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Abstract

The parafascicular nucleus (Pf) is an ascending target of the pedunculopontine nucleus (PPN) and
is part of the “non-specific” intralaminar thalamus. The PPN, part of the reticular activating
system, is mainly involved in waking and rapid eye movement (REM) sleep. Gamma oscillations
are evident in all Pf neurons and mediated by high threshold voltage-dependent N- and P/Q-type
calcium channels. We tested the hypothesis that high-speed calcium imaging would reveal calcium
mediated oscillations in synchrony with patch clamp recorded oscillations during depolarizing
current ramps. Patch-clamped 9 to 19 day old rat Pf neurons (n = 148, dye filled 7= 61, control n
= 87) were filled with Fura 2, Bis Fura, or Oregon Green BAPTA-1. Calcium transients were
generated during depolarizing current ramps and visualized with a high-speed, wide-field
fluorescence imaging system. Cells manifested calcium transients with oscillations in both somatic
and proximal dendrite fluorescence recordings. Fluorescent calcium transients were blocked with
the nonspecific calcium channel blocker, cadmium, or the combination of w- Agatoxin-1VA
(AgA), a specific P/Q-type calcium channel blocker and w-conotoxin-GVIA (CgTx), a specific N-
type calcium channel blocker. We developed a viable methodology for studying high-speed
oscillations without the use of multi-photon imaging systems.
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Introduction

Gamma band oscillations in the cortex appear to participate in sensory perception, problem
solving, and memory [8, 12]. Cortical interneurons can generate gamma oscillations through
the activation of subthreshold oscillations subserved by voltage-dependent, persistent
sodium channels [25], while in thalamocortical neurons in “specific” thalamic nuclei, the
mechanism responsible for gamma band activity involves high threshold, voltage-dependent
P/Qtype calcium channels, which were localized to the dendrites of these neurons using
calcium imaging [33]. Recently, we described the presence of gamma band activity in nuclei
of the reticular activating system (RAS), specifically, the pedunculopontine nucleus (PPN)
[23], and the “nonspecific” intralaminar thalamic parfascicular nucleus (Pf) [22]. The role of
gamma band activity in these regions was proposed, rather than participating in sensory
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binding, to be involved in the process of preconscious awareness [10, 44]. The mechanism
behind both PPN and Pf gamma band activity was found to be generated by P/Q-type
calcium channels [23, 22], however, these channels have never been localized using calcium
imaging. The present study was undertaken to determine if high threshold calcium channel-
dependent membrane oscillations in Pf neurons are localized to the dendrites.

The parafascicular nucleus (Pf) is considered a major component of the intralaminar
thalamus (ILT), which in turn is considered part of the “nonspecific” thalamocortical
system. Pf neurons send wide-ranging projections to the cortex, striatum, subthalamic
nucleus, and substantia nigra [14, 43]. These neurons have long, sparsely branching
processes as opposed to the compact, bushy primary dendrites found in “specific”
thalamocortical (TC) and centrolateral (CL) cells [6, 7]. Some TC neurons present in both
the “specific” and “nonspecific” systems possess bushy processes and are multidendritic
with stereotypical intrinsic properties such as bistable states of tonic vs bursting patterns of
activity due to the presence of T-current mediated low threshold spikes (LTS) [26]. This
bistable mechanism is considered crucial to the cortical synchronization of high frequency
rhythms present during waking and REM sleep (tonic pattern), and synchronization of low
frequency rhythms during slow wave sleep (SWS) (LTS bursting). /n vivo electrical
stimulation of the CL-Pf nuclei has been shown to generate arousal and gamma band
activity (~30-90 Hz) in the cortical EEG [40]. Pf neurons have also been shown to be
involved in maintaining consciousness and selective attention in primates [28, 34].

We recently reported that all cells in the pedunculopontine nucleus (PPN, mainly cholinergic
afferents to Pf) can fire at gamma band frequencies, but no higher, when depolarizing ramps
are applied [23]. Current ramps induced cells to oscillate at gamma band frequencies
through specific calcium (depolarizing phase of the oscillation) and potassium (repolarizing
phase of the oscillation) channels [23]. We also described similar properties in Pf neurons
[22]. High threshold P/Q-type calcium channels (Ca,2.1) are present in the dendrites of TC
relay neurons. These channels are linked with the generation of gamma band oscillations in
the thalamus [24, 33, 36]. P/Q-type calcium channel knockout animals show deficits in
gamma band generation [24]. N-type calcium channels (Ca,2.2) are found throughout the
central nervous system, and animals lacking N-type calcium channels show deficits in long-
term memory and long-term potentiation [18]. Previous work has shown the specific P/Q-
type calcium channel blocker, w-agatoxin-IVA (AgA), completely abolished calcium
oscillations in both Pfand PPN neurons. The specific N-type calcium channel blocker, co-
conotoxin-GVIA (CgTx), only reduced calcium oscillation amplitude, indicating that both
voltage-dependent P/Q- and N-type calcium channels may mediate the depolarizing phase of
gamma band oscillations in both the Pf and PPN [22, 23].

While we have shown the presence of P/Q- and N-type calcium channels in Pf neurons, we
have not been able to visually localize these channels. P/Q-type channels are known to be
present in the dendrites of “specific” TC relay neurons [33]. The studies include a method
for visualizing and analyzing high speed P/Q- and N-type calcium channel-mediated
transients in Pf neurons with the goal of determining the properties calcium transients and
their spatial characteristics during calcium oscillations. We used a combination of Fura 2,
Bis Fura, and Oregon Green BAPTA 1 because each dye is best suited to examining the
different aspects of these oscillations. We were interested in ratiometric measures to provide
an assessment of calcium levels as well as fast imaging to visualize these rapidly oscillating
channels. Furthermore, we used multiple dyes to provide flexibility to different researchers
in the scientific community in relating these techniques to their experiments. Our results
show a direct correlation between membrane potential gamma band oscillations and
intracellular [Ca%*] levels, suggesting that gamma oscillations play a central role in the
intracellular second messenger pathways of intralaminar thalamic Pf neurons.

