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The cholinergic neurons in the pontomesencephalic tegmentum have been shown to discharge in association with and pro-
mote cortical activation during active or attentive waking and paradoxical or rapid eye movement sleep. However, GABA
neurons lie intermingled with the cholinergic neurons and may contribute to or oppose this activity and role. Here we inves-
tigated in vitro and in vivo the properties, activities, and role of GABA neurons within the laterodorsal tegmental and subla-
terodorsal tegmental nuclei (LDT/SubLDT) using male and female transgenic mice expressing channelrhodopsin-(ChR2)-EYFP
in vesicular GABA transporter (VGAT)-expressing neurons. Presumed GABA (pGABA) neurons were identified by response
to photostimulation and verified by immunohistochemical staining following juxtacellular labeling in vivo. pGABA neurons
were found to be fast-firing neurons with the capacity to burst when depolarized from a hyperpolarized membrane potential.
When stimulated in vivo in urethane-anesthetized or unanesthetized mice, the pGABA neurons fired repetitively at relatively
fast rates (;40Hz) during a continuous light pulse or phasically in bursts (.100Hz) when driven by rhythmic light pulses
at theta (4 or 8Hz) frequencies. pNon-GABA, which likely included cholinergic, neurons were inhibited during each light
pulse to discharge rhythmically in antiphase to the pGABA neurons. The reciprocal rhythmic bursting by the pGABA and
pNon-GABA neurons drove rhythmic theta activity in the EEG. Such phasic bursting by GABA neurons also occurred in WT
mice in association with theta activity during attentive waking and paradoxical sleep.
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Significance Statement

Neurons in the pontomesencephalic tegmentum, particularly cholinergic neurons, play an important role in cortical activa-
tion, which occurs during active or attentive waking and paradoxical or rapid eye movement sleep. Yet the cholinergic neu-
rons lie intermingled with GABA neurons, which could play a similar or opposing role. Optogenetic stimulation and
recording of these GABA neurons in mice revealed that they can discharge in rhythmic bursts at theta frequencies and drive
theta activity in limbic cortex. Such phasic burst firing also occurs during natural attentive waking and paradoxical sleep in
association with theta activity and could serve to enhance sensory-motor processing and memory consolidation during these
states.
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Introduction
Neurons in the pontomesencephalic tegmentum (PMT) have
long been known to play a critical role in stimulating cortical
activation during waking and paradoxical sleep (PS) or rapid
eye movement sleep, particularly the cholinergic neurons (El
Mansari et al., 1989; Steriade et al., 1990, 1991; Jones, 1991, 1993;
Brown et al., 2012). Yet the ACh neurons are intermingled with
other GABA and glutamate neurons in the laterodorsal tegmen-
tal, sublaterodorsal (LDT/SubLDT) and pedunculopontine teg-
mental nuclei (PPT) (Ford et al., 1995; Wang and Morales,
2009), which may contribute to this role. It has thus been im-
portant to record from immunohistochemically identified
neurons in this region, which has been possible, though
exceedingly difficult, to do using juxtacellular recording and
postmortem identification of singly labeled neurons (Boucetta
et al., 2014). To facilitate and extend these studies, we sought to
use cell type-specific optogenetic mice (Zhao et al., 2011), which
through expression of channelrhodopsin-2 (ChR2), would allow
in vitro and in vivo photostimulation and identification first of
ACh neurons, as previously published (Cisse et al., 2018) and
here in the present study, of GABA neurons in the LDT/
SubLDT.

Cortical activation is characterized by fast activity on the
EEG, particularly in the g band (30-60Hz and above), during
active or attentive waking (aW) and PS (Maloney et al., 1997). It
is also characterized by rhythmic theta activity (6-10Hz) in the
hippocampus and limbic cortex, including the retrosplenial cor-
tex (Maloney et al., 1997; Koike et al., 2017). Both g and theta ac-
tivity in the cortex is modulated by input from cholinergic and
noncholinergic, including GABA, neurons in the basal forebrain
(Cape and Jones, 2000; Cape et al., 2000; Lee et al., 2005; Hassani
et al., 2009; Brown et al., 2012; Kim et al., 2015). It has also been
known that forebrain theta along with g can be modulated by
brainstem circuits, first thought to be only by tonic and not pha-
sic rhythmic input from the pontomesencephalic reticular for-
mation and/or cholinergic neurons (Vertes and Kocsis, 1997).
Using ChAT-ChR2-EYFP transgenic (TG) mice, we recently
established by applying optogenetic stimulation together with
juxtacellular recording that ACh neurons in the LDT/SubLDT
and PPT can promote both g and theta activity in association
with aW and PS by tonic and/or phasic discharge (Cisse et al.,
2018). Here, we explored further whether GABA neurons in the
LDT/SubLDT might also be able to drive theta and discharge in
association with theta to promote g and theta activity in the
cortex. We thus used vesicular GABA transporter (VGAT)-
ChR2-EYFP TGmice for optogenetic stimulation, recording, and
identification of the GABA neurons, while also using juxtacellu-
lar labeling for immunohistochemical verification of the GABA
cell type in the LDT/SubLDT, to study the relationship of the
GABA cell discharge to EEG activity across sleep-wake states.

