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and depolarization-induced suppression of inhibition
within the laterodorsal tegmental nucleus
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Abstract Cannabinoid type 1 receptors (CBIRs) are
functionally active within the laterodorsal tegmental
nucleus (LDT), which is critically involved in control of
rapid eye movement sleep, cortical arousal, and motivated
states. To further characterize the cellular consequences of
activation of CB1Rs in this nucleus, we examined whether
CBI1R activation led to rises in intracellular Ca>* ([Ca“]i)
and whether processes shown in other regions to involve
endocannabinoid (eCB) transmission were present in the
LDT. Using a combination of Ca®" imaging in multiple
cells loaded with Ca®" imaging dye via ‘bulk-loading’ or in
single cells loaded with dye via a patch-clamp electrode,
we found that WIN 55212-2 (WIN-2), a potent CBIR
agonist, induced increases in [Ca2+]i which were sensitive
to AM251, a CBIR antagonist. A proportion of rises per-
sisted in TTX and/or low-extracellular Ca®" conditions.
Attenuation of these increases by a reversible inhibitor of
sarcoplasmic reticulum Ca”"-ATPases, suggests these rises
occurred following release of Ca®" from intracellular
stores. Under voltage clamp conditions, brief, direct
depolarization of LDT neurons resulted in a decrease in the
frequency and amplitude of AM251-sensitive, inhibitory
postsynaptic currents (IPSCs), which was an action sensi-
tive to presence of a Ca®" chelator. Finally, actions of
DHPG, a mGlulR agonist, on IPSC activity were examined
and found to result in an AM251- and BAPTA-sensitive
inhibition of both the frequency and amplitude of sIPSCs.
Taken together, our data further characterize CB1R and
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eCB actions in the LDT and indicate that eCB transmission
could play a role in the processes governed by this nucleus.
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Introduction

Marijuana or cannabis (Cannabis sativa) is the most
commonly utilized illicit drug around the world. Psycho-
active effects leading to its recreational and compulsive use
are mediated by one of its principle constituents, Delta-9-
tetrahydrocannabinol (THC), which activates the CB1R
(Gaoni and Mechoulam 1964). Endogenously the CBIR is
stimulated by production of natural endocannibinoids
(eCBs) such as anandamide (Devane et al. 1992) and Sn-2-
arachidonoyl-glycerol (2-AG) (Mechoulam et al. 1995;
Sugiura et al. 1995, 1999). Synthesis of eCBs occurs ‘on
demand’ with some evidence that eCBs can be presyn-
thesized and stored (Alger and Kim 2011; Edwards et al.
2006; Min et al. 2010). Upon their release, eCBs activate
CBIRs to effect a variety of actions, including activation
and suppression of membrane ion channels leading to
increases or decreases in cellular excitability. Synthesis of
eCBs can occur following depolarization of the postsyn-
aptic cell and once produced, the eCBs act as a retrograde
signal at CB1Rs located on presynaptic terminals. In this
fashion, postsynaptic cells via their production of eCBs can
inhibit the release of excitatory or inhibitory neurotrans-
mitters from terminals. This eCB-mediated phenomenon is
called depolarization-induced suppression of excitation
(DSE) or depolarization-induced suppression of inhibition
(DSI) (Diana et al. 2002; Kreitzer and Regehr 2001;
Maejima et al. 2001; Wilson et al. 2001; Wilson and Nicoll
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2001) depending on whether the affected afferent inputs
are glutamatergic or GABAergic, respectively.

The wide distribution of CB1Rs throughout the brain
indicates that eCB transmission is involved in a host of
neurobiological processes. CB1Rs are highly expressed in
the hippocampus, cerebellum, striatum, basal ganglia
(Berrendero et al. 1998; Mailleux and Vanderhaeghen
1992; Matsuda et al. 1993; Tsou et al. 1998), ventral
tegmental area (VTA) (Melis et al. 2004; Perra et al. 2005)
and the nucleus accumbens (NAc) (Robbe et al. 2001,
2002, 2003, 2006), among other neural regions. Their
location within these areas likely underlies their demon-
strated participation in memory processes, directed
movement and motivated states (Fergusson and Horwood
2000; Iversen 2003; Serrano and Parsons 2011). We have
recently shown that CB1Rs are functionally present in a
pontine neuronal group, the laterodorsal tegmentum (LDT)
and endogenous activation of these receptors is present in
the brain slice (Soni et al. 2014). The LDT nucleus is
comprised of cholinergic, glutamatergic and GABAergic
neurons (Wang and Morales 2009). Arguably the most
widely studied, the cholinergic neurons of the LDT have
been demonstrated to play a key role in regulation of
states showing an aroused, gamma-rich EEG, such as alert
wakefulness and rapid eye movement sleep (REM) (el
Mansari et al. 1989; Jones and Yang 1985; Kayama et al.
1992; Satoh and Fibiger 1986). A growing body of evi-
dence suggests that neurons of the LDT are also critically
involved in drug addiction behaviors (Forster and Blaha
2000; Lammel et al. 2012; Nelson et al. 2007). In support
of the conclusion that eCB neural transmission is likely
involved in processes controlled by the LDT, the psy-
chobiological actions of marijuana and its psychoactive
constituent, THC, include alterations in the sleep cycle,
reductions in arousal and decreases in one component of
sleep, REM sleep (Feinberg et al. 1975, 1976; Nicholson
et al. 2004; Pivik et al. 1972), which are all phenomenon
known to be controlled in part by the LDT. Effects of
activation of CBIRs within the LDT could also be
expected to play a role in the reward experienced by use
of marijuana. The LDT sends cholinergic projections to
the VTA and the NAc (Dautan et al. 2014), midbrain
regions critical in motivated behavior, with preferential
innervation of the mesoaccumbal dopamine (DA)-con-
taining neurons of the VTA (Omelchenko and Sesack
2005, 2006) and it is LDT input to the VTA which gates
the high-frequency firing of DA-VTA cells (Lodge and
Grace 2006) necessary for high DA efflux in the NAc
associated with reward evaluation of motivating stimuli.
Accordingly, activity of the eCB system within the LDT
would be expected to alter the output of these cells to
target regions within the VTA, and could by this action,
influence reward processing.

@ Springer

We have shown that CBIR mRNA is present within the
LDT, activation of CBIRs in this nucleus results in
reductions in the frequency of IPSPs directed to cholinergic
LDT cells and CB1R stimulation induces a small, post-
synaptic hyperpolarizing membrane current (Soni et al.
2014). In addition, we presented data suggestive of an
ongoing CB1R-mediated inhibition of IPSC activity within
mouse brain slices. Taken together, these data not only
confirm the presence of CB1Rs in the LDT as suggested by
detection of CBIR mRNA in this nucleus (Allen Mouse
Brain Atlas 2012), but also indicate that these receptors are
functional, and could, therefore, play a role in processes
controlled by the LDT. However, further characterization
of the cellular actions of CBIR stimulation on LDT neu-
rons and a better understanding of eCB transmission within
this nucleus is necessary to understand how eCB trans-
mission is involved in processes controlled by the LDT.
Accordingly, as activation of CB1Rs has been shown to
modulate [Ca*"]; in other cell types and levels of [Ca®™];
are importantly involved in gene transmission and neuronal
plasticity and in endogenous-generation of eCBs, we
determined whether relative levels of Ca** of LDT neurons
were altered by CBIR agonists using bulk-load Ca®"
imaging and single-cell imaging. Further, as from our
earlier work we had evidence that eCBs were being pro-
duced and released in the slice (Soni et al. 2014), in this
study, we determined using patch-clamp recordings from
LDT neurons whether depolarization of these cells induced
eCB-mediated alterations in synaptic input suggestive of
DSI or DSE and the role played by Ca®" in this phenom-
enon. Finally, as LDT neurons contain mGluRs and receive
a substantial glutamatergic input (Kohlmeier et al. 2012),
we determined whether activation of these receptors that
have been shown in other cells types to elicit eCB pro-
duction, resulted in eCB-mediated activity sufficient to
induce alterations in synaptic currents. When taken toge-
ther, our findings provide further knowledge of the cellular
actions of eCB transmission in the LDT, which could
include activation of Ca”"-dependent processes and they
suggest that the eCB system could play a role in modu-
lating the synaptic activity of LDT neurons and by these
actions, shape the processes governed by this nucleus.

Materials and methods
Animal use

Animal use studies were permitted by the Animal Welfare
Committee, appointed by the Danish Ministry of Justice
and animal studies complied with the European Commu-
nities Council Directive of 24 November 1986 (86/609/
EEC) and Danish laws regulating experiments on animals.
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Brain slice preparation

Preparation of LDT brain slices from 8-to 15-day-old
NMRI wild-type mice (Harlan Mice laboratories, Den-
mark), which was the age used for the bulk of the studies in
this report, was conducted as in previous studies (Kohl-
meier et al. 2006). Since the CBIR is present early in
postnatal development, (Berrendero et al. 1999; Fernandez-
Ruiz et al. 1999), the age chosen was selected for two
reasons: (1) successful multiple cell bolus loading with the
Ca”" indicator dye utilized is difficult within the LDT in
slices from older animals and, (2) the protocols utilized for
the patch-clamp recordings required long recording times,
which were difficult to obtain with cells from older ani-
mals. However, evidence of phenomenon presented in the
age range of 815 days, which involved CB1R activation,
was also found in preliminary studies in a small number of
cells tested (n = 4) from older animals (16-25 days of
age). Prior to extraction of the brain, NMRI mice were
anesthetized with isofluorane (100 %). The brain was then
removed, and 250 pm thick coronal slices containing the
LDT nucleus were cut using a cryostat (Leica VT 12008,
Leica, Germany) after reductions in vertical deflections
were made (Vibrocheck, Leica). Dissections and sectioning
were performed in ice-cold (0—4 °C) artificial cerebrospi-
nal fluid (ACSF). ACSF contained (in mM): 124 NaCl, 5
KCl, 1.2 Na,HPO4, 2.7 CaCl2, 1.2 MgS04, 10 glucose and
2.6 NaHCO3 and was bubbled with 95 % O, + 5 % CO,
which resulted in a pH of 7.4 (295-300 mOsm). Slices
were incubated in ACSF at 37 °C for 15-20 min and
thereafter maintained at room temperature for 1 h prior to
placement within the recording chamber.