Pflugers Arch. Author manuscript; available in PMC 2014 September 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hyde et al.

Methods

Page 3

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 8-19 days were taken from adult timed-pregnant Sprague-Dawley rats weighing
350-380 g. Pups were anesthetized with ketamine (70 mg/kg, i.m.) until the tail pinch reflex
was absent. Pups were decapitated and the brain was rapidly removed and cooled in
oxygenated sucrose-artificial cerebrospinal fluid (sucrose-aCSF). The sucrose-aCSF
consisted of (in mM): sucrose, 233.7; NaHCO326; KCl, 3; MgCl,8; CaCl,0.5; glucose, 20;
ascorbic acid, 0.4; and sodium pyruvate, 2. Sagittal sections (400 um) containing the Pf
nucleus were cut under cooled oxygenated sucrose-aCSF with a Leica VT1200S vibratome
(Leica Biosystems, Buffalo Grove, IL) with a Huber mini-chiller (Huber, Offenburg,
Germany), and allowed to equilibrate in normal aCSF at room temperature for 1 hr. The
aCSF was composed of (in mM): NaCl, 117; KCI, 4.7; MgCl,1.2; CaCly, 2.5; NaH,;PQOy,
1.2; NaHCOs3, 24.9; and glucose, 11.5. Slices were recorded at 37°C while being superfused
(1.5 mL/min) with oxygenated (95% O, and 5% CO5) aCSF in an immersion chamber. The
aCSF contained the following synaptic receptor antagonists: the selective NMDA receptor
antagonist 2-amino-5-phosphonovaleric acid (APV; 40 uM), the competitive AMPA/kainite
glutamate receptor antagonist 6-cyano-7nitroquinox-aline-2, 3-dione (CNQX; 1 uM), the
glycine receptor antagonist strychnine (STR; 10 uM), and the specific GABAA receptor
antagonist gabazine (GBZ; 10 uM).

Whole-cell patch-clamp recordings

Infrared differential interference contrast optics was used to visualize neurons using an
upright microscope (Nikon FN-1, Nikon, USA) and QICAM camera (QImaging, Surrey,
BC). A 40X, 0.8 numerical aperture (NA) fluorite water immersion objective (Nikon) was
used. Whole-cell recordings were performed using borosilicate glass capillaries pulled on a
P-97 puller (Sutter Instrument Company, Novato, CA), and filled with EGTA-free, high-K*
intracellular solution, designed to mimic the intracellular electrolyte concentration,
composed of (in uM) K-gluconate, 124; HEPES, 40: Mg-ATP, 4; GTP, 0.4 mM,;
phosphocreatine, 10; and MgCl,2. The internal solution was supplemented with Ca2*
sensitive dyes described below. Osmolarity was adjusted to ~270-290 mOsm and pH to 7.3.
The pipette resistance was 2-6 MQ. Previous work showed that oscillations and membrane
characteristics were unaffected by pipette resistance within the range of resistances used [22,
23]. All recordings were made using a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA) in current clamp mode. Series resistance and liquid junction potential
were compensated for. The average series resistance was 16.7+0.39 MQ prior to 35-40%
compensation (>14 KHz). Analog signals were low-pass filtered at 2 kHz, and digitized at
10 kHz using the Digidata-1440A interface and pClamp10 software (Molecular Devices).
Holding current of <80pA was used to maintain resting membrane potential of -50mV if
necessary. The recording region was located immediately anterior and posterior to the
middle third of the fasciculus retroflexus (fr). 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 resting membrane potential of Pf neurons). Soon after the
membrane was ruptured, the intracellular solution and dyes were allowed to equilibrate for
10 min without significant changes in either series resistance (bridge compensation in
current clamp mode) or membrane capacitance values before imaging recordings were
performed. Experiments lasted between 15 to 25 minutes from breaking into the cell to
experiment completion. Calcium mediated activity was studied in current clamp mode, in
the presence of synaptic blockers (SB, see above) and tetrodotoxin (TTX; 3 uM). Membrane
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potential was depolarized from =50 mV (a membrane potential known to inactivate T-type
calcium channels [22,23]) using enough current to elicit oscillations, 400-500 pA, 2 sec
duration ramp current protocols.

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 min
after the start of application. The sodium channel blocker tetrodotoxin citrate (TTX, 3 uM)
was purchased from Sigma (St. Louis, MO). Channel blockers were purchased from either
Peptide International (Louisville, KY) or Alomone Labs (Jerusalem, Israel). We used
cadmium chloride (Cd+»100 pM), a non-specific voltage-dependent calcium channel
blocker, w-agatoxin-1VA (AgA; 100-200 nM), a specific P/Q-type calcium channel blocker,
and w-conotoxin-GVIA (CgTx; 1.5-2.5 puM), a specific N-type calcium channel blocker.
Blockers were applied for >10 min before testing.

Ca2* Indicators

Calcium imaging in the Pf has never been reported. This is the initial report of such imaging
and, of necessity, describes a number of different fluorescent dyes and their properties. This
information is useful in determining optimal quantum yield, photobleaching and quenching,
in addition to cell permeability, lifetime in a living cell, and toxicity. We therefore carried
out comparative studies to identify optimal conditions for this new region. A variety of Ca2*
sensitive dyes were tested for this study. These included Asante Calcium Red, Fura-2, Bis-
Fura-2, Fura-4F, Fura-FF, Indo-1, mag-Indo-1, Fluo-3, Fluo-4, Fluo-8, Oregon Green
BAPTA-1, and Oregon Green BAPTA-2. Asante Calcium Red, Indo-1 and mag-Indo-1 were
purchased from TEFLabs (Austin, TX). All other dyes were purchased from Invitrogen
(Grand Island, NY). Only Fura-2, Bis-Fura-2, and Oregon Green BAPTA 1 (OGBL1) were
used for this paper. Fura-FF, Fura-4F, mag-Indo-1, and Oregon Green BAPTA-2 showed
negligible results due to the lower calcium affinity. Asante Calcium Red was not used due to
its low fluorescence emission levels. Indo-1 was not used because of low fluorescence and it
failed to perfuse dendrites. OGB1 was selected instead of the Fluo series of dyes due to its
stronger fluorescence and fast dynamics. Fura-2 (200 uM), Bis-Fura (200 uM), or OGB1
(200 uM) were loaded with the intracellular solution. Some cells were co-injected with
Alexa-594 Hydrazide (Invitrogen, 50 uM) as a volumetric marker.

