cells exposed to CAR showed significantly higher frequencies early
in development compared with those without CAR (24.6 � 3.8 vs.
41.7 � 4.3 Hz, P � 0.001) but plateaued with age. The P/Q-type
calcium channel blocker �-agatoxin-IVA (�-Aga) blocked gamma
oscillations, whereas the N-type blocker �-conotoxin-GVIA (�-
CgTx) only partially decreased the power spectrum amplitude of
gamma oscillations. The blocking effect of �-Aga on P/Q-type cur-
rents and �-CgTx on N-type currents was consistent over age. We
conclude that P/Q- and N-type calcium channels appear to mediate Pf
gamma oscillations during development. We hypothesize that the
cholinergic input to the Pf could activate these cells to oscillate at
gamma frequency, and perhaps relay these rhythms to cortical areas,
thus providing a stable high-frequency state for “nonspecific”
thalamocortical processing.

�-agatoxin IVA; arousal; carbachol; calcium currents; �-conotoxin-
GVIA; gamma oscillations

THE PARAFASCICULAR NUCLEUS (Pf) is a component of the intrala-
minar thalamus (ILT), part of the “nonspecific” thalamocorti-
cal system. Pf neurons send widespread projections to the
cortex, striatum, subthalamic nucleus, and substantia nigra
(Herrero et al. 2002; Van der Werf et al. 2002). The Pf is
thought to be involved in maintaining consciousness and se-
lective attention in primates (Minamimoto and Kimura 2002;
Raeva 2006). Electrical stimulation of the centrolateral (CL)-Pf
nuclei in vivo is known to produce arousal and gamma band
activity in the cortical EEG (Steriade and Demetrescu 1960).
However, little is known about the intrinsic properties of Pf

neurons, as well as the role of the Pf in the “nonspecific”
thalamocortical system.

During the activated states of waking and rapid eye move-
ment (REM) sleep, EEG recordings are characterized by low-
amplitude, high-frequency oscillatory activity in the gamma
band range (�30–90 Hz). We recently reported that, regardless
of cell type, almost all pedunculopontine nucleus (PPN) neu-
rons fired at gamma band frequency, but no higher, when
subjected to depolarizing steps (Simon et al. 2010). We also
reported that PPN neurons, some of which are cholinergic,
have intrinsic membrane properties that allow them to oscillate
at gamma band frequency through specific calcium and potas-
sium channels (Kezunovic et al. 2011). The ILT receives
projections from the cholinergic PPN and laterodorsal tegmen-
tal (LDT) nuclei with both symmetrical and asymmetrical
terminals (Capozzo et al. 2003; Erro et al. 1999; Kha et al.
2000; Kobayashi and Nakamura 2003), which in turn may
participate in the modulation of cortical arousal, attention, and
sensory awareness (Minamimoto and Kimura 2002; Raeva
2006; Steriade and Demetrescu 1960). Cholinergic PPN neu-
rons are most active during the activated, high-frequency EEG
states of waking and REM sleep and contribute to the gener-
ation of fast thalamocortical oscillations (Steriade et al. 1990).
Release of acetylcholine in the thalamus induced by PPN
stimulation (Williams et al. 1994) blocks spindle oscillations
and delta waves that appear in slow wave sleep (SWS), triggers
the fast cortical oscillations of waking and REM sleep by
depolarizing thalamocortical (TC) relay neurons in “specific”
thalamic nuclei (McCormick 1992), and hyperpolarizes retic-
ular thalamic neurons (nRt) (Hobson and Pace-Schott 2002;
Steriade et al. 1993). Interestingly, the amount of REM sleep in
rats decreases from about 75% of the total sleep time at day 10
to about 15% at day 30 (Jouvet-Mounier et al. 1970). Most of
the changes in PPN transmitter interactions occur across the
12- to 16-day period (reviewed in Garcia-Rill et al. 2008).

Voltage-gated calcium channels play a pivotal role in deter-
mining intrinsic membrane properties and in modulating syn-
aptic transmission (Caterall 1998; Katz and Miledi 1965;
Llinas 1988; Llinas and Hess 1976). High-threshold P/Q-type
channels are known to be located in the dendrites of “specific”
TC relay neurons and support gamma band oscillations in the
thalamus (Luo and Perkel 1999; Pedroarena and Llinas 1997;
Rhodes and Llinas 2005), as well as at cortical levels (Jones
2007; Llinas et al. 2007). However, it is not clear whether
“nonspecific” or ILT neurons, whose intrinsic properties differ
considerably from those of “specific” TC relay cells (Phelan et
al. 2005), exhibit gamma band activity. N-type calcium chan-
nels (CaV2.2) are found on presynaptic terminals throughout
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the brain and peripheral nervous system. N-type calcium chan-
nel-deficient animals exhibit deficits in long-term potentiation
and long-term memory (Jeon et al. 2007). Another important
calcium channel is the low-threshold voltage-gated T-type
calcium channel (CaV3.1–3.3), which plays a role in synaptic
integration (Nelson et al. 2006). In the Pf, T-type calcium
channels mediate low-threshold spikes (LTS) (Beatty et al.
2009; Phelan et al. 2005, Ye et al. 2009). However, the role of
Pf intrinsic properties, in particular P/Q- and N-type calcium
channels, in the generation of gamma band activity is un-
known. The present study was carried out to determine the
mechanism(s) behind the manifestation of gamma band activ-
ity in single Pf neurons.

METHODS

Slice preparation. All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of
Arkansas for Medical Sciences and were in agreement with the
National Institutes of Health guidelines for the care and use of
laboratory animals. Rat pups aged 9–25 days from adult timed-
pregnant Sprague-Dawley rats (280–350 g) were anesthetized with
ketamine (70 mg/kg im) until tail pinch reflex was absent. This age
range was selected due to the developmental decrease in REM sleep
in the rat that occurs between 10 and 30 days (Jouvet-Mounier et al.
1970). Most of the changes in PPN transmitter interactions occur
across the period from 12 to 16 days (reviewed in Garcia-Rill et al.
2008). The period of investigation selected enabled us to study the
age-related changes in the properties described below. Pups were
decapitated, and the brain was rapidly removed and cooled in oxy-
genated sucrose-artificial cerebrospinal fluid (sucrose-aCSF). The
sucrose-aCSF consisted of (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 Pf nucleus were
cut, and slices were allowed to equilibrate in normal aCSF at room
temperature for 1 h before recording. The aCSF was composed of
(in mM) 117 NaCl, 4.7 KCl, 1.2 MgCl2, 2.5 CaCl2, 1.2 NaH2PO4,
24.9 NaHCO3, and 11.5 glucose. Slices were recorded at 37°C
while perfused (1.5 ml/min) with oxygenated aCSF (95% O2-5%
CO2) in an immersion chamber containing the following synaptic
receptor antagonists: the selective NMDA receptor antagonist
2-amino-5-phosphonovaleric acid (APV; 40 �M), the competitive
AMPA/kainate glutamate receptor antagonist 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQX; 10 �M), the glycine receptor antago-
nist strychnine (STR; 10 �M), and the specific GABAA receptor
antagonist gabazine (GBZ; 10 �M).

Whole cell patch-clamp recordings. Differential interference con-
trast optics were used to visualize neurons with the use of an upright
microscope (Nikon FN-1; Nikon). Whole cell recordings were per-
formed using borosilicate capillary glass tubing pulled on a P-97
puller (Sutter Instrument, Novato, CA). During action potential (AP)
studies, electrodes were filled with intracellular solution containing (in
mM) 124 K-gluconate, 10 HEPES, 10 phosphocreatine di(tris), 0.2
EGTA, 4 Mg2ATP, and 0.3 Na2GTP. Experiments studying the
oscillatory behavior of Pf neurons used high-K� intracellular solution
containing (in mM) 10 phosphocreatine, 10 HEPES, 1 EGTA, 4
Mg-ATP, 0.4 Na2GTP, 130 KMeSO3, 10 NaCl, 2 MgCl2, and 10
sucrose. To study calcium currents, electrodes were filled with high-
Cs�/QX-314 intracellular solution containing (in mM) 110 CsMeSO3,
40 HEPES, 1 EGTA, 5 QX-314, 10 tetraethylammonium-Cl, 4 Mg-
ATP, 0.4 Na2GTP, 10 phosphocreatine, and 2 MgCl2. Cesium is a
widely used potassium channel blocker, whereas QX-314 blocks
sodium channels intracellularly. Osmolarity was adjusted to �270–
290 mosM and pH to 7.3. The pipette resistance was 2–4 M�. All
recordings were made using a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA) in both current- and voltage-clamp mode.