Drugs

WIN-2 was used for these studies, as it is a synthetic
potent agonist for the CBIR. WIN-2 (10 pM, Sigma-
Aldrich, St Louis, MO, USA) is an analog of the psy-
choactive constituent of marijuana, Delta-9-THC, and
exhibits a high efficacy when compared to that of other
cannabinoid agonists (Burkey et al. 1997; Compton et al.
1992) and has, therefore, been one of the most widely
used agonists of the CBIR in electrophysiology studies.
AM251 (10 uM, Tocris, Bristol, UK) which is a potent
CBI1R antagonist was utilized to inhibit actions mediated
by the CBIR (Gatley et al. 1996, 1997). Nifedipine was
used as an antagonist of the L-type Ca®* channel (10 pM,
Tocris, Bristol, UK). Aliquots of WIN-2, AM251 and
nifedipine were produced by dissolving drugs in DMSO
and stock aliquots were stored at —20 °C until use. At
time of use, the aliquot was dissolved in regular ACSF,
ensuring that the final concentration of DMSO was less
than 0.5 % which we have shown in previous studies does

not have actions on neurons of the LDT. In some
experiments, low Ca’t ACSF was utilized which con-
sisted of 2.7 mM Ca®* buffered with 2.7 mM EGTA,
which effectively eliminates synaptic processes and
membrane flux reliant on extracellular Ca>* (Kohlmeier
et al. 2004). As has been widely reported, effects of WIN-
2 are slow to develop and, therefore, this agonist was
applied for 5-10 min. In some experiments, the CBI1R
antagonist AM251 was applied for 2-3 min prior to the
application of WIN-2. Tetrodotoxin (500 nM, Alomone
Labs, Denmark) was used to inhibit voltage-gated Na™
channels. sIPSCs were recorded with a patch solution
optimized to visual inhibitory events and in the presence
of bath-applied AP-5 (50 uM, Tocris, Bristol, UK) and
DNQX (15 uM, Tocris, Bristol, UK) to block glutama-
tergic EPSCs. Ca?" imaging was conducted using either
the cell permeant acetoxymethyl (AM) ester form of Fura
2-AM or for single-cell studies using patch-clamp
recordings, the cell impermeant form, bis-Fura-2
(Molecular Probes/Invitrogen, Denmark). The reversible
inhibitor of sarcoplasmic reticulum Ca’*-ATPase,
Cyclopiazonic acid (CPA) (20 pM, Tocris, Bristol, UK)
was used to deplete [Ca*"]; stores. (S)-3,5-Dihydroxy-
phenylglycine (DHPG, 50 pM, Tocris, Bristol, UK) was
used as a selective group I mGIuR agonist. Chelation of
[Ca2+]i was conducted using 1,2-Bis (2-aminophenoxy)
ethane-N,N,N' ,N'-tetraacetic acid tetrapotassium salt
(BAPTA, 20 mM, Sigma, USA), which was added to the
recording pipette solution.

Ca”" imaging
Multiple-cell Ca*" imaging

Effects of CBIR stimulation on [Ca2+],~ were monitored
within the LDT nucleus using bulk-load Ca** imaging and
single-cell Ca®" imaging. For bulk-load imaging, LDT
cells were loaded with the AM ester of the ratiometric
Ca”" indicator dye, Fura-2 by incubating slices in ACSF
containing Fura 2-AM (15 puM, Molecular Probes, Invit-
rogen, USA) prepared from 3.3 mM stock of Fura 2-AM in
DMSO. Slices were incubated for 10 min (plus 1 min for
every day of the mouse postnatal age) at 36 °C in a small
volume (5 ml) of solution in a test tube, which was covered
with silver foil to reduce light exposure, equilibrated with
carbogen (95 % O, + 5 % CO,). After the dye incubation,
slices were transferred to the recording chamber and were
rinsed with ACSF for 10-15 min to ensure Fura 2-AM de-
esterification and room temperature equilibration. Locali-
zation of the LDT was made in bright-field illumination
using the 4X objective of an upright microscope (Olympus
BX51WI, Germany, Olympus Europe). Individual cells
were then imaged using a 40x water immersion lens.

@ Springer
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«Fig. 1 WIN-2 elicited rises in [Ca2+]i within neurons of the
laterodorsal tegmental nucleus (LDT). al A representative image of
a coronal mouse brain slice taken with low gain bright-field optics to
show the LDT, from which changes in fluorescence of the Ca>"
indicator dye, Fura 2, were monitored using either bulk-load imaging,
or single-cell imaging. The dorsal tegmental nucleus (DTN), which
presents with a clearly visible perimeter just medial to the LDT and
above the fourth ventricle is apparent and served as a reference point.
a2 Higher gain image of the LDT taken under bright-field optics in
which a single neuron from the LDT was patch clamped with a pipette
filled with bis-Fura-2 (white-arrow) which passively diffused into the
cell during the recording. a4 The same neuron as in a2 viewed under
380 nm fluorescence in which changes in AF/F of bis-Fura-2 were
monitored and used as an indirect measure of a change in [Ca®*]; a3
Neurons of the LDT nucleus in a Fura 2-AM bulk-loaded slice under
fluorescent light (F380), where approximately five to six dye-filled
cells can remain in focus. Boxes drawn around individual cells in a3
indicate regions of interest (ROIs) drawn around the cells from which
AF/F were measured. bl Representative samples of changes in
fluorescence induced by WIN-2 application in Fura 2-AM bulk-
loaded cells of the LDT shown in panel a3 and b2 the change in AF/
F elicited upon WIN-2 application in a single LDT neuron (the same
cell shown in panel a4) under whole-cell voltage clamp conditions at
(=60 mV). ¢l Changes in AF/F induced by WIN-2 were significantly
reduced from those obtained in control conditions when cells were
pre-incubated with the CB1R antagonist, AM251 as shown in these
representative traces from a population of bulk-loaded LDT cells. ¢2
Single-cell recordings also indicated that rises in AF/F induced by
WIN-2 were inhibited by presence of AM251. Note scale difference
in ¢ from that in b. d Histograms presenting the amplitude of the
WIN-2-mediated change in AF/F from a group of bulk-loaded cells in
control conditions compared with a different group of neurons pre-
incubated with AM251 d1, as well as data from a population of patch-
clamp, single-cell LDT neuron recordings (d2). Across the population
of cells studied in both bulk (d1) and single-cell (d2) recording
conditions, pre-incubation of the slice with the CB1R antagonist
suppressed the rise in the AF/F ratio induced by WIN-2. Error bars
indicate  SEM and **indicates P < 0.01 and ****indicates
P < 0.0001

A CCD camera system (12 bit PCO Sensicam, Till pho-
tonics, Germany) attached to the microscope was used to
monitor fluorescence of the dye. Regions of interest (ROIs,
Fig. 1a3) were selected to encompass dye-filled cells
within the LDT with appreciable processes. Collection of
fluorescence within these ROIs was conducted, and the
area within the ROI was binned at 2 x 2 with an exposure
time of ~10-50 ms, selected to utilize less than 10 % of
the full dynamic range, with an interval between image
capture of 0.25-0.5 s. The excitation wavelength was
automatically switched between 340 and 380 nm light
using an ultrafast switch (Polychrome V, Till photonics,
Germany) and the ratios of these signals were calculated
following subtraction of background fluorescence as
determined from a region of the field devoid of cells. Fura
2-AM bound to free [Ca”]i emits more when excited by
340 nm than it does when excited by 380 nm, so a rise in
the ratio F340/F3g0 corresponds to a rise in free [Ca®™);.
Changes in Ca®" are inferred indirectly by measures of the
relative increase in AF/F calculated as the maximum

AF/F during drug application. Baseline fluorescence,
which was determined to be fluorescence at rest before
application of any drugs, was subtracted for final deter-
mination of the drug-induced change in fluorescence (AF).
Only those recordings of cells in which the F340/F5g¢ ratio
remained stable, and did not change within a period
exceeding 2 min before WIN-2 were included in the ana-
lysis, and cells were discounted in analysis if non-stable
fluctuations in AF/F occurred after drug was applied and
precluded confident determination of a drug-mediated
change in AF/F. Cells failing to respond with more than a
4 % change in AF/F were classified as non responders. The
software LA acquisition (Till Vision Software, Germany)
was used to control the CCD camera and collect the data.
Offline analyses were conducted using an offline analysis
tool in LA acquisition (Arrives Browser; Till Photonics,
Version 4.2, Germany), and custom written macros in Igor
Pro 6.2 (Wavemetrics, USA). All results are presented as
mean + SEM.

Single-cell Ca’" imaging

For single-cell Ca®" imaging, neurons were loaded with
the Ca*" imaging dye via the patch-clamp pipette. Whole-
cell voltage clamp recordings of visualized LDT neurons
were obtained as previously described (Ishibashi et al.
2009). Pipettes were filled with a recording solution con-
taining (in mM) 144 K-gluconate, 3 MgClI2,10 HEPES, 0.3
NaGTP, and 4 Na2ATP (300-305 mOsm) including
Alexa-594 (25 pM, Molecular Probes, Invitrogen, USA)
and EGTA was replaced with bis-fura-2 (50 mM, Molec-
ular Probes, Invitrogen, USA), which was dissolved in the
patch pipette solution and allowed to passively diffuse into
the cell. After establishing a whole-cell patch configura-
tion, the cell was held at —60 mV in voltage clamp for a
minimum of 10 min before imaging began. This allowed
diffusion of dye and allowed dye to reach equilibrium in
the neuronal processes. The response in fluorescence to
changes in [Ca®"]; produced by bis-fura-2 is nearly
equivalent to changes induced in fluorescence of Fura-
2AM, the dye used in bulk-load imaging (Naraghi 1997,
Takahashi et al. 1999). Electrophysiological data were
recorded with an amplifier Axopatch 200B (Molecular
Devices: Axon Instruments, USA) (filtered at 2 kHz and
digitized at 20 kHz). Liquid junction potentials were
measured between the K-gluconate internal patch solutions
and the extracellular ACSF solution, according to the
method of Neher (Neher 1992) and measurements were not
corrected for this potential (—9.1 mV). After establishing
the whole-cell patch configuration in voltage clamp mode,
series resistance and capacitance compensation (70-80 %)
were performed by reducing the amplitude of the transient
resulting from a brief voltage step. After at least 10 min to
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allow diffusion of the dye within the cell, the recordings
were switched to current clamp mode so that the resting
membrane potential could be measured and only cells in
which a stable potential of —55 to —60 mV without
necessity of holding currents to maintain this voltage were
included in this study. Further, it was confirmed in current
clamp mode that patched cells were neurons by injection of
a brief, depolarizing pulse (50 pA, 300 ms) sufficient to
elicit action potentials. Image acquisition was controlled by
a TTL pulse from the amplifier digitizer (Axon CNS
1440A, Molecular Devices, USA). Fluorescent measure-
ments were started 10 s before any electrical protocols
were applied to the cell. For single-cell imaging, exposure
rates of 50-100 ms were utilized with intervals of
50-100 ms between frame pair capture. In studies of the
effects of CBIR activation on L-type Ca>" channels using
measures of fluorescence, a long-duration depolarizing step
from —60 to —30 mV for 5 s was utilized which we have
previously shown elicits a Ca®" rise with a large compo-
nent of contribution from the L-type Ca*" channel (Kohl-
meier et al. 2006).