Ca?* Imaging

Cells were illuminated with a Lambda DG-4 high speed wavelength switcher equipped with
a 300W xenon arc bulb (Sutter Instruments). Indicator-filled neurons were visualized at
64%64 pixels with an Evolve 128 EMCCD camera (Photometrics, Tucson, AZ) operating
with a 2X bin with a low EM gain (typically ~20X). Fura 2 and Bis Fura exposures were
acquired in pairs with exposures of 2.5 msec (400 frames/sec) with ~1.2 msec wavelength
switching time. OGB1 image streams were acquired with a single excitation wavelength
(480/40x) with 2 msec exposures (500 frames/sec). Image streams were saved continuously
in computer ram using Metamorph software (Molecular Devices), and subsequently saved to
the hard disk. All imaging and recording synchronization was accomplished through
pCLAMP Clampex software. All images were processed in ImageJ [36] where they were
background corrected using the EMBL tools plugin with the simple ratio correction method
[30], applied a 3D median filter [17], and registered with the Registax plugin [43]. Ratio
images were processed with the Ratio Plus plugin. Image stacks were analyzed in
Metamorph. A 3x3 pixel region of interest were extracted from each image. Extracted
fluorescence recordings were analyzed in OriginPro (OriginLab Corporation, Northampton,
MA). OGBL1 recordings were detrended in OriginPro.
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Calcium calibration was accomplished with a calibration buffer kit from Invitrogen (kit
C-3008MP), using protocols outlined by Invitrogen. The kit contains two buffers with
30mM MOPS at pH 7.2 in 100 mM KClI, one buffer with 39 uM free Ca2* and the other
with zero free Ca2*. This kit does not perfectly match the intracellular conditions present,
but does mimic the osmotic and pH of the intracellular solution used and allows us to
confirm the Ky in our system. The kit employs a reciprocal dilution method to minimize
indicator concentration errors [21, 42]. Each buffer solution was visualized in our imaging
system and fluorescent intensities were recorded.

Confocal Imaging

Upon completing Ca2* imaging, the patch electrode was carefully removed to maintain cell
structure. Slices were fixed overnight in 4% paraformaldehyde at 4°C. The slices were then
washed with 0.1 M phosphate buffer and mounted with Fluoromount (Sigma). Slices were
examined with a Nikon AZ100 multizoom fluorescence microscope to determine suitability
for confocal scanning. Intact neurons were scanned on a Zeiss PASCAL LSM 5 confocal
microscope (Oberkochen, Germany) with a 40X 0.8NA objective. Alexa-594 was
illuminated with 543 nm excitation light. Image stacks were acquired at 1024x1024 with 4X
averaging. Stacks were deconvoluted and processed with Amira software (Visualization
Sciences Group, Burlington, MA).

Data Analysis

Results

Off-line analyses were performed using Clampfit software (Molecular Devices).
Comparisons between groups were carried out using Students’s #test and ANOVA with
Bonferroni post hock testing using OriginPro. ANCOVA tests were performed with Prism
(Graphpad, La Jolla, CA). Power spectra were compiled from current clamp recordings
using ramps. All data were tested for normality using the D’ Agostino-Pearson omnibus test
and was normally distributed (P=0.05). Fluorescence curve areas were calculated for the full
record using the integration function in OriginPro. Differences were considered significant
at values of P < 0.05. All results are presented as means + SE.

Whole cell patch-clamp recordings were conducted on a total of 148 Pf neurons. Calcium
transients were recorded in 61 of these neurons while 87 were recorded without calcium
dyes. All neurons were localized as previously described [22,47]. Cells were localized
immediately anterior or posterior to the fasciculus retroflexus (fr) (Fig. 1 A). Cells were
mainly spindle-shaped and possessed sparsely branching bipolar dendrites (Fig. 1 B). Cells
were recorded regardless of the presence or absence of LTS currents as depolarizing current
ramps were applied from membrane potentials known to prevent the activation of these
currents, which are known to be activated at much more hyperpolarized membrane
potentials [22,23].

Previous work showed no difference in resting membrane potential between Pf cells with
LTS and those that lacked LTS [22]. More depolarizing average resting membrane potential
values were observed for higher affinity Ca2* dyes (see calibration curves below; OGB1
-44+2mV, n=19; Fura 2 -48+1mV, n = 25; Bis Fura -50£2mV n = 17), showing
significant differences only between OGB1 and Bis Fura (ANOVA, F; sg =5.61, P=0.006;
Fura 2 vs. OGBL1, P=0.076; Bis Fura vs. OBG1, P=0.005; Fura 2 vs. Bis Fura, P=0.646), and
between dye groups and control cells (CTRL -56.3+£0.88mV, n=87; Fura 2 vs. CTRL,
P=2.4x1078; Bis Fura vs. CTRL, P=5.8x1074, OGB1 vs. CTRL, P=4.8x10713). We studied
the presence of fluorescent calcium oscillations in the cell soma and proximal dendrites in
relation to depolarizing current ramps. We further characterized the fluorescent calcium
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oscillations with the application of broad as well as specific voltage-dependent calcium
channel blockers. Finally, we tested the fluorescent calcium oscillations in the presence and
absence of TTX.