Analog signals were low-pass filtered at 2 kHz and digitized at 5 kHz
with the use of a Digidata-1440A interface and pClamp10 software
(Molecular Devices). The recording region was located immediately
anterior and posterior to the middle third of the fasciculus retroflexus.
Gigaseal and further access to the intracellular neuronal compartment
were achieved in voltage-clamp mode, with the holding potential set
at �50 mV (i.e., near the average resting membrane potential of Pf
neurons). Soon after the membrane was ruptured, the intracellular
solution reached equilibrium with the pipette solution without signif-
icant changes in either series resistance or membrane capacitance
values. To study the maximal firing frequency of APs in Pf neurons,
we used 500-ms depolarizing pulses, in 20-pA steps, in current-clamp
mode. Presumed calcium-mediated oscillatory activity of Pf neurons
was studied in both voltage-clamp and current-clamp modes, in the
presence of synaptic blockers (see above) and tetrodotoxin (TTX; 3
�M). Membrane voltage was depolarized from the �50-mV holding
potential to 0 mV, in 5-mV steps, without compensating series
resistance (range 5–12 M�). The configuration was then changed to
current-clamp mode, and the membrane potential was then depolar-
ized using either 1-s duration square or ramp current protocols. No
significant rundown due to intracellular dialysis of Pf neuron supra- or
subthreshold activity was observed during our recording period (up to
40 min). Voltage-dependent calcium currents were studied using the
high-Cs�/QX-314 pipette solution, also in the presence of synaptic
blockers and TTX. Either square-wave voltage steps or voltage ramps
were used to generate Pf neuronal calcium currents. Fast compensa-
tion was used to maintain the series resistance values �10 M�.

For histological purposes, some recordings were conducted with
0.2% Lucifer yellow in the intracellular solution. Slices were fixed
with 4% paraformaldehyde and visualized with a Nikon AZ100
epifluorescence microscope.

Drug application. Bath-applied drugs were administered to the
slice via a peristaltic pump (Cole-Parmer, Vernon Hills, IL) and a
three-way valve system such that solutions reached the slice 1.5 min
after the start of application. The sodium channel blocker tetrodotoxin
citrate (TTX; 3 �M) was purchased from Sigma (St. Louis, MO), as
well as the cholinergic agonist carbachol (CAR; 30 �M). CAR was
applied to the extracellular solution, containing fast synaptic blockers
and TTX, 20 min before the recording. We wanted to study the effect
of CAR in the steady-state condition; therefore, we allowed CAR to
diffuse throughout the slice (15–20 min) before recording. The cal-
cium channel blockers were purchased from either Peptide Interna-
tional (http://pepnet.com) or Alomone Labs (http://alomone.com). We
used �-agatoxin-IVA (�-Aga; 200 nM), a specific P/Q-type calcium
channel blocker, and �-conotoxin-GVIA (�-CgTx; 2.5 �M), a spe-
cific N-type calcium channel blocker, to confirm the calcium channel
subtypes mediating both gamma oscillations and calcium currents.

Data analysis. Off-line analyses were performed using Clampfit
software (Molecular Devices). Comparisons between groups were
carried out using either Student’s t-test or one-way ANOVA, with
Bonferroni post hoc testing for multiple comparisons. A repeated-
measures ANOVA model was fit for each response using SAS Proc
Mixed software (SAS Institute, Cary, NC), and the Bonferroni test
was again employed to control for multiple comparisons. Both t
values and degrees of freedom (df) are reported for all linear regres-
sion ANOVAs. Differences were considered significant at values of
P � 0.05. All results are presented as means � SE.

RESULTS

Whole cell patch-clamp recordings were performed on a
total of 299 Pf neurons, localized as previously described (Ye
et al. 2009). The cells were recorded immediately anterior or
posterior to the middle third of the fasciculus retroflexus,
which are easily identified in sagittal sections (Fig. 1, A and B).
Without exception, all cells were spindle-shaped with bipolar
dendrites as previously described (Ye et al. 2009). We did not
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sample more laterally located cells with bushy dendrites (more
easily seen in coronal sections) because some authors believe
they are part of the CL (Beatty et al. 2009), and their appear-
ance is closer to that of “specific” thalamic neurons. We first
identified Pf neurons according to the presence or absence of
LTS currents by using hyperpolarizing current steps (Fig. 1C),
as previously reported (Phelan et al. 2005; Ye et al. 2009). No
difference in the average resting membrane potential was
observed between cells with (�LTS) or without (�LTS) these
currents (�LTS: 57.1 � 1 mV, n � 35; �LTS: 56.3 � 1.4
mV, n � 18; 1-way ANOVA, P � 0.44). We then studied the
firing frequency of Pf neurons during depolarizing steps in the
presence of fast synaptic blockers (APV, 40 �M; CNQX, 10
�M; STR, 10 �M; and GBZ, 10 �M). This study was followed
by investigation of the effects of current ramps on membrane
oscillatory properties in the presence of fast synaptic blockers
and TTX. Because Pf neurons receive cholinergic input from
mesopontine nuclei, we also studied the effects of CAR on
membrane oscillatory properties. Finally, we pharmacologi-
cally characterized the channel types responsible for the gen-
eration of these oscillations.

Firing properties of Pf neurons. To determine the maximal
firing frequency of Pf neuron APs, we used steps of increasing
current amplitudes in current-clamp mode. This protocol ap-
plied nine 500-ms-duration current steps with an increase of 20
pA for each step and a 10-s interstep interval up to the final step
of 180 pA (Fig. 2, A and B). During the current steps, neurons
were depolarized and fired APs when above AP threshold. We
measured the interspike intervals (ISI) between the first two,
the middle two (�250 ms from the beginning of the step), and
the last two APs during each current step and converted them
to frequency (Fig. 2, A and B). In addition, the average firing
frequency during the entire step was calculated. All Pf neurons
had a characteristic pattern of firing during specific depolariz-
ing steps. The 140-pA step is an example of the induced firing
frequency using higher current steps (Fig. 2A) and also marks
the beginning of the plateau effect on firing frequency. Note
the shorter ISIs at the beginning compared with the middle
or the end of the depolarizing step. We also analyzed other

characteristics of Pf neurons (AP amplitude, AP half-width,
input resistance, and resting membrane potential), which were
similar to those previously reported (Ye et al. 2009) (see Table 1).

A graph of the average AP firing frequency during the
beginning (filled square), middle (filled circle), and end (filled
triangle) of each current step was generated for all Pf neurons
(n � 35) included in this particular experiment (Fig. 2B). The
AP firing frequency increased with increasing amplitude cur-
rent steps. However, the firing frequency plateaued at gamma
frequency, and no higher, during the higher amplitude depo-
larizing steps (140–180 pA). At the 180-pA step, the cells fired
at 46.2 � 2.4 Hz at the beginning of the step. After this initial
peak in firing frequency, the firing rate of these neurons
decreased during the middle and at the end of the stimulus, but
the firing rate remained within the beta/gamma range (24.8 �
0.9 Hz for the middle ISI and 22.5 � 0.8 Hz for the last ISI).
The average overall firing frequency throughout the 180-pA
step was in the gamma range (35.1 � 1.5 Hz). One-way
ANOVA was performed to compare the firing frequency at
different steps with that at baseline (spontaneous APs at the
resting membrane potential showed an average frequency of
0.9 � 0.3 Hz; note that most cells did not show spontaneous
activity, so this mean is for only those that did show some
activity, n � 2). Statistical significance was found across all the
ISIs at all depolarizing steps (P � 0.05).