Electrophysiology

Synaptic currents from LDT neurons were recorded with an
Axopatch 200B amplifier (Molecular Devices: Axon
Instruments, USA) operated in whole-cell voltage clamp
mode, and all recorded membrane currents were filtered at
2 kHz (low-pass Bessel filter) at the amplifier output and
digitized at 20 kHz, analyzed using Clampex (Version
10.3, Molecular Devices, USA). For recordings designed to
monitor inhibitory activity, patch pipettes (3—5 M, Sutter
P-97, Sutter Instruments, USA) were used which contained
(in mM) 144 KCI, 0.2 EGTA, 3 MgCI2, 10 HEPES, 0.3
NaGTP, and 4 Na,ATP, with an osmolarity range between
300 and 305 mOsM. This solution was used to reduce the
drive for chloride into the cell, thereby giving rise to
inwardly deflecting inhibitory events. In a separate group
of recordings, to examine the Ca®" dependence of DSI
within LDT neurons, the Ca®" buffer BAPTA (20 mM)
was included in the high Cl™ internal patch solution. To
elicit DSI, a depolarization step was initiated 5 min after
achieving the whole-cell configuration in which the cell
was stepped from the holding potential of —60 to 0 mV for
a total duration of 5-10 s (1 stimulus). Liquid junction
potentials were measured between the high CI™ internal
patch solution and the extracellular ACSF solution
according to the method of Neher (Neher 1992) and values
reported were not corrected for these junction potentials
(2.8 mV). Recordings were not included in the analysis if
holding currents exceeded —50 pA and if series resistance
increased by more than 30 MQ, which was monitored
continuously.

@ Springer

Immunohistochemistry for bNOS positive cells

The LDT contains a mixed population of GABAergic,
glutamatergic, and cholinergic neurons (Wang and Morales
2009). Although not an absolute predictor of phenotype,
the cholinergic and glutamatergic neurons tend on average
to be larger (>15 pm) in this nucleus (Boucetta et al. 2014;
Boucetta and Jones 2009). Accordingly, to facilitate
obtaining recordings in this study from these neuronal
types, we targeted cells with soma sizes exceeding 15 pm.
To identify the phenotype of the recorded cell after whole-
cell patch recordings as cholinergic or not, we included
Alexa-594 in patch pipettes, which could be located post
hoc. Tissue was counter reacted with an antibody for brain
nitric oxide synthase (bNOS) which is co-localized with
choline acetyltransferase (ChAT) in neurons within the
LDT nucleus (Hope et al. 1991; Vincent et al. 1983).
Accordingly, bNOS is considered a reliable marker for
cholinergic neurons in this nucleus and based on experi-
ence, is more consistently detected in brain slices in which
hours of electrophysiology have been performed than
markers designed to identify acetylcholine-synthesizing
enzymes (Christensen et al. 2014). After recordings, slices
were fixed in 4 % paraformaldehyde and then stored in
phosphate buffer saline (PBS) for further processing. Slices
were resectioned using a Leica cryostat CM 3050S (Leica,
Germany) to 40 um for immunohistological procedures.
Slices were exposed to mouse monoclonal anti-bNOS
antibody (rabbit polyclonal, Cat no: N7280, Sigma-
Aldrich, Denmark) and subsequently, isothiocyanate
(FITC)-labelled secondary antibody (Alexa Fluor 488, goat
anti-rabbit IgG, Cat no: A11008, Molecular Probes/Invit-
rogen, Denmark) directed against the primary. Mounted
slices were examined for both bNOS and Alexa-594
positive cells visualized using green—red filter for 488 and
594 nm wavelengths to detect green and red-fluorescent
labelled bNOS and Alexa-594, respectively. All filters were
set on an epifluorescence microscope (Axioskop 2, Zeiss)
fitted with a monochrome CCD digital camera (Axiocam
MRM, Zeiss, Germany). Images were collected using
Axiovision 4.6 (Zeiss) software. Those cells positive for
both indicators were determined to be recorded cells that
were cholinergic; whereas, absence of bNOS in the Alexa-
594 4 cell indicated that the recorded cell was non-
cholinergic.

Data analysis

All Ca*" imaging data were exported in Microsoft excel
format and agonist/antagonist-induced changes in fluores-
cence were measured using custom macros in Igor Pro 6.2
(Wavemetrics, USA). Determination of the statistical sig-
nificance of effects of WIN-2 under different experimental
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conditions was conducted by use of the two-tailed unpaired
Student’s ¢ test (GraphPad Prism Version 6.01, GraphPad
Software, Inc., CA, USA), where ‘n’ reported corresponds
to the number of cells affected/numbers of cells sampled.
Reported averages source from affected cells. Significant
differences between the frequency and amplitude of sIPSCs
and mIPSCs measured before and after drug (180 s)
application were detected using Kolmogorov—Smirnov
statistics (K-S test; Minianalysis, Ver 6.0.7, Synaptosoft
Inc., NJ, USA). To compare the effect on synaptic events in
a group of cells, Student’s ¢ tests (two-tail, paired, with
significance set at P < 0.05) were performed using
Graphpad prism (Version 6.01, GraphPad Software, USA).
These data are presented as mean =+ standard error of mean
(SEM). The percentage change reported (% Con-Treatment/
Control) represents the increase/decrease of the relative
mean + SEM for the population of cells that exhibited
significance using the K-S test (n = the number of cells
which exhibited significance in the K-S test/number of the
entire population of cells recorded). In some experimental
conditions, where cells could not serve as their own con-
trols, a significant difference in the numbers of responsive
and non-responsive cells from control conditions were
analyzed by a 2 x 2 contingency table using a non-para-
metric test (Fisher test, two sided, with significance set at
P < 0.05) with Graphpad prism (Version 6.01, GraphPad
Software, USA). P values are represented as follows:
*P < 0.05; #*P < 0.01; ***P < 0.001; ****P < 0.0001.

Results

The CB1 receptor agonist, WIN-2, induces a change
in intracellular Ca** within LDT neurons

Stimulation of the CB1R has been shown to induce neu-
ronal [Ca®*"]; in regions where it has been examined. To
investigate whether a similar effect occurs in LDT neurons,
our first studies were designed to rapidly assay in a large
number of LDT cells whether WIN-2, a CBIR agonist,
altered [Ca2+]i levels. Fura 2-AM is useful to load cells
non-invasively as it readily crosses cell membranes, and
several cells within a slice can be loaded simultaneously.
This dye exhibits alterations in fluorescence with changes
in levels of [Ca2+]i allowing it to be used as an indirect
measure of Ca>" kinetics and this dye has previously been
used to show agonist-induced changes in [Ca®"]; in LDT
neurons (Kohlmeier et al. 2004). Accordingly, we used
‘bulk-load’ Ca?" imaging to monitor WIN-2 induced
changes in [Ca2+]i in LDT cells. Within each slice, at least
four to five cells filled with the dye in the LDT and changes
in fluorescence in the dye within these cells to WIN-2
could be monitored (Fig. lal, 3). WIN-2 (10 uM) induced

rises in florescence with an average AF/F of 48.0 + 5.6 %
in 77 % of recorded cells (n = 61/79; Fig. 1bl, dl). In
another series of experiments, patch-clamp recordings were
conducted of single cells identified as neurons by the pre-
sence of action potentials and bis-fura-2 dye was intro-
duced via the patch pipette allowing the monitoring of
change in [Ca2+]i in individual neurons (Fig. 1a2, 4). WIN-
2 caused rises in [Ca2+]i in 78 % of the patch-clamped
neurons with an average AF/F of 67.0 + 6.7 % (n = 7/9;
Fig. 1b2, d2). These data indicate that CB1 receptor acti-
vation has actions on the levels of [Ca®T]; in a majority of
LDT neurons.

The CB1R antagonist, AM251 suppresses,
the WIN-2-induced increase in intracellular Ca**

The WIN-2-induced rise in [Ca2+]i could be due to non-
specific actions of WIN-2 as CB1R receptor independent
actions of WIN-2 have been noted (Oz 2006a, b). There-
fore, to determine whether effects of WIN-2 were specific
to activation of CBIRs, responses to WIN-2 were exam-
ined following preincubation of the brain slice with the
CBI1R antagonist, AM251 (10 uM). In the presence of
AM251, which did not itself affect [Ca2+]i as no changes
were noted in fluorescence upon its application (data not
shown), the WIN-2-induced increase in AF/F was signifi-
cantly smaller than that obtained with WIN-2 alone in Fura
2-AM-loaded slices. In the presence of AM251, the WIN-
2-induced increase was 25 % of that obtained in control
conditions (AF/F: 12.0 £ 1.6 %; n = 36/36; Fig. 1cl, d1).
Paralleling the findings using bulk-loading, single-cell
Ca®*" imaging with patch-clamped neurons revealed that
pretreatment of the slice with AM251 resulted in a sig-
nificantly smaller WIN-2-elicited rise of AF/F with a
reduction of 77.0 £ 5.3 % from that obtained in control
conditions (AM251 + WIN-2: Average AF/F 15 &+ 3.2 %;
n = 6/6, Fig. 1c2, d2). Taken together, our data suggest
that WIN-2 induces rises in [Ca?"]; mediated by specific
actions at CB1Rs.