In order to determine the differential affinity for intracellular calcium concentration [Ca2*]
by Fura 2, Bis Fura, and OGB, Kd values for each dye were analyzed using calcium
calibration buffers. The calibration curves were averages of 4 calibration experiments
performed with Fura and Bis fura and 6 experiments for OGB1 for each [Ca%*] (see
supplemental Fig. 1). OGB1 showed the highest affinity with a Ky = 210+10nM, followed
by Fura 2 with a Kq = 322+8nM. As expected, Bis Fura had the lowest affinity Kq =
885+6nM. It should be noted, that some non-linearity was present in the calibration curves
toward saturating calcium concentrations. If the saturation values are ignored, the Ky for
OGB1 and Bis Fura was close to the manufacturer specified values.

Depolarizing ramps generated calcium transients in Pf Neurons

We tested the hypothesis that in the presence of TTX and synaptic blockers, depolarizing
current ramps will induce measureable calcium transients. Each patched neuron was
depolarized with a current ramp in current clamp mode, which induced calcium oscillations
regardless of dye (Fig. 2 A, black records). Frequencies ranged from beta (13-20 Hz) to low
gamma (20-40 Hz). Fluorescence traces showed an increase in AF/F coinciding with the
increase in current (Fig. 2 C, black records). Blocking P/Q-, N-, and T- type calcium
channels with the non-specific calcium channel blocker Cd2* completely eliminated calcium
oscillations in the electrical recording (Fig. 2, red records) and calcium transients in the
fluorescence recording.

The average integrated curve area of fluorescence transients recorded in both the soma (Fura
2 104+14.3, n=10; Bis Fura 3711, n=5; OGB1 124+39 AF*msec, n= 6) and proximal
dendrite (Fura 2 70£9.2, n=7; Bis Fura 24+4, n=5; OGB1 62+15 AF*msec, n=13)
decreased significantly for both the soma recordings (Fura 2 32+9.8, P=0.027; Bis Fura
10+8.9, P=0.026; OGB1 7+1.3 AF*msec, P=0.032), and dendrite recordings (Fura 2 23+1.3,
P=0.001; Bis Fura 8.8+0.7, P=0.034; OGB1 5+0.6 AF*msec, P=0.002) using a Student’s #
test (Fig. 2 D, E). Ratiometric measurements, converted to calcium concentrations using
calibration curves, showed resting concentrations of 41+26 nM, somatic (n= 10) and 62+14
nM, dendritic (n7= 11) for Fura 2, and 45+20 nM, somatic (#= 6) and 5123 nM, dendritic
(n=15) for Bis Fura. The calcium transients showed a peak of 13739, somatic and 90+15,
dendritic for Fura 2 and 82+49, somatic and 53+22 dendritic for Bis Fura. Please note that
absolute calcium concentrations are tentative since the effects of the unique intracellular
environment can widely affect the dye K4 values.

We also examined the fluorescent calcium transients using synaptic blockers only, and
omitting TTX. We tested whether the fluorescence curve area decreased when TTX was
omitted, causing calcium channels to be inactivated by unclamped nearby synaptic neuronal
activity as well as by recurrent over activation of Pf dendritic compartments. While the
fluorescence curve area appears slightly smaller when comparing synaptic blockers with and
without TTX for each dye (Figs. 3, 4; D, E), the differences were not statistically significant
(Fura 2 P=0.866, Bis Fura P=0.096, OGB1 P=0.22). Also, while the cells recorded with
synaptic blockers only appeared to have higher oscillation frequencies (Fig. 3 B), the mean
peak oscillation frequencies were not statistically different (Fura 2 P=0.25, Bis Fura
P=0.154, OGB1 P=0.088). The average integrated curve areas for both the soma (Fura 2
85+17.1, n=5; Bis Fura 72+£13.7, n=6; OGB1 55+21.7, n = 4) and proximal dendrite (Fura
2 27+3, n=8; Bis Fura 27+2.6, n=9; OGB1 12+2.1, n= 15) showed a significant decrease
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in fluorescence when Cd2* was bath-applied for both soma (Fura 2 36+5.1, P=0.016; Bis
Fura 26+4, P=0.007; OGB1 5+0.6, P=0.0467) and proximal dendrite areas (Fura 2 16+2.7,
P=7.5x107%; Bis Fura 13+0.98, P=6.3x10~%; OGB1 5+0.9, P=4.4x10%).

Effects of specific calcium channel blockers on Pf fluorescent calcium transients

Our previous work has shown that calcium oscillations in the Pf are due to P/Q- and N-type
voltage-dependent calcium channels [22]. We studied the effects of both AgA (a specific P/
Q- type calcium channel blocker, 200 pM) and CgTx (a specific N- type calcium channel
blocker, 1.5 — 2.5 uM) in order to confirm that P/Q- and N- type calcium channels are
responsible for the observed fluorescent calcium transients (n= 19). The combination of
AgA and CgTx completely abolished electrical oscillations (Fig. 34 A, B red records) as
well as calcium transients (Fig. 3, 4 C, red records). The average integrated fluorescence
curve areas for soma (Fura 2 105+14.5, n=5; Bis Fura 83+£19.3, n=6; OGB1 77+26.2, n=
6) and proximal dendrite (Fura 2 26+12.77.1, n=7; Bis Fura 27£3.5, n=9; OGB1 18+5.4,
n=13) showed a significant decrease in both the soma (Fura 2 33+9.8, P=0.027; Bis Fura
31+19.3, P=0.048; OGB1 7+2.9, P=0.047) and proximal dendrite (Fura 2 16+2.4,
P=1.7x1074; Bis Fura 14+2.8, P=3.4x1074; OGB1 3+0.5, P=0.008).