In our previous study on the firing properties of PPN neurons
(Simon et al. 2010), we showed that some cells accommodated
at very high depolarizing steps (maximal step 270 pA). Their
APs were significantly reduced in amplitude or completely
disappeared and were replaced by small-amplitude oscillatory
activity. In this study, we observed the same phenomenon (Fig.
2C, middle record) using five pyramidally arranged depolariz-
ing steps (50, 150, 500, 150, and 50 pA) applied 10 s apart in
another group of cells (n � 19). The second step (150 pA) was
in the same current amplitude range as the depolarizing steps
shown in Fig. 2A (140 pA). The firing frequency at these steps
was characteristic of the firing pattern of Pf neurons observed
in the group of cells described above using nine current steps.
However, during the middle step (500 pA), the APs were

Fig. 1. Localization and morphology of parafascicular (Pf)
neurons. A: location (arrow) of a single recorded neuron (13
days old) immediately posterior to the fasciculus retroflexus
(fr) in a 400-�m parasagittal thalamic section (bright field
image). B: wide-field fluorescence image of the same neuron
identified by intracellular 0.2% Lucifer yellow. Note the
long, sparsely branching processes. C: examples of 150-pA
(250 ms) hyperpolarizing pulses recorded in every Pf neuron
used to identify the presence (top records) or absence (bottom
records) of low-threshold spike (LTS) currents in the pres-
ence (red records) or absence (blue records) of tetrodotoxin
(TTX). The morphology of the cells with or without LTS
currents was similar.
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almost abolished, except for the one at the beginning of the
step. Interestingly, this high level of depolarization revealed
oscillatory activity during the rest of the step similar to that
previously reported in the PPN (Simon et al. 2010). A magni-
fied view of these oscillations is shown in the inset above the
middle step of Fig. 2C. Importantly, the descending-amplitude
depolarizing steps (150 and 50 pA, respectively) revealed that
Pf neurons again manifested normal APs and firing frequency,
suggesting that the high level of depolarization had not killed
or damaged the cells. All Pf neurons used in this five-step
experiment showed the same characteristics of firing (n � 19).

Finally, the firing frequency of APs was compared across
age groups (Fig. 2D). One-way ANOVA was used to compare
9- to 12-day-old cells with 17- to 25-day-old cells. Statistical

analysis revealed that the first ISIs of the 17- to 18-day-old
group at 140-pA (53 � 3.2 Hz, P � 0.01), 160-pA (58 � 3.3
Hz, P � 0.05), and 180-pA steps (59 � 3.8 Hz, P � 0.01)
showed significantly higher firing rates compared with the 9- to
10-day-old group (140 pA: 40 � 2.4 Hz; 160 pA: 45 � 3.5 Hz;
180 pA: 43 � 4.2 Hz). Interestingly, no statistical significance
was found for the middle and the last ISIs between these two
age groups. Also, there was no statistically significant differ-
ence in the AP mean frequencies between cells at 9–12 vs.
13–16 vs. 17–25 days (data not shown).

Depolarizing ramps generated gamma band oscillations in
all Pf neurons in the presence of TTX. We tested the hypothesis
that, in the presence of fast synaptic blockers and TTX, the
remaining oscillatory activity observed in Pf neurons during
current-clamp square-pulse depolarization was due to the ac-
tivation of voltage-dependent calcium channels. Because of the
extensive and rapid activation of potassium channels during
depolarization, Pf neurons could not be depolarized beyond
�20 mV by using current steps. Therefore, we chose to use
1-s-long depolarizing current ramps to gradually change the
membrane potential from resting values up to 0 mV. In the
presence of fast synaptic blockers and TTX (see METHODS),
square pulses generated smaller amplitude (and power of)
oscillations (Fig. 3, A and B, red records) compared with the
amplitude and power of the oscillations generated by current

Fig. 2. Gamma band activity in whole cell recorded Pf neurons. A: maximal action potential (AP) frequency was measured using 9 current steps (each step was
500 ms in duration with an increase of 20 pA per step, with the last step at 180 pA and a 10-s delay between steps). The record shown in A is a representative
response to a 140-pA step. Note the locations of the first, middle, and last interspike intervals (ISI) used to analyze the firing frequency of all Pf neurons. B: graph
showing the average of the first (�), middle (�), and last (‘) ISI (converted to frequency) of Pf neurons (n � 35, 9–18 days). The black line shows the average
instantaneous firing frequency during the entire current step. Note that firing frequency did not increase linearly with increasing current during the last few steps
(140–180 pA) but instead plateaued at gamma frequency. C: pyramidal depolarizing steps (5 steps 500 ms long and 10 s apart) with a 500-pA step in the middle
showing APs being replaced by oscillations at the highest depolarizing level (magnified view in dashed square). Note that the firing frequency of the APs returned
to the usual firing rate when lower amplitude current steps were used (150 and 50 pA, respectively). D: bar graph of the first ISI average firing frequency during
depolarizing steps. Note that at higher amplitude depolarizing steps, older neurons (17–18 days, black bars) fired faster than the younger ones (9–10 days, gray
hatched bars). *P � 0.05; **P � 0.01.

Table 1. Properties of Pf neurons recorded during different ages

P9–12 P13–16 P17–18

n 13 15 7
Resting membrane potential,

mV
�63.2 � 1.8 �65.4 � 1.8 �57.6 � 2.7

Input resistance, M� 237 � 22.8 184 � 13.4 199 � 24.7
Action potential amplitude, mV 57.2 � 1.2 56.2 � 1.1 58.7 � 1.7
Action potential half-width, ms 2.1 � 0.2 2.1 � 0.3 1.6 � 0.2

Values are means � SE; age of parafascicular (Pf) neurons is given in
postnatal days (P).
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ramps in the same cell (Fig. 3, A and B, blue records).
Therefore, we continued using current ramps to characterize
the oscillatory properties of Pf cells in the rest of the experi-
ments. Statistical analysis showed that the power spectrum
amplitude of the oscillations generated by the ramps was
significantly higher than that generated by the current steps
(n � 42, df � 97, t � 7.6, P � 0.001) (Fig. 3B). Oscillations
were visible between the �20- and �5-mV somatic membrane
voltage range and were absent at membrane potentials below
�20 mV or above 0 mV. Power spectrum analysis of the
membrane oscillations induced during ramp recordings re-
vealed that 60% of the cells (32 of 53) exhibited the highest
peak of oscillatory activity at the gamma range (30–60 Hz),
whereas some (38%, or 21 of 53) cells had the highest peak at
beta (12–29 Hz, n � 20) or alpha (8–11 Hz, n � 1) frequency
ranges (Fig. 3C). However, those cells showing frequencies
below gamma band were typically at early ages (see below).

In another group of cells tested, we found that 66% (n � 35)
of the cells recorded had LTS currents and 34% (n � 18) did
not. Interestingly, further analysis of their oscillatory properties

revealed that LTS currents had no effect on the amplitude of
the oscillations at any frequency range, from theta (P � 0.56)
through gamma (P � 0.40) (Fig. 3D). Furthermore, statistical
analysis of the average oscillatory frequency (Fig. 3E) showed
no significant difference (P � 0.71) between cells with LTS
(35.5 � 2.9 Hz) and cells without LTS (33.7 � 3.2 Hz). These
data suggest that T-type calcium channels do not play a
significant role in the manifestation of the high-threshold
oscillatory activity of Pf neurons.