A component of the WIN-2-induced increase
in intracellular Ca** was TTX insensitive

In the next series of experiments, we wanted to investigate
whether the elevation of [Ca2+]i induced by the CB1R
agonist was dependent on action potentials generated
within the slice. Accordingly, we performed our next
studies using TTX in the bath, which selectively blocks
voltage-dependent Na® channels and eliminates action
potential generation. Following a 5 min incubation of the
slice with TTX, WIN-2 was applied and we found a sig-
nificantly smaller rise in the AF/F elicited by the CBIR
agonist when compared to rises elicited in control
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conditions. In the presence of TTX, the WIN-2-mediated
rise in AF/F was reduced to 42.0 £ 13.0 % of that
obtained with WIN-2 alone (WIN-2 4+ TTX: AF/
F 150 £ 1.2 %, n = 62/70; Student’s ¢ test; P < 0.0001;
Fig. 2a). This suggests that a portion of the WIN-2-induced
elevation in [Ca2+]i requires the generation of action
potentials and is likely mediated by a non-terminally
located presynaptic component. However, in addition, our
findings indicate that one component of the WIN-2-medi-
ated rise in AF/F is not reliant on action potentials and
therefore likely stems from activation of CB1Rs in close
proximity to the recorded cells which could be located on
terminals presynaptic to the recorded cells or could be
located postsynaptically and on the recorded cell. While
the action potential-dependent CBIR-induced Ca®"
remains of interest, elucidation of the mechanisms involved
in these Ca®" rises seemed beyond the scope of this
manuscript, as we wished to focus on very local circuit
events in the LDT and this Ca®>" could have originated
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Fig. 2 WIN-2 induced changes in intracellular Ca** were contrib-
uted partially by a postsynaptic component. a Histogram from a group
of neurons recorded in the LDT using bulk-load Ca®* imaging
indicating that while bath application of TTX suppressed a proportion
of WIN-2-mediated changes in AF/F elicited in control conditions
(dark grey), rises in Ca®" were still apparent in presence of inhibition
of action potential generation in the slice by inclusion of TTX (light
grey). b A portion of responses persisted in conditions of synaptic
blockade indicating they did not rely on synaptic transmission. The
proportion of cells failing to respond to WIN-2 in low Ca** ACSF
was significantly different than the proportion not responding to WIN-
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from actions at CB1Rs located outside the LDT. Therefore,
the non-action potential-dependent component, which
suggested a terminal or postsynaptic source, was the
component upon which we chose to focus the next series of
imaging studies.

A component of the WIN-2-induced increase
in intracellular Ca** was CPA sensitive

Ca”" rises could be due to a CBIR-induced activation of
membrane Ca>" channels in the postsynaptic cell, although
CBI1R activation is mostly commonly associated with inhi-
bition of these channels (Brown et al. 2004; Caulfield and
Brown 1992; Mackie and Hille 1992; Mackie et al. 1995) or,
alternatively, release of Ca®" stored in the endoplasmic
reticulum (ER) within the cytoplasm of cells (Lauckner et al.
2005, 2008). In addition, although one component of Ca®™
increases persisted in presence of TTX, Ca®* rises in the
imaged cells could result from processes induced by
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2 in control conditions (Control ACSF: 18/79 and ACSF + TTX:
8/70 failed to respond; Low Ca’* + TTX: 14/24 failed to respond;
P =0.002 and P = 0.0001, Fisher Exact test, two tailed). ¢ In a
subset of cells in conditions of low Ca?*/TTX and inclusion of CPA,
which depletes [Ca2+]i, WIN-2 rises in [Ca”]i' were abolished.
Taken together, these data indicate that a portion of WIN-2-mediated
Ca®" is independent of both synaptic transmission and flux across the
membrane and is mediated by release of Ca*" from intracellular
stores. Error bars indicate SEM, ** and ****indicate P < 0.01 and
P < 0.0001, respectively
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stimulation of proximally located presynaptic CBIRs.
Accordingly, we examined whether Ca”" rises occurred in
the presence of TTX and a low Ca’7 external solution, which
produced a condition of synaptic blockade, and eliminated
the flux of Ca>* across the membrane. In low Caz++TTX,
58.3 % of the recorded cells failed to respond to the agonist
WIN-2 (14/24 cells), which was a significantly larger pro-
portion of cells than the proportion which failed to respond to
WIN-2 in control conditions (non responsive in normal
ACSF 18/79 (22.7 %); P = 0.002, Fisher Exact test). Fur-
ther, the proportion of non responding cells in low
Ca’"+TTX was significantly higher than the numbers of
cells which failed to respond in TTX [non responsive in
presence of TTX, 8/70 (11.4 %); P = 0.0001, Fisher Exact
test] (Fig. 2b). However, in another group of cells, responses
were present and the mean amplitude of the responses were
not different from that obtained in control conditions (AF/
F55.0 £ 7.1 %;n = 10/24; P > 0.05), indicating that these
rises were independent of flux of Ca®" across cellular
membranes.

Independence of Ca®" flux across cellular membranes
suggested that WIN-2-induced changes in AF/F could be
due to release of Ca®* from ER stores as this mechanism
has been shown to occur in other cell types. Therefore, to
test whether intracellular Ca*" stores play a role in WIN-2-
mediated rises, we examined the actions of CPA, which is
an antagonist of sarcoendoplasmic reticulum Ca®"
(SERCA) pumps, on WIN-2-induced rises. Following
pretreatment of the slices with CPA for 5 min, which we
have shown is an effective time for emptying of the
intracellular SERCA-pump mediated Ca®" stores in cells
of the LDT as evidenced by rises in AF/F (Kohlmeier et al.
2004) which return to a stable baseline, WIN-2-mediated
increases in Ca®" were found to be 77.0 & 7.7 % lower in
the majority of cells which was significant from changes in
AF/F noted in control conditions (In presence of
CPA + TTX: AF/F 6.4 + 1.3 %; n = 23/30; P < 0.0001;
Fig. 2c). We then examined WIN-2-mediated rises in
intracellular Ca®" in presence of low Ca** ACSF + TTX
and CPA, and found that WIN-2-mediated responses were
eliminated (AF/F 0.21 £ 0.04 %; n = 62/75, P = 0.2038;
Fig. 2c). Our data indicate that WIN-2 leads to rises in
Ca®* that are due, in part, to release of Ca®* from internal
stores. Summarizing our Ca?" imaging experiments, we
determined that activation of CB1Rs within a local syn-
aptic network in the LDT results in actions on Ca’", and
these actions involve both flux across the membrane from a
Ca’" permeable source and release from intracellular
stores, which are novel findings. However, with the bolus
loading technique, it was difficult to extract further specific
information about Ca®* changes induced by CBIR acti-
vation, therefore, with the positive finding of alterations in

Ca®* due to CBIR activation, we went further and con-
ducted our next investigations using patch-clamp record-
ings to elucidate the involvement of Ca’" in CBIR-
mediated cellular actions.

WIN-2 induces an inhibition of the L-type Ca®" current

Reductions of intracellular Ca*" induced by CBIR acti-
vation in low Ca®" solutions suggested the involvement of
a Ca®" permeable conductance. Activation of CBIRs has
been shown to result in inhibition of voltage-gated Ca®"
channels (VGCC) in many different neuronal regions and
this inhibition likely plays a role in presynaptic inhibition
stimulated via retrograde signaling (Freund et al. 2003;
Howlett 2005; Kreitzer and Regehr 2001). Therefore, we
wished to investigate effects of CBIR activation on a
specific Ca®" conductance known to be present in LDT
cells: the L-type Ca’" channel. Inhibition of the L-type
VGCC following CB1R activation has been found to occur
in retinal bipolar cells (Straiker et al. 1999; Straiker and
Sullivan 2003) and neonatal rat solitary tract cells (Endoh
2006). The L-type Ca®" channel in the LDT has been
shown to be modulated by a variety of neuroactive com-
pounds acting at G-protein coupled receptors, and has been
shown to greatly influence the excitation of these cells
(Kohlmeier and Leonard 2006) so it seemed feasible that
CB1R activation could modulate function of this channel in
the LDT. Accordingly we examined whether CB1R acti-
vation influenced functioning of the L-type Ca** channel
using patch-clamp recordings of LDT neurons combined
with simultaneous Ca®' imaging. We utilized previously
established protocols in which a long-lived depolarizing
step of current was applied via the patch pipette to activate
the L-type Ca®" channel (Kohlmeier et al. 2008). There-
fore, cells were depolarized from a holding potential of —
60 to —30 mV for 5s while Ca’" imaging was being
conducted. The resulting fluorescent transient has been
shown to contain a significant contribution of Ca®" from
entry via L-type Ca’" channels. WIN-2 was found to
inhibit the Ca>" conductance resulting from this step by
approximately 71.0 £ 12.2 % of control (AF/F % Con:
54.1 &+ 14.0; WIN2: 13 £4.9 %, n = 4/4; P = 0.0357;
Fig. 3a, b). In a different group of cells, we tested the
actions of nifedipine alone, the L-type Ca®' channel
antagonist and found that nifedipine reduced the transient
to nearly the same extent (AF/F % Con: 54.1 £ 14.0;
nifedipine: 14.0 £ 3.2 %, n = 4/4, P = 0.0390; Fig. 3c).
We then tested the effect of WIN-2 and nifedipine on the
fluorescent signal induced by the long-duration depolariz-
ing step. We found that in the presence of the L-type Ca®"
channel antagonist, WIN-2 failed to significantly reduce
the transient from the reduction seen in nifedipine alone
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Fig. 3 WIN-2 suppresses the L-type Ca>" conductance within the
LDT. a Using voltage protocols shown to elicit a significant rise in
AF/F mediated by L-type Ca®>" channels in LDT neurons, individual
responses of AF/F are shown in control conditions (black), following
exposure to WIN-2 (dark grey) and in presence of nifedipine (broken
line), which reveal that WIN-2 induces a similar reduction in AF/
F induced by this protocol as the L-type Ca>* channel blocker. b Data
from the population of patch-clamped cells in which the L-type Ca®"

control conditions in the same cells (AF/F % Nifedi-
pine alone: 15.1 & 3.7; WIN-2 + nifedipine: 14 + 3.2 %,
n = 2/2, P = 0.8924; Fig. 3c), suggesting occlusion of the
action of WIN-2 by L-type Ca’" channel blockade.
Accordingly, our data indicate that WIN-2 has actions on
L-type Ca®" channels in LDT neurons and suggest that
activation of CBIRs would result in inhibition of Ca®"
entering these channels subsequent to their depolarization-
triggered opening.