Calcium oscillations were evident in the calcium-dependent fluorescence signal

We used OGBL1 to record calcium transients at higher frame rates in order to test the
hypothesis that calcium oscillations recorded in the electrical patch recordings would also be
present in fluorescent calcium recordings. We observed simultaneous oscillations in both
patch and fluorescent records in 11 OGB1 filled neurons. In Figure 5, the electrical
recording is shown in the black record in part A. Fluorescence was recorded from the soma
and two proximal dendrite branches (red, pink, and green records). The red somatic
fluorescence record shows peaks that match each oscillation peak in the black electrical
record, although the fluorescence peaks had a slight delay in comparison to the electrical
peaks (Fig. 5 B, ~10 msec delay initially and decreased with each successive oscillation).
The dendrite records (pink and green records) show oscillations that matched the electrical
record. Some oscillation peaks can be seen on dendrite 1, but not on dendrite 2 and vice
versa. Some oscillation peaks were present in both dendrite records while others present in
the dendrite records may not be evident in the electrical record. It must be noted that the
electrical record is from the soma and represents a sum of all activity in the cell, in particular
a sum of calcium activity in all of the dendrites. Cross-correlation analysis of the electrical
and somatic fluorescence records (Fig. 5 C) indicated a 12 msec lag with a frequency of
approximately 15 Hz. This is also supported by the power spectrum (Fig. 5 C), with the
somatic fluorescence signal showing a broad peak centered at 14 Hz (red line) which
matches the 15 Hz peak in the electrical record (black line).

The full calcium transient showed a graded response (Fig. 6B) as the fluorescence signal
was measured sequentially across 50 pm of proximal dendrite in 5 um steps (Fig. 6A).
Oscillations were conserved along the length of the dendrite with few gaps. The calcium
flux dropped rapidly in the first 30pm of dendrite but began to level off after (Fig. 6C).

Characterization of oscillation frequency and age dependence

The peak oscillation frequency was plotted against age of each fluorescent cell (Fig. 7 C).
Linear regression was performed on each dye group. While Fura 2 and Bis Fura labeled cells
decreased in oscillation frequency with age, OGBL1 cells increased in oscillation frequency
with age. ANCOVA analysis showed that none of these trend lines were significantly
different. An age/frequency plot of the control cells (which lacked any calcium dye) showed
an increase in frequency as age increased (Fig. 7 A). This is in agreement with our
previously published results showing that, early in Pf development, the maximum oscillatory
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frequency is in the alpha and beta ranges and gradually increases and plateaus in the gamma
range with age [22].

Cells were divided into two age groups; 9 — 14 days old (DO) and 15 — 19 days old (Fig.
7B). The mean peak frequency of oscillations in Fura 2 filled cells in the two age groups
were compared (9 — -14 DO 19+1.4 Hz, n=16; 15— 19 DO 15+0.94 Hz, n=9) and were
not significantly different (P=0.059). Bis Fura filled cells were not compared due to too few
cells in the 15— 19 DO age group. OGB1 filled cells (9 -14 DO 21+1.7 Hz, n=12; 15-19
DO 19+3.7 Hz, n=7) displayed no significant difference between groups (P=0.583).
Control cells (9 =14 DO 34+2.1 Hz, n=53; 15 - 19 DO 49+2 Hz, n= 34) displayed a
significant difference between age groups (P=1.4x1072).

The mean peak frequency of dye filled cells in each age group was compared to control cells
(Fig. 7 D). The Fura 2 and OGBL1 peak frequencies in the 9 — 14 DO age group were
significantly lower than the control frequency (Fura 2 vs. CTRL, P=1.9x10"4; OGB1 vs.
CTRL, P=3.4x1075). Both Fura 2 and OGB1 peak frequencies were significantly lower than
the control frequency in the 15 — 19 DO age group (Fura 2 vs. CTRL, P=1x1078; OGB1 vs.
CTRL, P=0.003). This indicates that all of the calcium dyes decreased oscillation
frequencies, possibly due to the calcium buffering effects of the dye. Averaged power
spectra for each group are provided in supplemental figure 2. We should note that TTX
decreased oscillation amplitude. This has been observed in our previous studies and was
attributed to the lack of high frequency action potentials and the associated decrease in
synaptic activity.

Discussion

The present study generated the following important original findings. 1) Ratiometric
analyses using two separate calcium dyes revealed that calcium concentrations increased in
Pf dendrites in parallel with the electrical signal from the patch electrode. 2) Fast imaging
using a third dye showed that the peaks in calcium flux paralleled the oscillations in the
electrical signal, although probably buffering of calcium by the dye reduced the frequency
of the oscillations. 3) The mechanism behind both the imaged calcium oscillations and the
parallel ramp-induced electrical oscillations was due to high threshold, voltage-dependent P/
Q-type and N-type calcium channels. In this study, we found that Pf neurons produced
measureable calcium transients in response to depolarizing current ramps even though all
APs and synaptic inputs were blocked. Beta/gamma oscillations present in the recorded
electrical activity were also present in the fluorescent calcium activity signal, and these
oscillations were evident in both the soma and proximal dendrites. This is the first time that
ramp-induced calcium oscillations have been described in the Pf using calcium sensitive
dyes. These oscillations have been reported previously in cortical, thalamic, hippocampal,
and cerebellar cells. The advantage of visualizing these oscillations using dyes rather than
only patch clamp recordings is that spatial differences can be detected, whereas patch clamp
recordings only show average oscillatory activity for the entire cell. These experiments used
a variety of dyes in order to determine which work best for analyzing calcium oscillations.
We focused on Fura, Bis Fura, and OGB1 because they presented the best results. We
focused on using Fura and Bis Fura to provide the easiest and most accurate analysis of
calcium concentrations due to their ratiometric properties. Both Fura and Bis Fura were used
due to possibility that the higher affinity Fura would low-pass filter observed calcium
dynamics. These dyes showed a moderate increase in calcium concentration in the dendrites
with the peak of the calcium transient. OGB1 was used because it was best at visualizing the
calcium oscillations with higher acquisition rates than those used for ratiometric analysis.
This dye showed that, while individual oscillations could be visualized by the rapid imaging,
the frequency of the oscillations was reduced, perhaps due to its [Ca2*] buffering capacity.
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The mechanism behind the generation of these oscillations has been shown to involve high-
threshold voltage-dependent P/Q- and N- type calcium channels [22,23]. Herein we
replicated our previous results using electrical recordings, showed that oscillations present in
calcium fluorescence signals matched the oscillations in membrane potential signals, and the
use of AgA and CgTx allowed us to eliminate both electrical oscillations and fluorescent
calcium transients in Pf neurons.