Using voltage-clamp mode, we determined whether gamma
band oscillations could be observed when the holding potential
was varied from �30 to �10 mV (using 1-s-long depolarizing
steps). Moreover, with voltage clamp, more positive membrane
potentials were reached using steps, thus surpassing the
�20-mV limit observed in our current-clamp recordings (see
e.g., the response to a square step shown in Fig. 3A). In our
initial experiments, the holding potential was set at �50 mV
(close to the observed Pf neuron average resting membrane
potential), and voltage steps were applied to reach holding
potentials ranging from �50 to 0 mV. No clear oscillatory

Fig. 3. All Pf neurons exhibited gamma band oscillations when depolarized. A: representative membrane potential responses of the same Pf neuron to depolarizing
1-s square steps (red record) and to 1-s-long ramps (blue record) obtained in the presence of fast synaptic blockers and TTX. B: overlapping curves comparing
power spectrum amplitudes for oscillations obtained in A, pulses vs. ramps. Note the higher amplitude of the oscillations obtained in the same neuron using ramps
vs. square steps. The membrane potential of this cell was �55 mV. C: histogram of the aggregate data showing the distribution of highest oscillatory peaks across
the different frequency ranges for all the control neurons in this study (n � 53). D: bar graph showing the mean amplitudes of oscillations obtained during 1-s
ramps for cells with (�LTS; black bars, n � 35) and without LTS (�LTS; red bars, n � 18) across all frequencies (theta, 3–7 Hz; alpha, 8–11 Hz; beta, 12–29
Hz; and gamma, 30–90 Hz). Note that the presence of LTS currents did not affect the amplitude of the oscillations at any frequency. E: bar graph showing the
mean frequency of the oscillations in cells with (black bar) and without LTS (red bar). Note that the presence or absence of LTS currents did not affect the
frequency of the oscillations. NS, no significant difference. F: representative current records obtained from a Pf neuron (10 days old) voltage-clamped to holding
potentials of �30 (black record), �20 (orange record), and �10 mV (green record). G: power spectra corresponding to the current records shown in F. Note
the increase in power of beta/gamma band frequency (20–90 Hz, green record) at �10 mV and mostly lower frequencies (10–19 Hz) at �20 mV in this
10-day-old cell. Both current- and voltage-clamp recordings were performed by combining high-K� intracellular solution and fast synaptic blockers and TTX.
H: graph showing the average amplitude of the oscillations for the 9- to 12-day age group during different holding potentials (left). Graph at right shows the
average frequency at different holding potentials for the same age group. *P � 0.05; **P � 0.01; ***P � 0.001.
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currents were observed at holding potentials below �30 mV
(Fig. 3F, black record). However, clear oscillations at alpha
and beta ranges were observed in the power spectra at both
�20- and �10-mV holding potentials and at gamma range at
�10-mV holding potentials (Fig. 3F, orange and green re-
cords, respectively). Power spectra showed voltage depen-
dence for a broad range of frequencies including alpha, beta,
and gamma band frequencies (Fig. 3G). The highest gamma
band power amplitudes were observed at a �10-mV holding
potential (n � 29). The power spectrum analysis for 9- to
12-day-old cells showed that the average amplitudes of the
oscillations at �10 mV were significantly higher than at �30
mV (P � 0.02; t � �2.7; df � 13; n � 14) (Fig. 3H, left).
Interestingly, the amplitudes of the oscillations at �10, �20,
and �30 mV were not statistically different across the three
age groups (9–12 vs. 13–16 vs. 17–25 days; data not shown).
These results revealed that the amplitude of the oscillations in
voltage clamp was not age dependent. Furthermore, we ana-
lyzed the change in frequency at different holding potentials
(Fig. 3H, right). The frequency increased with higher depolar-
izing levels in the 9- to 12-day age group (�10 vs. �20 mV,
P � 0.03; �10 vs. �30, P � 0.001; �20 vs. �30, P � 0.01)
(Fig. 3H, right). A similar relationship between the three
holding potentials was observed in the other two age groups
(data not shown). However, unlike amplitude, the frequency of
the oscillations was age dependent. At the �10-mV holding
potential, the age group at 17–25 days (73 � 7 Hz) had a
higher average frequency of oscillations compared with age
groups at 9–12 (31 � 3 Hz) and 13- 16 days (39 � 6 Hz) (P �
0.001 and P � 0.01, respectively). That is, the average fre-
quency of the oscillations increased by 26% between 9–12 and
13–16 days, whereas the total increase in average frequency
from animals at 9–12 to 17–25 days of age was 135%. At the
�20-mV holding potential, the age group at 17–25 days (47 �
4.3) had a higher average frequency of oscillations compared
with the age groups at 9–12 (22 � 2 Hz) and 13–16 days (23 �
4 Hz) (P � 0.001 and P � 0.003, respectively). Therefore, the
average frequency of the oscillations increased by 5% between
9–12 and 13–16 days, whereas the total increase in average
frequency from animals at 9–12 to 17–25 days of age was
114%. Finally, at the �30-mV holding potential, the age group
at 17–25 days (36 � 4 Hz) had a higher average frequency of
oscillations compared with the age groups at 9–12 (16 � 1 Hz)
and 13–16 days (16 � 2 Hz) (P � 0.001 and P � 0.002,
respectively). The average frequency of the oscillations at this
holding potential did not increase from 9–12 to 13–16 days,
whereas the total increase in average frequency from animals at
9–12 to 17–25 days of age was 125%. The amplitudes of the
peaks in the power spectrum were reduced after series resis-
tance compensation (40–60%; i.e., to reduce any space clamp
problems), suggesting that Pf neuronal oscillatory activity in
voltage clamp was generated in neuronal compartments distant
from the soma, as previously shown for “specific” thalamic
relay neurons (Pedroarena and Llinas 1997). That is, somatic
voltage-clamp ramps allowed distal calcium and/or potassium
channels to open and, therefore, were able to modulate gamma
band activity recorded by the somatic pipette.

Effects of carbachol on Pf neuronal oscillations. In our
previous study on postsynaptic responses of Pf neurons ex-
posed to CAR, we observed that 93% of Pf neurons responded
to CAR (Ye et al. 2009). In the present study, we wanted to

determine whether CAR (30 �M) superfusion had an effect on
the frequency of the ramp-induced oscillations in single Pf
neurons. We used 1-s ramp protocols, as described above, and
the same extracellular solution containing fast synaptic block-
ers and TTX. CAR was continuously circulated in the bath
solution. We recorded a group of 34 neurons of different age
groups and compared their responses to those of cells recorded
without CAR. Our results showed that cells exposed to CAR
manifested higher frequencies of ramp-induced oscillations.
We divided the cells into three developmental groups (9–12,
13–16, and 17–25 days) that showed differences in the fre-
quency of oscillations in response to CAR (Fig. 4). Represen-
tative recordings from the first group (9–12 days) are shown in
Fig. 4, A and B (no CAR, blue record; with CAR, red record).
In both cells, the highest amplitude oscillations were observed
at approximately �20 mV. The power spectrum of these
records shows that the frequency of oscillations in the presence
of CAR (red, 42 Hz) was higher than the frequency of oscil-
lations in the same age cell without CAR (blue, 27 Hz) (Fig.
4C). In addition, we analyzed the average oscillatory frequency
of all recorded cells in this age group (9–12 days). The graph
in Fig. 4D shows the distribution of oscillatory frequencies for
all recorded cells without CAR (blue dots, n � 20) and with
CAR (red dots, n � 17). Statistical analysis revealed that,
during ramps, all cells exposed to CAR fired at significantly
higher frequencies (41.7 � 4.3 Hz) compared with control
extracellular solution (24.6 � 3.8 Hz) (1-way ANOVA, df �
36, t � 5.4, P � 0.001). The next age group (13–16 days)
exhibited the same oscillatory characteristics as the previous
group with the highest oscillatory amplitudes evident at ap-
proximately �20 mV (Fig. 4, E and F). CAR increased the
oscillatory frequency of Pf neurons in this age group, as well
(see the power spectrum in Fig. 4G). The graph in Fig. 4H
shows the distribution of oscillatory frequencies of cells re-
corded without CAR (blue dots, n � 21) and with CAR (red
dots, n � 11). The average oscillatory frequency for the cells
recorded under CAR (55.2 � 3 Hz) was significantly higher
than those recorded without CAR (35.1 � 2.9 Hz) (1-way
ANOVA, df � 31, t � 4.4, P � 0.001). Finally, we analyzed
the oscillatory frequencies of the oldest age group (17–25
days). Representative records of control cells (no CAR, blue
record) and those recorded with CAR (red record) are shown in
Fig. 4, I and J. The oscillatory frequency was 47 Hz (blue) for
the control cell and 72 Hz (red) for the cell recorded in the
presence of CAR (Fig. 4K). However, when we analyzed the
oscillatory frequencies of all the cells in this age group,
we found that there was no statistical difference between the
CAR-treated (n � 6) and untreated cells (n � 12) (Fig. 4M)
(1-way ANOVA, df � 17, t � 1.1, P � 0.31). Interestingly,
CAR had no effect on the amplitudes of the oscillations at any
age group (9–10 days: df � 36, t � 0.6, P � 0.55; 12–16 days:
df � 31, t � �1.3, P � 0.19; 17–25 days: df � 17, t � 0.06,
P � 0.95). Similarly to what we reported in our previous study
on the oscillatory properties of PPN neurons (Kezunovic et al.
2011), CAR also significantly increased the input resistance of
Pf neurons (1-way ANOVA, df � 83, t � 2.3, P � 0.02). In
summary, our data showed that, early in the development of Pf
neurons, their maximal oscillatory frequency begins at lower
ranges (alpha and beta) and gradually plateaus at gamma range
with age (Fig. 4N, blue line). However, CAR could increase the
firing frequency of younger cells to the gamma range, but their
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frequency would eventually plateau within the gamma range,
but no higher (Fig. 4N, red line). In the oldest age group, CAR
did not significantly increase frequency beyond the gamma
range.