Depolarization-induced suppression of inhibition (DSI)
occurs in the LDT and involves the CBIR

In a previous study, we found that activation of the CB1R
resulted in a reduction in the frequency of inhibitory syn-
aptic currents (sIPSCs) directed to LDT neurons (Soni et al.
2014). This effect was reminiscent of the CB1R-involved
process known as DSI, which has been shown in other cell
types to be induced by sustained depolarization of neurons,
probably subsequent to endogenous production of eCBs
from the postsynaptic cell acting at CB1Rs located on
presynaptic input. We wished to test whether depolariza-
tion of LDT neurons could result in a similar phenomenon.
Accordingly, in the presence of glutamate receptor block-
ers, and using a high Cl~ patch solution (Ec; close to
~0 mV) in which the reversal potential for chloride had
been altered such that downward going deflections in the
recordings reflected inhibitory events, we measured the
frequency and amplitude of SIPSCs before and following
application of a single, long-lived depolarizing step (10 s,
to a holding of 0 mV). We found that this protocol induced
a significant change in both the frequency and amplitude of
sIPSCs measured within 120 s after the stimulus in 80 % of
the cells tested. Direct depolarization of LDT neurons
resulted in a reduction in the mean frequency of sIPSCs to
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channel stimulation protocol was applied, indicating that WIN-2
significantly inhibited the rise in AF/F stimulated by the depolarizing
step. ¢ In a group of cells, WIN-2 failed to induce a significant
decrease in AF/F when nifedipine was present, indicating occlusion
of the WIN-2-mediated action by the L-type Ca®* channel blocker.
Error bars indicate SEM and * ndicates P < 0.05, whereas ‘ns’
designates lack of significance

33.0 £ 9.4 % of control (pre stimulus: 0.89 £ 0.04 Hz;
post stimulus: 0.57 £ 0.07 Hz; n = 12/15; K-S Test;
P = 0.0068; Fig. 4a2), and a significant reduction in their
amplitude (26.0 7.4 % of control; pre stimulus:
46.0 £ 2.1 pA; post stimulus: 33.0 & 2.3 pA; n = 12/15;
P =0.0015; Fig. 4a3). To determine whether CBIR
stimulation was mediating this change, we performed the
same stimulation in the presence of the CB1R antagonist
AM?251. In a previous study, we have found that within the
LDT, bath application of AM251 alone results in an
increase in the frequency of sIPSCs (Soni et al. 2014),
which is an effect shown in other brain regions as well,
such as the hippocampus (Hentges et al. 2005; Losonczy
et al. 2004; Neu et al. 2007) and amygdala (Roberto et al.
2010; Zhu and Lovinger 2005) and this action occurred in
the present study as well. However, pre-incubation of the
slice in AM251 (2 min) abolished the ability of depolar-
ization of the cell to decrease the AM251-heightened fre-
quency (only 3.5 £ 2.9 % change of control; pre-stimulus:
1.1 £ 0.27 Hz; poststimulus: 1.2 £ 0.26 Hz; n = 4/4;
P = 0.4294; Fig. 4b2) and amplitude of sIPSCs in patch-
clamped LDT neurons (13.0 £ 6.8 % reduced from
control; pre stimulus: 48.0 £ 4.9 pA; post stimulus:
42.0 &£ 5.7 pA; n =4/4; P =0.1123; Fig. 4b3). These
data indicate that eCBs can be produced within the LDT,
which corroborates our earlier findings of endogenous
production in the brain slice limiting ongoing IPSC activ-
ity, and further, our present data indicate that depolariza-
tion of LDT neurons can result in a positive feedback
signal reducing inhibitory drive directed to these cells.

DSI is sensitive to the Ca>" chelator BAPTA

In some cell types, DSI has been found to rely on rises in
[Ca2+]i (Ohno-Shosaku et al. 2002; Varma et al. 2001),
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whereas in other regions, DSI can occur as a Ca**-inde-
pendent process (Kim et al. 2002). We wished to determine
whether the DSI induced by direct depolarization of LDT
cells was dependent on Ca>*. Accordingly, we conducted a
series of recordings using patch pipettes filled with the
Ca*" chelator BAPTA, which is highly selective for Ca®"
over Mg”", and a more rapid Ca>" buffer than EGTA
(Tsien 1980). After establishment of a seal onto the cell
surface and rupture of the membrane, the pipette contents
were allowed to equilibrate with the intracellular con-
tents, allowing BAPTA diffusion throughout the neuro-
nal processes. Following a period of equilibration, the
depolarizing step protocol was applied to the LDT neuron.
We found that BAPTA completely blocked the reduction in
frequency of IPSCs induced by the depolarizing step
(24 £7.6 % reduced from control; pre stimulus:
0.56 = 0.05 Hz; post stimulus: 0.54 + 0.04 Hz; n = 7/9;
P = 0.5590; Fig. 4c2) in the majority of cells studied and
the reduction in sIPSC amplitude induced by direct depo-
larization of these neurons was also abolished (no change
102.9 + 5.7 % of control; pre stimulus: 48.0 & 2.9 pA;
post stimulus: 49.0 & 3.3 pA; n=7/9; P = 0.6780;
Fig. 4c3). As we did not have an internal control for pre-
sence of DSI in the cells before BAPTA exposure, we
conducted a non-parametric test to determine whether there
was a significant difference in the numbers of cells
exhibiting DSI in control conditions and those failing to
exhibit this phenomenon in presence of BAPTA. Our data
indicated that there was a significant difference in the rate
of occurrence of DSI in control cells from that occurring
during the BAPTA recording conditions (responsive cells
in absence of BAPTA: 12/15 (80 %); responsive cells in
presence of BAPTA: 2/9 (22 %); P = 0.0104, Fisher Exact
test, two tailed). Our findings indicate that Ca®* chelation
prevented a significant change in frequency and amplitude
of sIPSCc after direct depolarization, which suggests that
rises in [Ca®T]; are involved in induction of DSI in LDT
neurons.

As a major source of activity-dependent intracellular
Ca’" increase in LDT cells is influx via L-type Ca®"
channels, we investigated the role of the L-type Ca®"
channel in the Ca”*"-dependent DSI. In the presence of
bath-applied nifedipine, direct depolarization failed to
induce a significant change in the frequency of sIPSCs
(P = 0.4312, n = 3/3, Fig. 4c4), however, a small, sig-
nificant change in the amplitude was noted (P = 0.0392,
n = 3/3, Fig. 4c5). Following wash out of the nifedipine
from two of the three brain slices previously exposed, two
more cells were patched and direct depolarization induced
a change in frequency which was similar to that seen in
control conditions (36.6 % of control, n = 2, data not
shown). These data suggest that L-type Ca*" channels play
a role in eCB production stimulated by depolarization.

The metabotropic glutamate receptor (mGluR) agonist,
DHPG, induces DSI in the LDT

Endogenous activation of eCBs has been shown to occur
upon activation of mGluRs and this activation can induce
DSI (Chevaleyre and Castillo 2003; Glitsch et al. 1996;
Maejima et al. 2001; Morishita et al. 1998; Puente et al.
2011; Varma et al. 2001). Recently, we presented work
showing that the Group I, type I, metabotropic glutamate
receptors (mGlulR) are present on LDT neurons, and when
activated, can stimulate rises in [Ca”]i (Kohlmeier et al.
2006, 2013). Further, we demonstrated the presence of a
local glutamate circuit within the LDT which exhibited
ongoing activity in the brain slice (Kohlmeier et al. 2012).
Taken together, these data suggest that the endogenous
release of glutamate in the LDT from local neurons or ter-
minals of projection neurons (Honda and Semba 1995)
could induce DSI via actions on mGluRs on cells in this
nucleus. In our earlier study, recording conditions were not
optimized to detect whether the application of mGluR1
agonists affected the frequency or amplitude of sIPSCs that
we have shown are mediated in LDT cells by GABAergic
mechanisms (Ishibashi et al. 2009). Therefore, we con-
ducted a new series of experiments with high chloride-
containing pipettes and inclusion in the ACSF of blockers of
ionotropic glutamate receptors, and monitored the actions
of the mGlulR agonist, DHPG, on synaptic activity to
determine whether stimulation of the mGlulR elicited DSI
in LDT cells (Fig. 5al). In patch-clamped LDT neurons,
bath application of DHPG (50 uM; 2—3 min) inhibited the
frequency of sIPSCs (32.0 & 6.5 % reduced from control;
con: 0.75 £ 0.11 Hz; DHPG: 048 + 0.05; n = 5/5;
P = 0.0148; Fig. 5a2) as well as reduced their amplitude
(17 £ 5.1 % reduced from control; con: 47.0 & 5.6 pA;
DHPG: 39.0 £ 4.3 pA; n = 5/5; K-S test; P = 0.0365;
Fig. 5a3). As activation of mGlulRs can induce release of
Ca>" from intracellular stores in LDT cells, and this Ca>*
may be involved in mGlulR mediated DSI, we examined
whether DHPG-stimulated DSI was a Ca’"-dependent
process. Inclusion of BAPTA in the patch pipette elimi-
nated the DHPG-induced change in frequency (n = 7/7;
P =0.1409; Fig. 5b2) and amplitude (n=7/7;
P = 0.9973; Fig. 5b3) of sIPSCs suggesting the require-
ment of rises in intracellular Ca®" in induction of mGluR-
elicited DSI.