Our resting somatic calcium concentrations were similar to resting concentrations reported
in thalamic neurons [2, 4]. If we examine calcium concentrations in the dendrites, we find
slightly lower resting calcium concentrations, but still within range in comparison to
dendritic calcium concentrations reported in hippocampal neurons and cortical neurons (45—
133 nM) [3, 11, 38]. In addition, intracellular dye concentrations achieved in this study were
capable of significantly changing resting membrane potential, according to their affinity to
[CaZ*]. These novel results suggest the involvement of a Ca2*-dependent potassium current
in the maintenance of resting membrane potential of Pf neurons. Other work has shown that
small-conductance type K+ channels activate in conjunction with Ca2+ influx through T-
type calcium channels in thalamic reticular neurons [5]. This study did not control
extraneous potassium currents thus it is possible for uncontrolled calcium mediated
potassium channel activation to alter the membrane potential, which would explain the
changes in resting membrane potential levels described here. This may include other
potassium channels such as BK type potassium channels.

We show a moderate increase in calcium concentration in the dendrites with the peak of the
calcium transient. The peak calcium concentration was lower than calcium concentrations
seen in the dendrites of cortical neurons during firing (383 nM) [3]. This was probably due
to the lack of firing in Pf neurons using synaptic blockers and TTX. More specifically, we
were recording oscillatory activity, thus the calcium transients would be expected to be of
lower amplitude. It is possible that the depolarizing current ramps did not elicit the
maximum possible amplitude calcium transients. Also, caution must be used when
interpreting absolute calcium concentrations since the K4 value for each dye can vary widely
depending on intracellular conditions such as temperature, ionic strength, and pH.

Early descriptions of the RAS suggested that it participates in “tonic” or continuous arousal
[30]. Lesions of this region eliminated tonic arousal [46], and it is possible that PPN input to
the Pf helps to maintain such activity. Using OGB1, we were able to conduct high-speed
calcium dye recordings, showing calcium oscillations in Pf neurons. The oscillations present
in the somatic fluorescence records closely matched the electrical patch clamp recordings,
which indicated a summation of calcium signals arriving from the dendrites. The frequency
and cross-correlation data in turn support the contention that the oscillations seen in the
calcium signal were the same frequency as those observed in the patch clamp record. Some
time delays were seen in the somatic fluorescence records, which may have been due to the
larger cytosolic volume of the soma and Kinetics of the dyes. We also observed calcium
oscillations in the proximal dendritic fluorescence recordings. Interestingly, these
oscillations may not exactly match oscillations evident in the patch clamp recordings or the
somatic fluorescence recordings. Some oscillation peaks may be missing or may be present
in some dendrites, but not others. Also, some peaks may exactly match the patch clamp
recording while others may be slightly out of phase. This may be indicative of dendritic
subdomains with some dendrites having greater influence over the total calcium signal.
Separate dendrites or regions within a single dendrite may oscillate at slightly different
phases, while all of the separate oscillatory dendritic potentials are integrated in the
recording at the soma. We know that these oscillations are dendritic in origin due to the high
depolarizing voltage, as previously described [33]. While we were not able to visualize
distal dendrites and determine the precise origin of each component of the full oscillatory
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signal, we can see that different dendrites provide parts of the total signal and that some
dendrites may provide more than others.

Evoked calcium transients in Pf neurons showed a distance-dependent incremental scaling
with increments up to 50 um. While the back propagation of calcium transients decreased
with distance from the soma, it is still possible that large calcium accumulations may occur
at distal sites. This is similar to oscillations observed in “specific” TC relay neurons. P/Q-
type voltage-dependent calcium channels are found throughout the brain [16, 26]. More
specifically these channels are found on the dendrites of the bushy TC cells. The increase in
calcium has been visualized in the dendrites of these relay neurons using calcium imaging
[33]. While we cannot determine the actual membrane potential of the dendrites without
actually clamping them (voltage clamp of small dendrites leads to rapid dialysis of the
intracellular domain), the membrane potential is probably lower than the ones seen at the
somatic level during patch recordings. This is due to total membrane capacitance between
the electrode and the dendritic compartments. Unfortunately, we were unable to visualize
very distal compartments using calcium dyes in Pf neurons due to their sparse, thin
dendrites. Very low dye concentrations in these distal dendritic compartments, coupled with
the presence of few dendrites, prevented us from obtaining recordings with adequate signal-
to-noise ratios. While we were unable to visualize the distal compartments in Pf neurons, it
may be possible to visualize distal compartments in neurons with more compact morphology
such as PPN neurons.

Oscillations in the proximal dendrites appeared to be continuous across sequential sampling
regions. We originally expected to see localized regions of fluorescence with oscillations,
indicating specific regions of calcium channels. The continuous presence of fluorescent
oscillations suggests the continuous presence of calcium channels across the proximal
dendrites. While this is possible, we must note that the intrinsic calcium buffering
capabilities of calcium indicators can accelerate the spatial spread of calcium signals.
Typically, calcium diffusion is spatially limited due to binding to large endogenous calcium
binding proteins. Conversely, calcium buffers such as indicator dyes are relatively small,
highly mobile molecules that bypass calcium binding proteins and allow unbinding at more
distal locations [15]. Further experiments will need to be conducted to analyze the spatial
distribution of voltage-dependent calcium channels across dendritic sub-domains, possibly
using higher molecular weight dextran-conjugated calcium indicators. Bulk loading AM-
ester versions of each dye may also be a viable alternative for studying dendritic sub-
domains as well as providing better distal labeling with lower dye concentrations.