Effects of specific calcium channel blockers on Pf neuronal
oscillatory activity. The range of membrane potentials at which
gamma band oscillations were observed in the Pf nucleus
overlapped with that of high-threshold voltage-dependent cal-
cium channel activation voltages described in the cortex and
thalamus (Caterall 1998; Hille 2001; Llinas 1988). Therefore,
we studied the effects of both �-Aga (a P/Q-type calcium
channel blocker, 200 nM) and �-CgTx (a N-type calcium
channel blocker, 2.5 �M) on a total of 35 Pf neurons. The
P/Q-type channel blocker �-Aga totally abolished gamma band
oscillations (n � 7). Figure 5A shows control (black), blockade

(gray; �-Aga), and recovery (black; washout) records of oscil-
lations in a representative neuron. Figure 5B shows the power
spectrum of the oscillations during control (black), blockade
(gray), and recovery (black). The effect of the toxin was
reversed during washout (black record), which consisted of the
same extracellular solution as in the control condition, includ-
ing fast synaptic blockers and TTX. Moreover, bath preappli-
cation (�30 min) of �-Aga prevented Pf neurons from oscil-
lating at higher frequencies (n � 2). Interestingly, the N-type
blocker �-CgTx only reduced gamma band oscillation ampli-
tude, as evident in the power spectrum (Fig. 5, C and D; n �
8; gray record). The �-CgTx effect was also reversed during
washout (black record), and the amplitude of gamma band
oscillations returned to almost the same level as in the control.
Bath preapplication of �-CgTx did not prevent Pf neurons

Fig. 4. Carbachol (CAR) increased the frequency of membrane potential oscillations in Pf neurons. A and B: representative membrane potential oscillations of
a (10 day old) Pf neuron in the presence of CAR (red record) and without CAR (blue record) in the extracellular solution, obtained during 1-s-long ramps.
C: power spectrum of the records in A and B. D: graph showing the maximal firing frequency of each individual cell in the 9- to 12-day age range (P9–12). Blue
dots represent cells recorded in the control condition (no CAR; n � 20), and red dots denote cells recorded in the presence of CAR (n � 17). The average firing
frequency of the cells recorded with CAR (red dashed line) was significantly higher than in those without CAR (blue dashed line). ***P � 0.001. E and
F: representative membrane potential oscillations of Pf neurons in the presence of CAR (red record, P14) and without CAR (blue record, P15) recorded under
the same conditions as in A and B. G: power spectrum of the records in E and F. H: graph showing the maximal firing frequency of each individual cell at P13–16.
Blue dots represent cells recorded in the control condition (no CAR; n � 21), and red dots cells recorded in the presence of CAR (n � 11). The average firing
frequency of the cells recorded under CAR (red dashed line) was significantly higher than in those without CAR (blue dashed line). ***P � 0.001. I and
J: representative membrane potential oscillations of Pf neurons in the presence of CAR (red record, P19) and without CAR (blue record, P17) recorded under
the same conditions as in A and B. K: power spectrum of the records in I and J. L: graph showing the maximal firing frequency of each individual cell in at P17–25.
Blue dots represent cells recorded in the control condition (no CAR; n � 12), and red dots cells recorded in the presence of CAR (n � 6). At this age range,
there was no statistical difference (P � 0.31) in maximal firing frequency of cells recorded in the presence of CAR (red dashed line) vs. cells in control conditions
(blue dashed line). M: bar graph showing the mean amplitude of membrane potential oscillations for the cells recorded without (blue bars) and with CAR (red
bars) across the 3 age groups. Note that CAR did not affect the amplitude of the oscillations at any age. N: graph showing the distribution of mean firing
frequencies of Pf neurons recorded without (blue squares) and with CAR (red squares) in the extracellular solution during the developmental period used in this
study (9–25 days). Blue (no CAR) and red (with CAR) lines represent the best-fit lines of the corresponding data. Note that the lines almost merge later in
development. All experiments were conducted in the presence of fast synaptic blockers and TTX.
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from oscillating. However, the amplitude of those oscillations
was significantly lower than in control conditions (n � 12)
(1-way ANOVA, df � 58, t � �2.2, P � 0.03). These results
showed that both voltage-dependent P/Q- and N-type calcium
channels may mediate the depolarizing phase of gamma band
oscillations in the Pf nucleus. However, only P/Q-type chan-
nels appeared to be essential for gamma band oscillation
generation. The specific calcium channel blockers had the
same type of blocking effect on Pf neuron oscillatory activity
regardless of age. Furthermore, �-Aga blocked the CAR-
enhanced ramp-induced oscillations (n � 5). This finding
strengthens the argument that P/Q-type calcium channels play
a crucial role in the oscillatory behavior of Pf neurons.

Characterization of high-threshold calcium channel types
present in Pf neurons. To evaluate the subtypes of high-
threshold calcium currents present in Pf neurons, depolarizing
voltage square pulses were employed in combination with
high-Cs�/QX-314 in the intracellular pipette solution and bath-
applied fast synaptic receptor blockers (see METHODS) using
slices from three developmental age groups: 9–12, 13–16, and
17–25 days. We pursued the characterization of high-threshold
calcium channel types in a total of 124 Pf neurons, studying the
currents mediated by P/Q- and N-type calcium channels in
these neurons. We recorded calcium currents 2–4 min after
gaining access to the neuronal intracellular compartment, to
allow proper delivery of intracellular solution into all neuronal
compartments, thus decreasing space clamp problems. Record-
ing of calcium currents lasted for more than 30 min without
significant rundown. The holding potential was initially
clamped at �70 mV and then depolarized up to 20 mV, using
150-ms square voltage steps. Clear T-type calcium currents
were observed in 74% of Pf neurons studied in all three age

groups. T-type calcium currents were manifested as a depolar-
izing membrane shift during 150-ms square pulses from �70
to �40 mV (Fig. 6A, left, black line), whereas they were totally
inactivated at holding potentials of �50 mV and higher (Fig.
6A, left, red line). On the other hand, high-threshold currents
peaked at �10 mV and showed a typical long-lasting current
when Pf cells were depolarized from holding potentials of �70
mV (Fig. 6A, right, black line), presenting only a slight
inactivation at holding potentials of �50 mV (Fig. 6A, right,
red line). High-threshold currents were abolished by the simul-
taneous application of �-Aga (200 nM) and �-CgTx (2.5 �M),
leaving the T-type currents unaffected (Fig. 6B). These results
confirmed that both P/Q- and N-type were mediating high-
threshold calcium currents in Pf neurons in all age groups. P/Q-
and N-type, but not T-type, channels were clearly activated at
holding potentials above �50 mV, confirming that high- but
not low-threshold calcium channels mediate gamma band os-
cillatory activity of Pf cells when depolarized above �50 mV.