Effects included the involvement of the CBIR since the
DHPG action on the frequency and amplitude of sIPSCs was
sensitive to preincubation (2-3 min) of the slice in AM251. In
the presence of AM251, DHPG failed to induce an inhibition in
frequency of sIPSCs (3.2 & 3.0 % reduced from control; con:
0.93 + 0.08 Hz; DHPG: 0.89 £ 0.06 Hz; n = 4/4; K-S test;
P = 0.0347; Fig. 5b4) and the reduction in amplitude was not
elicited (5.3 & 4.8 % reduced from control; con: 29 + 3.2 pA,;
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DHPG: 27 &+ 2.1 pA; n = 4/4; P = 0.0233; Fig. 5b5). In a
group of cells, we examined the effect of DHPG on the fre-
quency and amplitude of IPSCs in the presence of TTX to block
action potential generation in the slice (Fig. 5c1). In the presence
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of TTX, DHPG reduced the frequency of mIPSCs (43 & 3.8 %
of control; con: 0.55 £ 0.09 Hz; DHPG: 0.32 4+ 0.06 Hz;
n = 4/4; P = 0.0090; Fig. 5c2), but did not significantly affect
the amplitude of these inhibitory events (5.1 & 3.7 % of
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«Fig. 4 Depolarization-induced suppression of inhibition (DSI) of
spontaneous inhibitory currents (IPSCs) within the LDT nucleus. al
An individual voltage recording of a patch-clamped LDT neuron
displaying DSI induced by application of a depolarizing voltage step
(0 mV for 10 s) from the resting holding potential of —60 mV. DSI
following the voltage step (poststimulus, 120 s) is clearly seen in that
the frequency and amplitude of IPSCs (downward deflections) are
reduced. Blockers of ionotropic glutamate receptors are present in
these recordings. Histograms from the population of neurons studied
in which it can be seen that there was a significant decrease in both
the frequency (a2) and amplitude (a3) of IPSCs following the
stimulation, when compared with that pre-stimulus. b1 A voltage
recording from another neuron showing the failure to induce DSI in
the presence of the CBIR antagonist AM251. Presence of AM251
inhibited any significant stimulus-induced change in the frequency
(b2) or amplitude (b2) of IPSCs in the population of LDT neurons
studied. ¢ A representative voltage recording of a LDT neuron
recorded with BAPTA (20 mM) in the patch solution illustrating that
DSI was not induced in this cell by the depolarization step when the
Ca®" chelator was present. The majority of the LDT cells recorded
with BAPTA-containing pipettes failed to show a stimulation-induced
significant inhibition of the frequency (c2) or amplitude of sIPSCs
(¢3), indicating that DSI induced by a depolarizing step is dependent
on [Ca®*];. (c4) When nifedipine was added to the bath, the frequency
(c4) of IPSCs failed to be significantly changed by a depolarizing
step, however, the amplitude was still reduced (cS). These data
suggest a role of Ca*™ flux via L-type Ca®" channels in depolariza-
tion-induced DSI. Error bars indicating the SEM. *indicates
P < 0.05, **indicates P < 0.001 and ‘ns’ designates no significant
difference

control; con: 50.0 £ 3.9 pA; DHPG: 47.0 £ 2.4 pA;n = 4/4;
P = 0.2579; Fig. 5¢3). In the presence of AM251 (Fig. 5d1),
DHPG had no significant effect on mIPSC frequency
(53 £83 % of control; con: 0.46 £ 0.09 Hz; DHPG:
0.42 £+ 0.08 Hz; n = 8/8; P = 0.3656; Fig. 5d2) or amplitude
(63 £78% of control; con: 42 £ 4.1 pA; DHPG:
44 + 45 pA; n=38; P =0.6186; Fig. 5d3). When taken
together, these data suggest a presynaptic localization for the
relevant CB1Rs. In a few cells, establishment of the recovery of
the control levels of sSIPSC frequency and amplitude indicated
that actions were not due to cell run down (n = 3). Taken
together, these data indicate that the activation of mGlulRs is
capable of inducing DSI in a Ca*"-dependent process and
suggest that endogenous activation of these receptors by dem-
onstrated glutamatergic input directed to LDT cells could result
in disinhibition thereby, altering the excitability of these cells.

Immunohistochemistry was used to identify recorded
cells from the LDT nucleus

We were only able to recover a total of 15 cells from
imaging studies using patch-clamp recordings upon which
immunohistochemistry could be performed. In studies
monitoring the effects of WIN-2 on AF/F %, two of the 15
recorded and recovered cells were found to be bNOS
positive (one of them shown in Fig. 6al, 2), indicating that

the majority of cells recovered were non cholinergic (one
of them shown in Fig. 6bl, 2). Six of the 15 cells recovered
were included in the studies examining the antagonizing
actions of AM251. Of these 6, only one cell out of those
recovered was found to be both bNOS and Alexa-594
positive; whereas, 5 recovered recorded cells in this study
were determined to be non cholinergic. Our data suggest
that rises in [Ca2+]i induced by CBIR agonism occur both
in cholinergic and non-cholinergic neurons and, as our
sample size was too small to make firm conclusions, future
studies will need to be conducted to determine whether
responses occur preferentially within any particular LDT
phenotype. Further, a very recent study raises the possi-
bility that rises in Ca®* can be triggered in glial cells in the
brain stem by CBIR activation (Koszeghy et al. 2014) and
while the Alexa-594 cells were identified as neurons in this
study, future studies could be conducted to examine whe-
ther CB1Rs on glial cells in the LDT play a role in cellular
processes in this nucleus.

Discussion

Ca*" imaging and electrophysiology recordings presented
in this study provide strong evidence that activation of
CBIRs results in rises in Ca®" in LDT cells. WIN-2-
induced increases in fluorescence indicative of rises in
Ca’" were apparent in both AM-loaded LDT cells, in
which the intracellular milieu had not been disturbed, and
in single LDT neurons using patch-clamp recordings.
While some rises in Ca®" in postsynaptic neurons were
dependent upon synaptic transmission and, therefore,
blocked by low Ca*" or presence of TTX, a significant
proportion of the rises in Ca>* was sensitive to depletion of
SERCA-pumps, indicating that the source of these Ca®"
transients was likely release from intracellular stores. A
very similar phenomenon has been observed in hippo-
campal neurons in which activation of the CB1R leads to
increases in cytosolic Ca®* and these rises in [Ca”]i were
diminished by the Ca’*T-ATPase inhibitor, CPA (Isokawa
and Alger 2005; 2006). Rises in [Ca®"]; induced by the
CB1R agonist were sensitive to a CBIR antagonist,
AM251, further suggesting that actions of WIN-2 were
specific to the activation of CBI1Rs, rather than non-
receptor mediated effects. These data are in agreement with
findings in NGI108-15 and NI18TG2 cells showing that
direct CB1R stimulation using THC and 2-arachidonoyl
glycerol induced a modest increase in [Ca®"]; (Kondo et al.
1998; Sugiura et al. 1997), which was sensitive to the
CBI1R antagonist, SR141716A (Rinaldi-Carmona et al.
1995).

While the stimulation of presynaptic CB1Rs also leads
to rises in Ca®" in postsynaptic LDT cells, we chose to
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«Fig. 5 mGluR activation induced suppression of inhibition of IPSCs
within neurons of the LDT. DHPG, a potent Group I, type 1, mGIluR
agonist was used in this study. al A representative voltage recording
from an individual LDT neuron showing that bath application of
DHPG reduced the frequency and amplitude of sIPSCs. Upon
washout of DHPG, some initial recovery of the cell from this action
is apparent. DHPG significantly reduced the frequency (a2) and
amplitude (a3) of sIPSCs in the population of neurons examined
within the LDT. bl Inclusion of BAPTA in the patch pipette
eliminated mGluR-induced changes in the frequency and amplitude
of sIPSCs, as can be seen in this representative recording from a LDT
neuron, and in the histograms of the summary data taken from a
population of recorded cells (b2, 3). Pre-incubation of the slice with
AM251 significantly inhibited the DHPG-induced change in fre-
quency (b4) and amplitude (bS) of IPSCs in a population of LDT
cells, indicating involvement of the CBIR. When taken together,
these data indicate that mGluR stimulation leads to Ca>" -dependent
DSI involving the CBIR. ¢l Recording from a representative LDT
neuron in TTX indicating that DHPG is effective in reducing the
frequency, but not the amplitude of mIPSCs. In a group of LDT cells,
DHPG induced a significant change in frequency (c2) but not in the
amplitude (¢3) of mIPSCs. d1 Pre-incubation of LDT cells with the
bath-applied CBIR antagonist, AM251, inhibited the DHPG-induced
change in frequency of mIPSCs, which is apparent from this voltage
recording from a single LDT neuron in which TTX is present. d2
Histogram showing the effect of DHPG on mIPSC frequency when
applied in the presence of AM251 in a population of LDT neurons.
DHPG failed to induce any significant change in frequency or in
amplitude (d3) of mIPSCs in LDT neurons when the CB1R antagonist
was present. Taken together, these data suggest a CB1R-mediated,
presynaptic effect induced by activation of mGluR1 s in the LDT.
Error bars indicating the SEM. *indicates P < 0.05 and **indicates
P < 0.001 and ‘ns’ designates no significant difference

focus our studies on the Ca®" rises insensitive to synaptic
blockade. However, Ca”" rises sourcing from activation of
CB1Rs located presynaptically and away from the termi-
nals is likely importantly involved in functioning of the
postsynaptic cell (Glass and Felder 1997; Howlett et al.
2002, 2004; Matsuda et al. 1990). Ca’* plays a funda-
mental role in activation of gene regulation and in synaptic
plasticity and the eCB system has been recognized to
mediate many forms of synaptic plasticity in the postsyn-
aptic cell following presynaptic stimulation (Glass and
Felder 1997; Heifets and Castillo 2009; Howlett et al.
2004). Therefore, although it was not explored in the
present study, it remains of interest what are the underlying
mechanisms of the rises in Ca®" sensitive to synaptic
blockade and what is the role played in the postsynaptic
cell of these rises.