The separate age groups of our control data showed that oscillatory activity plateaued in the
gamma band range in older animals (15-19 days old), matching earlier studies [22, 23]. It
should also be noted that this is the period when the largest developmental decrease in REM
sleep begins to level off at the adult REM sleep levels [21]. Using the same comparison with
the calcium dye groups, we did not see the same developmental increase in frequency. The
presence of the calcium dye appeared to greatly vary the oscillation frequency and thus
confound efforts to study frequency related results. Our results show that the presence of
calcium dyes decreased the peak oscillation frequency in both young and old animals in
comparison to control data. This is probably due to the dye acting as a calcium buffer as
well as slowing calcium Kinetics [15, 38]. While the oscillation frequency may be slower,
this, however, does not prevent us from studying frequency data. We should still be able
observe relative changes in oscillation frequency in response to drugs or other stimuli.
Caution will be necessary in interpreting any frequency data and much larger experimental
groups will be necessary to fully elucidate questions regarding frequency effects.
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Recently, new treatments for movement disorders such as Parkinson’s disease (PD) have
centered on using deep brain stimulation (DBS) in the centromedian-parafascicular (CM/Pf)
complex of the thalamus [19]. Rodents possess mostly Pf rather than the CM nucleus. While
neurodegeneration of this complex has been reported in PD patients [13], animal models
have shown extensive alterations in CM/Pf activity [1, 9, 31, 32]. Moreover, strong
antiparkinsonian benefits have been obtained by applying high-frequency stimulation of the
Pf nucleus in rodents [19]. In this study, we showed that calcium oscillations can be studied
visually in the Pf nucleus at the single cell level and confirmed that specific calcium
channels play a significant role in their generation. The importance of this oscillatory
activity may be considerable since Pf neurons send widespread projections throughout the
brain. Thus, it is possible that novel pharmacological treatments can be developed to target
oscillatory output of the Pf nucleus for treatment of certain movement disorders, rather than
the use of electrical stimulation of the CM/Pf complex.

The present findings present a viable methodology for studying high-speed oscillations
without the use of multi-photon imaging systems. The advantage of using a wide field based
imaging system is that we can simultaneously record from many areas without having to
account for timing delays due to laser seek time. Wide field imaging is particularly well
suited for visualizing oscillations since all imaging data must be acquired in a single run
without averaging (oscillations are almost never in phase from ramp to ramp). Granted, wide
field imaging has its limitations, in particular, lower signal-to-noise ratio and potential signal
“bleed” from one area of interest to the next. Also, the presence of high calcium dye
concentrations modulates the spatiotemporal characteristics limiting the variety of
experiments possible with this technique. This mainly means careful analysis is necessary in
interpreting results from these experiments. Some of these problems can be resolved with a
multi-photon microscope, visualizing distal dendrites in particular. Unfortunately, the cost
and availability of multi-photon microscopes are still limiting factors while wide-field
imaging systems have greater availability. We used a combination of dyes in order to best
elucidate the various properties of sub threshold oscillations. While fewer dyes may be used,
we wanted to provide a broader basis for researchers in the community to relate these
techniques to their experiments. We suggest that oscillatory activity generated in the Pf may
help stabilize coherence related to arousal and relay this activation to the cortex, thus
providing a stable activation state during waking. Much work is necessary to support this
speculation, but calcium imaging techniques and localized calcium data such as those we
describe provide a useful stepping-stone in such investigations, especially since intracellular
Ca?* ions are known to act as key second-messengers of intracellular pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Localization and morphology of Pf neurons. A. Location of a single recorded neuron
immediately posterior to the fasciculus retroflexus (fr) in a parasagittal thalamic section
(bright field). B. Wide field fluorescence image of the same neuron identified with
intracellular injection of Alexa Fluor 594. Note the sparsely branching processes. C.
Maximum projection confocal image of an Alexa Fluor 594 filled neuron. Long, sparsely
branching processes are present
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Fig. 2.

Depolarizing current ramps generated oscillations and measureable intracellular calcium
transients. A. Representative oscillations of a Pf neuron (black recording) and in the
presence of CdCl, (100 uM; CAD; red recordings) obtained during 2 sec long ramps. B.
Overlapping recordings comparing power spectrum amplitudes for oscillations present in A,
before and after CAD. C. Somatic fluorescent transients induced by the current ramp (black
record), recorded simultaneously with the oscillations present in A. Note how both
membrane oscillations and intracellular calcium fluorescence signals were eliminated after
CAD (red record). D. Bar graph showing the average integrated somatic curve area for the
fluorescence curves before CAD (black bar: Fura 2 104+14.3; Bis Fura 37+11; OGB1
124439 AF*msec) and after CAD (red bar: Fura 2 32+9.8; Bis Fura 10+8.9; OGB1 7+1.3
AF*msec). E. Bar graph showing the average integrated proximal dendritic curve area for
the fluorescence curves before CAD (black bar: Fura 2 70£9.2; Bis Fura 24+4; OGB1
62+15 AF*msec) and after CAD (red bar: Fura 2 23+1.3; Bis Fura 8.8+0.7; OGB1 5+0.6
AF*msec). *P< 0.05; **P< 0.01; ***P< 0.001
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Fig. 3.

N- and P/Q- type calcium channels mediate calcium oscillations in the Pf visualized with
Fura 2 and Bis Fura. SB (synaptic blockers). A. Representative calcium oscillations with and
without TTX (black record) and after bath application of specific calcium channel blockers
AgA and CgTx or the nonspecific calcium channel blocker CAD (red record). Note that
calcium oscillations were eliminated by AgA and CgTx, indicating fluorescence (C) was
mediated by N- and P/Q- type calcium channels. B. Power spectrum of records shown in A.
C. Somatic fluorescence signals recorded simultaneously with oscillations in A. D. Bar
graph showing the average integrated somatic curve area for the fluorescence curves before
AgA and CgTx (black bar: Fura 2 105+14.5; Bis Fura 83+19.3 AF*msec) and after AgA
and CgTx (red bar: Fura 2 33+9.8; Bis Fura 31+19.3 AF*msec). Synaptic blocker only
conditions before CAD (black bar: Fura 2 85+17.1; Bis Fura 72.3+13.8 AF*msec) and after
CAD (red bar: Fura 2 36.4+5.1; Bis Fura 26x4 AF*msec). E. Bar graph showing the average
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integrated proximal dendritic curve area for the fluorescence curves before AgA and CgTx
(black bar: Fura 2 26+12.77.1; Bis Fura 27+3.5 AF*msec) and after AgA and CgTx (red
bar: Fura 2 16+2.4; Bis Fura 14+2.8 AF*msec). Synaptic blocker only conditions before
CAD (black bar: Fura 2 27.1+3; Bis Fura 27+£2.7 AF*msec) and after CAD (red bar: Fura 2
16+2.7; Bis Fura 12.94+0.98 AF*msec) *P< 0.05; **P< 0.01; ***P< 0.001
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Fig. 4.