Current-voltage (I–V) curves were obtained for both T-type
and high-threshold current components. We plotted current
density values (pA/pF) against voltage measured at the begin-
ning and at the end of square steps (Fig. 6B, right, open and
filled circles, respectively). Figure 6C shows the I–V curve of
calcium currents recorded from Pf cells at 9–12 days. T-type
mediated currents peaked at a holding potential of �40 mV,
whereas high-threshold P/Q- and N-type mediated currents
presented maximum values at a holding potential of �10 mV.
Average current density values for the three age ranges were
significantly different (Table 2). Calcium current densities at
�40 and �10 mV from Pf cells at 13–16 days were similar to
those recorded at 17–25 days, which allowed us to pool these
age groups into a new 13- to 25-day group (Table 2).

Fig. 5. N- and P/Q-type calcium channels mediate
the depolarizing phase of gamma band oscillations
in the Pf nucleus. A: representative membrane po-
tential oscillations obtained during 1-s-long ramps
before specific calcium channel blocker application
(control; black record), after bath application of
�-agatoxin-IVA (�-Aga; 200 nM; gray record), and
after washout (black record). Note the elimination of
oscillations by the P/Q-type channel blocker �-Aga
and the return of the oscillatory activity after only 7
min of washout. B: power spectrum of the records
shown in A. C: representative membrane potential
oscillations obtained during 1-s-long ramps before
specific calcium channel blocker application (black
record), after bath application of �-conotoxin-GVIA
(�-CgTx; 2.5 �M; gray record), and after washout
(black record). Note the reduction of the amplitude
of the oscillations after application of the N-type
calcium channel blocker �-CgTx and the return of
the oscillatory amplitude after washout after only 6
min. D: power spectrum of the records shown in C.
All cells were recorded in the presence of fast
synaptic blockers and TTX. Dashed lines in A and C
represent the �20-mV membrane potential.
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Interestingly, the peak (holding potential �40 mV) T-type
current density values were significantly increased after
postnatal day 12, without affecting the peak density of P/Q-
and N-type currents (Table 2). Indeed, average I–V values
from 13- to 25-day-old Pf cells showed an increase in T-type
current density without changing high-threshold current
density (Fig. 6D).

Table 3 summarizes the results obtained across the three age
groups for the frequency of AP firing during current steps
compared with the frequency of ramp-induced oscillations and

ramp-induced oscillations following CAR exposure. Briefly,
the frequency of AP firing in Pf cells at the beginning of the
current steps was 46–55 Hz (gamma) but decreased to 23–24
Hz (beta) during the remainder of the step. Taking these data
together, the mean frequency of firing induced by steps across
the entire step was 31–36 Hz (gamma). These data show that
the only significant change over age was the initial AP fre-
quency (46 vs. 55 Hz). The application of ramps resulted in a
mean frequency of oscillations of 24–51 Hz, which signifi-
cantly increased with age (from beta to gamma). The effects of
CAR on ramp-induced oscillations resulted in frequencies of
41–59 Hz (gamma). These data showed that CAR increased the
frequency of ramp-induced oscillations at the two earlier ages
but not in the oldest animals, since the ramp-induced oscilla-
tion frequency in older animals had plateaued and CAR was
unable to drive the frequency above 60 Hz.

To determine the proportion of P/Q- and N-type calcium
channels mediating calcium currents in Pf neurons, we bath-
applied the specific calcium channel blockers �-Aga (200 nM)
and/or �-CgTx (2.5 �M) (both individually and combined)
during calcium current recordings using �10-mV square steps.
A maximal effect of the toxins was usually achieved after 15
min of continuous superfusion. Both �-CgTx and �-Aga
reduced high-threshold calcium currents in Pf neurons at both
9–12 (Fig. 6E, black) and 13–25 days (Fig. 6F, green). The
combination �-CgTx � �-Aga abolished calcium currents in
all cells of both age groups (Fig. 6, E and F). Importantly, a
lower percentage induced calcium current was observed in Pf
neurons at 9–12 days compared with 13–25 days when using
�-CgTx (Fig. 6, E and F; Student’s t-test, n � 18, df � 7, t �
2.8, P � 0.03) and when using �-Aga (Fig. 6, E and F;
Student’s t-test, n � 21, df � 10, t � 2.7, P � 0.02). The
combination of �-CgTx� �-Aga had a similar blocking effect
in both age groups (Fig. 6, E and F; Student’s t-test, n � 17,
df � 14, t � 0.2, P � 0.88). In conclusion, our results suggest
a dual contribution of both high-threshold P/Q- and N-type
calcium channels to the total calcium currents in Pf cells at
depolarized membrane potentials.

DISCUSSION

In the present study, we found that Pf neurons fired at
gamma band frequency, but no higher, when maximally acti-
vated, and manifested the intrinsic membrane properties that
allow them to oscillate at these frequencies. These oscillations
appeared to be calcium channel dependent and plateaued at
higher frequencies within the gamma band range later in
development, and ramp-induced oscillations at these frequen-
cies could be increased by the nonspecific cholinergic agonist
CAR, but only at earlier ages. That is, CAR did not increase the
already plateaued maximal firing frequency above gamma

Fig. 6. Both N-type and P/Q-type calcium channels are present in Pf neurons.
A: representative calcium currents obtained using depolarizing square steps to
either �40 (left) or �10 mV (right) from both �70-mV (black lines) and
�50-mV (red lines) holding potentials. Note that T-type calcium currents were
inactivated at the �50-mV holding potential. B: same as in A, after bath
application of �-CgTx (2.5 �M) � �-Aga (200 nM). C and D: average current
density-voltage (I–V) curve for Pf cells from P9–12 (n � 25) and P13–25 (n
� 40) age groups, respectively. Note the presence of higher T-type peak
current densities for Pf neurons from older animals (P13–25; green arrow in D)
compared with younger animals (P9–12; black arrow in C). E and F: average
percentage of blocked calcium current amplitude after �-CgTx (2.5 �M),
�-Aga (200 nM), and �-CgTx � �-Aga for Pf neurons from either P9–12 (E)
or P13–25 (F) age groups, respectively. *P � 0.05.

Table 2. Calcium current density of Pf neurons recorded during different ages

P9–12 P13–16 P17–25 P13–25

n 25 22 18 40
ICa density (holding �40 mV), pA/pF �3.96 � 0.37 �8.48 � 1.43* �7.03 � 0.46 �7.84 � 0.88*
ICa density (holding �10 mV), pA/pF �12.4 � 1.02 �16.4 � 1.3 �13.4 � 0.82 �14.9 � 0.8

Values are means � SE. *P � 0.05 compared with P9–12 densities (1-way ANOVA, Bonferroni post hoc test; holding �40 mV: P9–12 vs. P13–16: df �
20, t � 3.5, P � 0.05; P9–12 vs. P17–25: df � 20, t � 2.2, P � 0.05; P13–16 vs. P17–25: df � 16, t � 0.7, P � 0.05; P9–12 vs. P13–25: df � 23, t � 3.3,
P � 0.05; holding �10 mV: all comparisons with P9–12 group were not significant). ICa, calcium current.
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band in the oldest cells studied, suggesting that CAR may
accelerate the manifestation of higher gamma band oscillatory
activity by Pf cells during development. Moreover, the mech-
anism behind the generation of these oscillations appears to
involve high-threshold voltage-dependent P/Q- and N-type
calcium channels. This is the first time such physiological
characteristics have been described in Pf neurons. The signif-
icance of these findings is amplified in light of recent discov-
eries of similar oscillatory mechanisms in the PPN and the
dorsal subcoeruleus (SubCD) nuclei, both part of the reticular
activating system (RAS). There is now little doubt that a
number of nuclei in the RAS have the ability to manifest
gamma band activity, similar to that reported in cortical,
hippocampal, thalamic, and cerebellar cells.