There are several caveats of our studies which examined
changes in Ca?". Our imaging studies were conducted in
young animals, however, studies have shown that the
CBIR is present in the rodent brain during development
and in the early postnatal period and that production of
endogenous agonists of this receptor, such as anandamide,
occurs during this time (Berrendero et al. 1999; Fernandez-
Ruiz et al. 1999). Further, CB1R mRNA levels in the

brainstem were highest during this developmental period.
Of course, other involved effectors, such as ion channels
may not be at adult levels. However, a previous study of
another G-protein-mediated action (mGluR), which
involved the inwardly rectifying potassium channel in LDT
cells did show that this action extended to neurons in brain
slices from animals of a similar age to those in the present
study (Kohlmeier et al. 2013), suggesting that at least some
ion channels present in the adult, are present at an early age
in the LDT. Further, in a preliminary study, we performed
some recordings in cells from older animals (16-25 days of
age), which showed that DSI induced by direct depolar-
ization (n = 3 cells) and by DHPG (n = 1) occurs in LDT
neurons from this range of ages (K-S test, P < 0.05).
Accordingly, although it remains to be tested, we believe
CB1R phenomenon noted in the present work extends
beyond the range of ages examined.

Another caveat of our study was that we choose to use
an indirect measure of Ca2+, rather than directly record
Ca”" currents. Our choice of Ca** imaging was deliberate,
as previous experience indicated that recordings of LDT
cells would not survive for the long periods of time
required for this study if they were held under conditions
necessary for isolation of Ca>* currents. Ca®" imaging has
been conducted in other neuronal types and changes in
fluorescence of Ca>" binding dyes have been shown to
exhibit a strong correlation with depolarising voltage shifts
expected to trigger rises in Ca”™ and data from these
studies have been presented as functional evidence allow-
ing conclusions regarding cellular processes leading to
Ca”" rises (Isope and Murphy 2005; Murphy et al. 1995;
Regehr et al. 1989; Sargoy et al. 2014). Further, we have
shown in LDT neurons that voltage protocols resulting in
depolarization of the membrane result in rises in fluores-
cence, which are sensitive to selective Ca®' channel
antagonists (Kohlmeier and Leonard 2006). Although
direct measures of Ca®* should be conducted to confirm
our findings obtained with Ca®" sensing dyes, we do
believe our data support the conclusion that CBIR acti-
vation results in calcium rises in LDT neurons. Another
caveat of our study is that we were unable to definitively
establish in which neuronal type effects extended in the
majority of cases. Immunohistochemistry from single cell
recordings revealed that these effects occurred in cholin-
ergic and non-cholinergic LDT neurons. The LDT is a
mixed population of glutamatergic, cholinergic and GAB-
Aergic neurons (Wang and Morales 2009) with some size
distinction in that glutamate and cholinergic cells tend to
be larger than the GABAergic cells (Boucetta and Jones
2009). As there is currently no reliable electrophysiological
way to unambiguously distinguish the different LDT neu-
ronal phenotypes, using optical guidance, we targeted cells
appearing to be larger than 15 pm. A sampling of total cell
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Fig. 6 Immunohistochemical identification of patch-clamped cells:
al following immunohistochemical processing of the brain slice,
bNOS positive cells are visible under appropriate fluorescence
(488 nM). (a2) Cells from which recordings sourced could be
identified by presence of Alexa-594. Coincidence of bNOS and
Alexa-594 in the same cell indicated that the recorded cell was
cholinergic as shown by this representative LDT neuron which

capacitance in a subpopulation of cells in the present study
provided further support for the conclusion that recordings
derived from large cells (41.16 4+ 1.8 pF; n = 19 cells).
With the caveat that long recording times could have dia-
lysed bNOS, leading to false negative cell identifications,
our immunohistochemistry further supports the interpreta-
tion that it is highly likely that our population of large, non
cholinergic recorded neurons included a significant popu-
lation of glutamate cells. When taken together, it is
tempting to speculate that within the LDT, in addition to
CBI1R functional presence on cholinergic and GABA-
releasing LDT terminals as indicated by findings in our
previous study (Soni et al. 2014), these receptors are also
present on glutamatergic neurons in this nucleus. Findings
from a previous study did indicate that CB1R-mediated
DSE was present in two LDT cells suggesting presence of
CBI1Rs on glutamatergic LDT neurons, however, DSE was
not elicited in the majority of recorded cells. Agonist
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responded to WIN-2 with a rise in [Ca®*); (white arrows in al and
a2). b Failure to co-localize these two fluorescent indicators indicated
that a recorded neuron was non cholinergic as shown in this example
of an Alexa-594 containing cell (b2, black arrow) which responded to
WIN-2 with a rise in [Ca>"]; but was negative for presence of bNOS
(b1)

concentration was speculated to have not been high enough
to activate DSE in the majority of cells (Soni et al. 2014).
When taken together, it remains a possibility that CB1Rs
are present on glutamate LDT cells, and therefore, that
eCB-mediated rises in [Ca2+]i in these cells could play a
role in processes controlled by this LDT phenotype.
However, identification of the exact neurotransmitter con-
tent of the population of non-cholinergic LDT neurons
exhibiting CB1R-mediated rises in [Ca®"]; remains for
future investigations.

A recent report presented evidence for CBIR on glial
cells in a cholinergic nucleus adjacent to the LDT, the
pedunculopontine tegmentum (PPT). Using a different
Ca”" imaging dye, CB1R-mediated rises in calcium were
detected in glial cells of the PPT (Koszeghy et al. 2014)
which raises the possibility that imaged cells in the
present study included non neurons. However, in the
present study using a dye that has previously been shown
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to load neurons in the LDT (Kohlmeier et al. 2004) and
by targeting large cells in this nucleus unlikely to be glia
which are less than 10 pm, and by confirming WIN-2-
mediated rises in AF/F occurred in cells which exhibited
action potentials, we do believe CBI1R-mediated Ca’t
rises occur in neurons of the LDT. Although we do not
rule out occurrence of CB1R-mediated rises in glial cells
of this nucleus, rises in Ca®* with the kinetics of slow
Ca”** waves which were typical of CB1R-mediated Ca®"
in PPT glial cells, and glia in other neuronal regions
(Koszeghy et al. 2014; Takahashi et al. 2007), were not
detected in any of the cells imaged in the present study,
lending further support to our conclusion that neurons of
the LDT do exhibit CB1R-mediated rises in Ca*". A
proportion of rises in Ca*" in the LDT were insensitive to
TTX and low Ca’*" conditions, but were sensitive to
SERCA-pump depletion. Interestingly, WIN-2-mediated
rises in Ca”" in PPT glial cells were also SERCA-pump
sensitive and Ca?" sourcing from this store was associ-
ated with release of glutamate, which, in a novel finding,
was found to act at postsynaptic mGluRs (Koszeghy et al.
2014). As we have shown that mGluR stimulation leads
to rises in Ca?" in postsynaptic LDT cells (Kohlmeier
et al. 2013), there is a possibility that Ca*" rises seen in
the present study were mediated by a similar phenome-
non. However, arguing against a CB1R-mediated increase
in glutamate as a mechanism underlying the present data
is our earlier study which failed to find any evidence of
an enhancement of glutamate release when CB1Rs in the
LDT were stimulated (Soni et al. 2014). Regardless, while
postsynaptic CBIRs likely mediate TTX and low Ca®"
insensitive, and SERCA-pump sensitive rises in Ca®"
seen in the present study, it remains a possibility that
CB1Rs on LDT glial cells contribute to these rises.

DSI within LDT

In our study, we also found that direct depolarization of
LDT neurons lead to a reduction in the frequency and
amplitude of sIPSCs directed to LDT neurons, which is a
phenomenon noted in other cells types to be mediated by
the eCB system (DSI). This DSI was mediated by CBI1
receptors as the CBIR antagonist, AM251, blocked this
action. This is the first time that DSI has been shown within
the LDT. As a rise in [Ca®"]; is vital for eCB synthesis, it is
no surprise that numerous studies have shown that rises in
[Ca®™); are a prerequisite for eCB-mediated DSI (Isokawa
and Alger 2005; Lenz and Alger 1999; Morishita and Alger
1997; Ohno-Shosaku et al. 2005; Pitler and Alger 1992;
Wilson and Nicoll 2001). However, some studies indicate
that while eCB synthesis requires rises in [Ca2+]i, release
of eCBs is independent of this [Ca2+],~ rise (Kim et al.
2002). Our findings show that DSI was sensitive to

chelation of [Ca®"]; suggesting that DSI induced by
depolarization is dependent on [Ca®"]; levels. Blockade of
the voltage-gated L-type Ca®' channel eliminated the
reduction in frequency of IPSCs induced by direct depo-
larization, suggesting a role of this Ca®" channel in this
phenomenon as has been seen in other neuronal types.
Depolarization-activated DSI was shown in hippocampal
neurons to be mediated by the N-, and in certain situations,
the L-type Ca®" channel (Lenz et al. 1998) and DSI can be
enhanced by L-type Ca?" channel modulators (Pitler and
Alger 1992). While our findings implicate a role of the
L-type Ca’" channel in DSI, our data do not rule out
involvement of other voltage-operated Ca®" channels in
DSI, nor that other stimuli that induce DSI in the LDT may
do so in a Ca®"-independent fashion. Alternatively, Ca®"
required may source independent of flux across the
membrane.