N- and P/Q- type calcium channels mediate calcium oscillations in the Pf visualized with
OGB1. A. Patch clamp recorded calcium oscillations before (black record) and after (red
record) specific and nonspecific calcium channel blockers. B. Power spectra of records in A.
C. Fluorescence recordings acquired simultaneously with electrical recordings in A, with
(red record) and without (black record) calcium channel blockers. D. Bar graph showing the
average integrated somatic curve area for the fluorescence curves before CAD (black bar:
SB only 55.5+21.6; with TTX 124+39 AF*msec) and after CAD (red bar: SB only
5.5£0.65; with TTX 7£1.3 AF*msec). Before AgA and CgTx (black bar: 77+£26.2
AF*msec) and after (red bar: 7£2.9 AF*msec). E. Bar graph showing the average integrated
proximal dendritic curve area for the fluorescence curves before CAD (black bar: SB only
12.542.1; with TTX 62+15 AF*msec) and after CAD (red bar: SB only 5+0.94; with TTX
5+0.6 AF*msec). Before AgA and CgTx (black bar: 18+5.4 AF*msec) and after (red bar:
3+0.5 AF*msec)
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Fig. 5.

Oscillations present in the electrical patch-recorded signal were also evident in the recorded
calcium signal. A. Overlay of the electrical patch signal (black record) with the somatic
calcium signal (red record) and calcium recordings from two dendritic branches (pink and
green, sampling locations shown in D). The somatic calcium signal after AgA and CgTx
application is shown in red. Note that the somatic calcium signal uses a different y-axis
scaling (red). B. Zoom of the oscillation signal in A. A slight time delay (~10msec and
decreasing) is present in the somatic signal. Some oscillations were present in dendritic
signals that matched the electrical signal while others were slightly out of phase. C. Cross-
correlation graph and power spectra of the patch recording (black) and the somatic
fluorescence recording (red). D. Confocal image of the recorded cell indicating fluorescence
sampling locations (red, pink and green squares)

Pflugers Arch. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hyde et al.

@

w
)
2

Dastance from soma (um)

Fig. 6.

B 0.20

Fluorescence (AF/F)

Page 21

0.15 —
0.10 -
0.05 - '_ % i
| Ve AR,
AN 1Nv;rwvwmvy =
{;;‘? S Vg T N :
0.00 : "
1 y 1 b 1 . Ll ¢ ] & 14 I 4 L] .
0 500 1000 1500 2000 2500 3000
Time (ms)

Oscillations measured simultaneously in a single dendrite. A. Recording locations for each
record in B. B. Graded responses are shown in the calcium signal as it was measured
simultaneously across 50 uM of proximal dendrite. Oscillations were evident along the
dendrite with few gaps. C. Graph showing the fluorescent trace area in relation to distance
from the soma

Pflugers Arch. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hyde et al.

A

Frequency (Hz)

e 9-14daysold
= 15-19 days old

w w H
o [3,] o
1 1 )

N
(42}
1

10 12 14

Age (days)

>

Fura 2
* Bis Fura
A 0OGB1
A

- o N
o (6, o
1 ]

[$,]
1

e Py o
">

©

10

12 14
Age (days)

Fig. 7.

B ~ Fura 2

- - N N
o (&2} o (&2}
1 L 1

Frequency (Hz)

(%2}
L

9-14 15-19
DO DO

O

9 - 14 Days Old

w S %]
o o o

Frequency (Hz)
L)
o
*
*
*

o

CTRL Fura 2 0GB1

Frequency (Hz)

254

- - N
o (3] o
1 1 1

Frequency (Hz)

(5]
1

504

401

304

20

Page 22

OoGB1

9-14 15-19
DO DO

15 - 19 Days Old

Fur’a 2

Calcium dyes slowed the peak oscillation frequency in cells and confounded age dependent
frequency increases. A. Scatter plot of the peak oscillation frequency of each control cell
from 9- 19 days old (DO). Cells were sub-divided into 9-14 DO (black) and 15-19 DO

(red). Linear regression fits for each group (9-14 DO R2=0.24; 15-19 DO R?=0.08). B. Bar
graph showing average peak frequency for Fura 2 and OGBL cells divided into 9-14 DO
and 15-19 DO age groups (Fura 2 9 -14 DO 19+1.4 Hz; 15 — 19 DO 15+0.94 Hz, P>0.05;
0OGB19 -14 DO 21+1.7 Hz; 15 - 19 DO 19+3.7 Hz, P>0.05). Bis Fura was not compared.
C. Scatter plot showing the peak oscillation frequency for each individual cell from 9-19
DO. Straight lines correspond to linear regression fits of each dye group (Fura 2 R? = —0.34;
Bis Fura R?=-0.2; OGB1 R2=0.08). D. Bar graph comparing average peak frequency of
Fura 2 and OGBL1 dye groups to control cells of equivalent age. Both dye groups showed
significantly lower frequencies regardless of age (CTRL 9-14DO 34.6+2.1; Fura 2 vs.
CTRL, P< 0.001; OGB1 vs. CTRL, P< 0.001; CTRL 15-19DO 49.5+2.4; Fura 2 vs. CTRL,
P<0.001; OGBL1 vs. CTRL, P< 0.001)

Pflugers Arch. Author manuscript; available in PMC 2014 September 01.