In the striatum, subthalamic nucleus, and prefrontal cortex,
depolarizing current steps linearly increase the firing frequency
of APs up to 100 Hz or higher (Azouz et al. 1997; Barraza et
al. 2009; Povysheva et al. 2008). On the other hand, pyramidal
cells in mouse neocortex plateau below gamma band fre-
quency, even after application of very high amplitude current
steps (600–1,000 pA) (Zhou et al. 2010). In this study, we
showed that when Pf neurons are depolarized using increasing
amplitude current steps, they fired initially at higher frequency
within the gamma band, but the firing frequency slowed and
plateaued in the beta range (Fig. 2B). However, the average
firing frequency for the entire step plateaued in the gamma
range (�35 Hz). This plateau in firing rate was observed in all
Pf cells. Similar results have been observed in the PPN and the
SubCD nuclei (Simon et al. 2010, 2011). The present results
demonstrate that all Pf neurons exhibited gamma band AP
frequency when maximally activated, as well as gamma band
membrane oscillations. This newly discovered property of Pf
neurons may represent a novel mechanism for the induction of
activated states, such as waking, by Pf efferents.

Our five-step pyramidal experiments (Fig. 2C) showed that
oscillatory activity replaced AP firing during high-amplitude
depolarizing steps, similar to that observed in PPN neurons
(Simon et al. 2010), thus suggesting that the mechanism behind
similar plateau frequencies observed is related to the fact that
gamma oscillations can drive AP generation by depolarizing
membrane potential toward AP threshold, as previously de-
scribed for “specific” thalamic neurons (Pedroarena and Llinas
1997). The fact that the membrane potential of Pf cells could
oscillate at the gamma band range when P/Q-type channels
were blocked suggests that N-type channels might act as an
additional “security factor” to reliably generate AP discharge at
such a high frequency range. Current steps, however, were
unable to drive the membrane potential to sufficiently depo-
larized levels, probably due to the activation of potassium

channels (above �20 mV from a holding potential of �50
mV). Moreover, recent studies have shown high-amplitude
afterhyperpolarization in different thalamic neurons (Zhang et
al. 2009). This potential property, as well as the activation of
potassium channels, may have prevented square steps from
reaching a membrane potential at which high-threshold oscil-
lations could be observed. Additional current was needed to
reach such membrane potential levels such as those attained
when using ramps, as previously reported for PPN neurons
(Kezunovic et al. 2011). In the natural condition, depolariza-
tion, probably mediated by sodium channel-dependent APs,
appears to be responsible for spreading the membrane depo-
larization needed to open high-threshold calcium channels.
Consequently, under our experimental conditions, it can be
expected that, with the use of ramps, neurons voltage-clamped
above �20 mV might show oscillatory activity. Our results
indeed show that the membrane potential has to reach approx-
imately �20 mV at the cell body and above for the high-
threshold P/Q-type channels to open. Since we had to voltage
clamp Pf neurons above �20 mV (above expected) to observe
the oscillations, we suggest that these oscillations may occur in
distal neuronal compartments such as the dendrites. This would
be similar to the oscillations observed in “specific” TC relay
neurons, which were visualized in the dendrites using calcium
imaging (Pedroarena and Llinas 1997). Although it is impos-
sible to determine the actual membrane potential of the den-
drites without actually clamping them (voltage clamp of small
dendrites would lead to rapid dialysis of the intracellular
domain), their membrane potentials are possibly much lower
than the �20-mV threshold induced at the soma, due to the
accumulated membrane capacitance between the electrode and
these dendritic compartments. Indeed, such levels of change in
power were partially reduced after series resistance compen-
sation. Therefore, the real threshold for these oscillations is
probably much lower and closer to physiological values. Im-
portantly, voltage-clamp experiments showed that calcium cur-
rents mediated by both P/Q- and N-type channels peaked at a
holding potential of �10 mV (Fig. 3), consistently with the
range of membrane potentials in which gamma band oscilla-
tions were evident (Fig. 4).

In “specific” TC neurons, LTS currents are part of their
stereotypical intrinsic properties and are mediated by T-type
calcium channels (Llinas and Steriade 2006). These calcium
channels open in response to low-amplitude depolarization of
the plasma membrane. The entry of two positive charges with
every calcium ion leads to further depolarization of the mem-
brane, the LTS, and opening of channels that have a higher
threshold (Nelson et al. 2006). Llinas and Steriade (2006)
consider this mechanism essential to inducing cortical synchro-

Table 3. Frequency of induced AP during steps and membrane oscillations during ramps with and without CAR

Age Group

Mean AP Frequency During Steps Mean Oscillation Frequency During Ramps

1st ISI Steady state (middle � last � ISI) Overall TTX � blockers TTX � blockers � CAR

P9–12 46.4 � 3.7 23.4 � 0.8 31.1 � 2.2 24.6 � 3.8 41.7 � 4.3
P13–16 45.4 � 3.9 22.4 � 1.2 30.1 � 2.3 35.1 � 2.9 55.2 � 3.1
P17–25 55.4 � 4.7 24.1 � 1.4 36.5 � 4.1 51.6 � 4.1 59.2 � 4.7

Values are means � SE of frequency (in Hz) of induced action potentials (AP) during steps and of membrane oscillations during ramps and after exposure
to carbachol (CAR). AP data were calculated from the 180-pA calcium current depolarization step (i.e., last step). Oscillation data were composed from analysis
of peaks in the power spectra in the presence of fast synaptic blockers and tetrodotoxin (TTX). ISI, interspike interval.
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nization of high-frequency rhythms during waking and REM
sleep (tonic pattern) and synchronization of low-frequency
rhythms during SWS (LTS � Ih oscillations). Our data indicate
that T-type calcium channels do not modulate the amplitude or
frequency of ramp-induced high-threshold oscillations in Pf
neurons. However, due to their preferential expression and
their important pacemaker role in gating sodium and calcium
channels (Nelson et al. 2006), T-type calcium channels prob-
ably help neurons reach highly depolarized levels, allowing
high-threshold calcium channels to open. Here we showed an
increase in T-type mediated current density in parallel with an
increment in gamma band power during Pf development.
Previous studies by ourselves (Phelan et al. 2005) and others
(Beatty et al. 2009) showed that spindle-shaped Pf neurons
recorded immediately adjacent to the fasciculus retroflexus
exhibited low incidence (�20%) of T-type currents compared
with “specific” thalamic neurons (Llinas and Steriade 2006). In
the present study of calcium currents, we found a much higher
incidence (66%) of these currents, suggesting that the threshold
for eliciting these currents may be higher than usual, prevent-
ing their manifestation using simple hyperpolarizing steps as in
previous studies.