mGluRs activation as a source of DSI within LDT

Numerous studies suggest that pharmacological and elec-
trophysiological activation of metabotropic glutamate or
muscarinic receptors can induce the formation of eCBs that
mediate retrograde synaptic signals (Brenowitz and Regehr
2003; Kim et al. 2002; Ohno-Shosaku et al. 2003) which
suppresses the release of neurotransmission. In the present
study, we showed that activation of mGluRs leads to DSI,
which could be mediated by rises in [Ca“]i as we have
previously shown that stimulation of this receptor leads to
intracellular release of Ca>" in LDT neurons (Kohlmeier
et al. 2004). Previously, it had been shown that activation
of mGluRs leads to eCB-mediated retrograde signaling in
the hippocampus (Chevaleyre and Castillo 2003; Morishita
et al. 1998; Varma et al. 2001), amygdala, NAc, and in the
cerebellum (Glitsch et al. 1996; Puente et al. 2011; Robbe
et al. 2002). However, our data are the first to show
mGluR-mediated DSI in the LDT, and that this DSI
requires Ca®" in the postsynaptic cell. Our data therefore
extend the literature regarding brain regions where stimu-
lation of the mGIuR triggers eCB-mediated signaling.
Further, our data showing an elimination of the DHPG-
induced increase in amplitude of mIPSCs, without a change
in the increase in frequency in presence of TTX, suggests
that CB1Rs mediating this action are located presynaptic to
the recorded cell and within the terminal. The ability of
BAPTA to eliminate pharmacological DSI suggests that
eCBs are produced in the postsynaptic cell. Based on
previous data (Kohlmeier et al. 2013), the source of Ca’t -
mediating mGluR DSI was likely to source from mGluR-
stimulated release from intracellular Ca®" stores. In the
present work, we were focused on the elucidation of DSI as
our previous findings showed WIN-2-mediated decreases
in IPSCs, therefore, we included blockers of ionotropic
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glutamate receptors in our recordings designed to examine
DSI. While in our previous study, we did not note an action
of WIN-2 on enhancing or suppressing EPSC activity in
the majority of cells examined, suggesting that CBIR
stimulation does not lead to alterations in synaptic gluta-
mate release, we cannot rule out that eCB stimulation in the
LDT does not lead to this phenomenon; therefore, it would
be of interest to directly examine whether eCB-dependent
DSE exists within the neurons of the LDT.

Inhibition of L-type Ca®" channels

Another functional outcome of the activation of the CB1R
within the LDT was the reduction in Ca*" currents medi-
ated by the L-type Ca®" channel heavily present in cells of
this nucleus. eCB-mediated inhibition of L-type Ca®"
currents has also been reported in vertebrate retinal bipolar
neurons (Straiker et al. 1999; Straiker and Sullivan 2003).
While the role played by eCB-mediated inhibition of the
L-type Ca®" channel in LDT cells was not examined, the
CBI1R-mediated reductions in activity of this Ca®" con-
ductance would be expected to modulate synaptic trans-
mission (Hell et al. 1993; Lipscombe et al. 2004; Ludwig
et al. 1997) as decreases in L-type Ca>" channel activity
have been shown to lead to inhibition of synaptic vesicle
release in other cells. In addition, L-type Ca*" channels
have been shown to be involved in mechanisms underlying
synaptic plasticity (Huang and Malenka 1993; Kullmann
et al. 1992; Norris et al. 1998; Weisskopf et al. 1999). eCB
signaling within the LDT via actions on the L-type Ca*"
channel present could regulate synaptic transmission in this
nucleus and shape output to terminal regions via inhibition
of conductance through this channel. Interestingly, depo-
larization-induced DSI was shown to involve Ca®" influx
via L-type Ca®" channels. Although there could be dif-
ferences in actions when using pharmacological vs physi-
ological stimulation of CB1Rs, it is worth considering that
activity-dependent production of eCBs by the postsynaptic
cell could serve as a feedback inhibitory mechanism, lim-
iting Ca*" influx via voltage-operated L-type Ca®" chan-
nels. This effect would depend on the location of effectors
at which eCBs act relative to where they are released.

Functional significance

The LDT is a heterogeneous nucleus, comprised of GAB-
Aergic, glutamatergic and cholinergic neurons (Wang and
Morales 2009) with a subpopulation of neurons synthe-
sizing both GABA and ACh (Jia et al. 2003). As we tar-
geted cells larger than 15 pum in this nucleus, it is highly
likely our population of recorded cells sourced not only
from the cholinergic cells of this nucleus but also the
glutamatergic cells (Boucetta et al. 2014; Boucetta and
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Jones 2009), although this point was not established. The
cholinergic neurons have been well characterized as play-
ing a pivotal role in control of behavioral states exhibiting
cortical arousal and phenomenology of REM sleep and in
accordance with this role, show their highest firing activity
during alert wakefulness and REM sleep which is likely
involved in the gamma-frequency rich, activated EEG
pattern common to these two behavioral states (el Mansari
et al. 1989; Jones and Webster 1988; Kayama et al. 1992;
Steriade et al. 1990; Thakkar et al. 1998; Webster and
Jones 1988; Williams et al. 1994). The glutamate neurons
of the LDT also exhibit state-dependent firing and while
their role in state control is less well understood, it is likely
they do participate in modulation of behavioral state
(Boucetta et al. 2014). Cholinergic along with glutamate
neurons of the LDT are also importantly involved in
motivated states via demonstrated projections to the VTA
(Lammel et al. 2012; Omelchenko and Sesack 2005) and
the NAc (Dautan et al. 2014). Input from the LDT drives
firing patterns in the VTA leading to behaviourally sig-
nificant rises in dopamine (DA) in target regions of the
NAc (Lodge and Grace 2006). High DA efflux in the NAc
is associated with the assignment of reward to stimuli,
including drugs of abuse, and is associated with behavioral
signs of addiction (Drevets et al. 2001; Pontieri et al. 1995)
Accordingly, activity of the LDT is likely to participate in
assigning stimuli saliency which is supported by findings
that optogenetic stimulation specifically of the LDT-VTA
pathway induces addiction-like behaviors in absence of a
drug cue (Lammel et al. 2012). Given the roles played by
the LDT, elucidation of the mechanisms controlling cel-
lular excitability of LDT cells is necessary if we are to
completely understand how behavioral states exhibiting an
aroused EEG are controlled and how external stimuli
induce motivation. Emerging from our current studies are
findings indicating that the activation of CB1Rs in the LDT
leads to inhibition of GABAergic transmission and that
activation of glutamatergic neurons and terminals leading
to release of glutamate within the LDT could result in
inhibition of GABAergic release within this nucleus
(Fig. 7). Further, activation of CBIRs alters Ca®*
dynamics in LDT cells, which among other mechanisms,
could influence cellular plasticity and synaptic transmis-
sion. Exogenous use of marijuana and its psychoactive
constituents (i.e., THC), which are agonists at the CBIR,
can lead to the development of addictive behaviors, and,
their use has also been linked to disturbances in sleep
patterns (Feinberg et al. 1975, 1976; Pivik et al. 1972) and
levels of alertness during wakefulness (Nicholson et al.
2004) suggesting that cellular effects seen in the present
study could play a role in these behavioral actions.

The actions of stimulation of the CBIR on inhibiting
L-type Ca*" channels in the LDT are of functional interest
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Fig. 7 Proposed schematic of the location of CBIRs in the LDT and
effectors at which exogenous or endogenous ligands of these
receptors act. Our previous studies provided evidence for presence
of CB1Rs on terminals located on GABAergic cells (red cell)
presynaptic to cholinergic neurons (green cell) as well as postsynaptic
CBIRs linked to activation of potassium channels on cholinergic
neurons (Soni et al. 2014). The present study provides evidence for
CBI1Rs located on non cholinergic neurons (bNOS negative), which
based on their size quite likely include glutamate-containing cells
(blue cell), although this point remains to be established. Our data
also showed effects of CB1Rs which were reliant on action potential
generation suggesting a presynaptic presence of CBIRs located
farther away than the terminal, however, the location of these
receptors was not examined. Also not addressed in this study, the
possibility exists that CB1Rs could be located on glial cells of the
LDT (violet cell), as has been reported in the PPT, an adjacent
cholinergic nucelus (Koszeghy et al. 2014). Effectors influenced by
eCB actions were studied. L-type Ca>" channels have previously been
shown to be present on LDT cells (Kohlmeier and Leonard 2006), and
in this study, were shown to be modulated by CB1 agonists, and also
involved in production of DSI induced by direct depolarization, which
was a Ca®" -dependent process. Previous work established presence
of ongoing, locally sourced glutamate tone in LDT brainslices
(Kohlmeier et al. 2012) and presence of mGlulRs on LDT cells which
were linked to release of Ca®t from intracellular stores (Kohlmeier
et al. 2013). In this study, pharmacological DSI could be induced by
mGlulR agonists, in non-identified cells, which was a process
dependent on intracellular Ca®"

when considering that these channels are currently drug
targets for the treatment of many diseases. The Ca,1.2 and
the Ca,1.3 represent the brain’s predominant L-type Ca®"
channel (Catterall et al. 2005) and both have been shown to
be present in neurons of the LDT (Ishibashi et al. 2010).
Both subtypes have been shown to be involved in depres-
sion and behavioral responses to drugs of abuse (Giordano
et al. 2010; Wankerl et al. 2010), and reductions in the
activity of L-type Ca>" channels have been suggested as a
theoretical therapeutic approach in the management of
neurodegenerative diseases such as Parkinson’s Disease by
reducing oxidative stress (Guzman et al. 2010; Rivero-Rios
et al. 2014), which is interesting in light of the degeneration
present within the cholinergic mesopontine tegmentum

early in this progressive disease (Zweig et al. 1989). While
we did not directly address at which L-type Ca** channel
subtype the effects of CBIR receptor activation extended,
previous work indicates that the Ca, 1.3 subunit contributes
the majority of Ca>* induced by a voltage step to —30 mV,
as was used in the present study (Ishibashi et al. 2010). Our
data provide the intriguing possibility that altering eCB
transmission could be an approach if targeting the L-type
Ca”* channels, particularly those containing the Ca,1.3
subunit, in the LDT. Regardless, activation of the CB1R
via endogenous or exogenous mechanisms would be
expected to result in inhibition of this channel within the
LDT, which would likely have a large impact on synaptic
functioning of these cells, influencing their control of
arousal and appetitive behaviors. Taken together, our data
elucidating the cellular actions of functional CB1Rs in the
LDT with an emphasis on processes leading to alterations
in [Ca®™]; provide further knowledge regarding how mar-
ijuana could exert its behavioral actions on alert wakeful-
ness, stages of sleep, and motivated states and suggest that
endogenous eCBs could play a role in the neural control of
wakefulness and aroused, goal-driven states.
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