Our data show that oscillatory activity plateaued in the
gamma band range in older animals (17–25 days), which is
also the period when the largest developmental decrease in
REM sleep starts to level off at the adult REM sleep levels
(Jouvet-Mounier et al. 1970). This is likely the period when
high-threshold calcium channels are expressed sufficiently to
enable Pf neurons to oscillate at high frequencies. Moreover,
we showed that CAR could significantly increase the frequency
of the ramp-induced oscillations of younger neurons, whereas
it did not affect the presumably already capped frequency of
older neurons. These results suggest that younger cells may
need higher CAR-induced membrane potential depolarization
to reach high-frequency gamma oscillations readily observed
in older cell groups. In this sense, resting membrane potential
and calcium current density increased during development (see
Tables 1 and 2, respectively). Thus CAR may still induce
depolarization toward high-threshold calcium channel opening
in older Pf cells, but its subtle effects might be not be quanti-
fiable using strong depolarizing current ramps. Muscarinic and
nicotinic cholinergic receptors are involved in higher cognitive
functions including synaptic plasticity and memory processes
known to involve higher frequency oscillations in the gamma
range (Von der Kammer et al. 2001). In the rat frontal cortex,
CAR can induce changes in different signaling pathways,
activating phosphoinositide turnover, translocating protein ki-
nase C, and stimulating nitric oxide synthase activity (Sterin-
Borda et al. 2003). These results suggest that, at younger ages,
rat Pf neurons may need substantial activation by cholinergic
input to reach the gamma band range. It is possible that
modulation of these signaling pathways induced by CAR may
be responsible for the increase in average frequency of oscil-
latory activity we observed with age.

High-threshold voltage-gated calcium channels require high
membrane potentials to be reached in order for them to allow
calcium into the cell. P/Q-type calcium channels are present
throughout the brain (Hillman et al. 1991; Uchitel et al. 1992).
These channels are found on the dendrites of bushy “specific”
TC cells where they support gamma band oscillations (Pe-
droarena and Llinas 1997). These authors were able to visual-

ize calcium transients in the distal dendrites upon somatic
injection of depolarizing current (in current-clamp mode) and
therefore demonstrated that the P/Q-type currents were prob-
ably in the dendritic tree of these cells. This accounts for the
“high threshold” nature of the channels, since the soma needs
to be depolarized to high levels that may not be considered
physiological, but the membrane potential at the dendrites is
probably within physiological range. Pedroarena and Llinas
(1997) also used barium as a current carrier showing greater
amplitude of subtreshold gamma band oscillations of the mem-
brane potential. Since barium blocks delayed rectifier potas-
sium channels, among others, these authors suggested the
opening-closing transitions of P/Q-type calcium channels and
potassium channels might account for the generation of gamma
oscillations in TC relay neurons.

In our previous study, using the same methods, we conclu-
sively demonstrated that P/Q-type calcium channels play a
major role in the generation of the rising phase of gamma band
oscillations in PPN neurons (Kezunovic et al. 2011). Here, we
report that long, sparsely branching neurons of the Pf nucleus
that receive cholinergic input from PPN neurons manifest
P/Q-type channel-dependent gamma band oscillatory activity,
using whole cell patch clamp (in both current- and voltage-
clamp experiments). Moreover, we have shown that N-type
calcium channels play a role in these oscillations, similar to the
kind of membrane properties reported for PPN neurons (Ke-
zunovic et al. 2011). From a biophysical point of view, opening
of both calcium channels (mostly P/Q, but also N-type) and
delayed rectifier potassium channels was required to reach
membrane potential oscillatory activity in the gamma band
range for both PPN (Kezunovic et al. 2011) and Pf neurons
(this work). This suggests that, unlike “specific” TC relay
neurons, the PPN and Pf might have a dynamic mechanism of
interaction between the opening of calcium and potassium
channels. Additional experiments are needed to determine the
distribution of these high-threshold calcium channels and de-
layed rectifier-like potassium channels during the development
of Pf neurons, and to determine their exact anatomical loca-
tions. However, clear evidence is provided in this study show-
ing that both P/Q- and N-type calcium channels mediate
high-threshold calcium currents in Pf neurons. Moreover, a
higher proportion of P/Q-type channels (i.e., manifested as a
higher percentage of current blockade by �-Aga) vs. N-type
channels, might also explain why gamma band oscillation
power increased with age. Such a developmental switch from
N- to P/Q-type channels has been previously described for
other structures in the brain stem (Iwasaki and Takahashi 1998)
and throughout the brain (Iwasaki et al. 2000). Thus our results
strongly suggest that P/Q-type channels in “nonspecific” Pf
neurons play a key role in gamma band generation during
development, similar to “specific” thalamic relay neurons (Lli-
nas et al. 2007).

The centromedian-parafascicular (CM/Pf) complex of the
thalamus (in rodents mostly Pf) has recently become an area of
interest for deep brain stimulation (DBS) for the treatment of
movement disorders, including Parkinson’s disease (PD)
(Jouve et al. 2010). Neurodegeneration of this complex has
been reported in PD patients (Henderson et al. 2000), whereas
in animal models of PD, complex alterations of CM/Pf activity
have been reported (Aymerich et al. 2006; Freyaldenhoven et
al. 1997; Orieux et al. 2000; Parr-Brownlie et al. 2009).
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Interestingly, high-frequency stimulation (HFS) of the Pf nu-
cleus in rodents showed moderate to strong antiparkinsonian
benefits by recruiting basal ganglia circuitry (Jouve et al.
2010). CM/Pf complex HFS also counteracts dopamine lesion-
induced akinetic deficits and overactivity of striatopallidal
neurons (Kerkerian-Le Goff et al. 2008). In this study, we
showed, at the single cell level, oscillatory gamma band activ-
ity in Pf neurons when maximally activated. We identified
specific calcium channels that play a significant role in the
generation of these oscillations. Since Pf neurons send wide-
spread projections throughout the brain, the importance of this
oscillatory activity may be considerable. It is possible that,
instead of electrical stimulation of the CM/Pf complex, novel
pharmacological treatments could be developed to target the
oscillatory output of the Pf nucleus for the treatment of certain
movement disorders.

Because gamma waves can occur during slow wave states
and anesthesia, a close relation to consciousness has been
questioned (Vanderwolf 2000). Recent studies in humans have
confirmed animal studies showing that gamma oscillations are
transiently expressed during up states during SWS, represent-
ing patterns that restore “microwake” activity and may be
related to memory processes (Le Van Quyen et al. 2010). It has
been suggested that consciousness is associated with continu-
ous gamma band activity, as opposed to an interrupted pattern
of activity (Vanderwolf 2000). The original description of the
RAS specifically suggested that it participates in “tonic” or
continuous arousal (Moruzzi and Magoun 1949), and lesions of
this region were found to eliminate tonic arousal (Watson et al.
1974). It is possible that PPN input to the Pf helps maintain
such activity. This raises the question of how a circuit can
maintain such rapid, recurrent activation for prolonged periods.
Expecting a circuit of 6 or 10 synapses to reliably relay 40- to
60- or even 90-Hz cycling without failing is unrealistic. With-
out the intrinsic properties afforded by rapidly oscillating
channels, such as those described recently for PPN, Pf, and
subthreshold oscillations in SubCD, beta/gamma band activity
could not be maintained. The combination of channels capable
of fast oscillations and circuitry that involves activating these
channels probably are both required for the maintenance of
gamma band activity (Kezunovic et al. 2011; Llinas 1988;
Llinas et al. 1991, 2002, 2007). The group of nuclei named, in
which every cell in every nucleus exhibits beta/gamma band
activity, may have a role in maintaining overall beta/gamma
activity. We speculate that it is the continued activation of the
RAS during waking that allows the maintenance of the back-
ground of gamma activity necessary to support a state capable
of reliably assessing the world around us on a continuous basis.

The present findings provide novel insights into the function
of the Pf, demonstrating that this element of the RAS generates
gamma band oscillatory activity in the presence of sufficient
excitation. We suggest that, rather than participating in the
temporal binding of sensory events, gamma band activity
generated in the Pf may help stabilize coherence related to
arousal, providing a stable activation state during waking, and
relay such activation to the cortex, which thus participates in
“nonspecific” thalamocortical processing. Much work is
needed to support this speculation, but the intriguing findings
described here certainly provide a starting point for such
investigations. These results may have implications for studies
of arousal and anesthesia, suggesting that this subcortical

region preferentially fires at gamma band frequencies and may
be directly modulated by stimulants and anesthetics.
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