Materials and Methods
Animals. Recording experiments were performed in vitro and in vivo

using male and female TG mice, which were bred to express ChR2 fused
to EYFP in GABA, VGAT-expressing neurons (abbreviated as VGAT-
ChR2-EYFP mice), along withWT C57BL/6 mice of both sexes. The pa-
rental strains of the TG mice were obtained from The Jackson
Laboratory for Cre-inducible ChR2-EYFP (http://jax.org/strain/012569
or https://www.jax.org/strain/024109) and for VGAT-IRES-Cre mice
(https://www.jax.org/strain/028862). The WT mice came from Charles
River (http://criver.com/products-services/basic-research/find-a-model/
c57bl-6n-mouse). The original development and experimental use of cell
type-specific optogenetic TG mice demonstrated how they could be

effectively used for the electrophysiological and behavioral study of cen-
tral ACh and GABA neurons (Zhao et al., 2011). For the in vitro studies,
all procedures complied with National Institutes of Health guidelines
and were approved by New York Medical College Institutional Animal
Care and Use Committee. For the in vivo studies, all procedures com-
plied with Canadian Institutes of Health Research guidelines and were
approved by the McGill University Animal Care Committee and the
Canadian Council on Animal Care.

In vitro recording in brain slices. Brain slices (250mm) were prepared
from VGAT-ChR2-EYFP (P15-P16) mice according to previously pub-
lished methods (Ishibashi et al., 2015). Briefly, slices were cut with a
vibratome (VT1000s, Leica Microsystems) using ice-cold, oxygenated
ACSF containing the following (in mM): 124 NaCl, 3 KCl, 1.2 NaH2PO4,
2 CaCl2, 2 MgSO4, 26 NaHCO3, and 10 dextrose (295-305 mOsm).
Slices were then incubated for 10min in an N-methyl-D-glucamine re-
covery solution (Ting et al., 2014) at room temperature containing the
following (in mM): 115 N-methyl-D-glucamine-Cl, 2.5 KCl, 1.2
NaHPO4, 0.5 CaCl2, 10 MgSO4, 25 NaHCO3, and 25 dextrose (295-305
mOsm) before being rinsed (5�) and then stored in continuously oxy-
genated room temperature ACSF in the dark. Whole-cell recordings
were obtained using an Axopatch 200B amplifier and borosilicate micro-
pipettes (2-4 MX) in a submersion chamber holding a slice that was
superfused at 1-2 ml/min with oxygenated room temperature ACSF.
EYFP fluorescence was found to be inadequate to clearly visualize and
select ChR2-EYFP-labeled cells. The neurons were thus visualized for
patching using near-infrared DIC optics on a fixed-stage microscope
(Olympus BX50WI) with a 40� (NA 0.8) objective and selected accord-
ing to their relatively small size (long axis, 20mm) compared with cho-
linergic neurons (Ford et al., 1995; Brown et al., 2008). The pipette
solution contained the following (in mM): 144 K-gluconate, 3 MgCl2, 10
HEPES, 0.3 NaGTP, 4 Na2ATP (310 mOsm) and bis-fura 2 (50 mM;
Invitrogen) for calcium chelation. Biotinylated Alexa-594 (15 mM;
Invitrogen) was also included in the pipettes in all experiments for struc-
tural labeling of recorded cells. A sample of these cells was used to mea-
sure soma size from fluorescent images of the Alexa-594-filled cells in
the slices. All recorded cells were located in the LDT as determined from
a low-power (4� objective) observation of the slice. All cells that
responded with photocurrents were considered to be presumptive
GABA (pGABA) neurons. For photostimulation, a transistor-transistor
logic (TTL)-gated, 473 nm laser (100 mW; SLOC) was coupled to an
optic fiber (200-mm-diameter core, 0.22NA) that was positioned 1.0–1.5
mm above the LDT region of the slice. Imaging, laser-gating, control of
the Axopatch 200B and acquisition of current and voltage signals were
accomplished using custom software (TIWB) (Inoue, 2018) running on
a MacOS computer via an ITC-18 interface board (HEKA). Whole-cell
data were analyzed using Igor Pro 8 (Wavemetrics). Spike shape and re-
petitive firing were analyzed using custom Igor routines previously
described (Erisir et al., 1999). Briefly, spike width was taken as the dura-
tion at half the amplitude between spike threshold and spike peak. Spike
time for computing instantaneous firing frequency (IFF) was taken as
the time the spike crossed 0mV. Spike latencies were measured from the
onset of the laser-gating TTL pulse to the foot of the action potential. All
reported values of Vm were corrected by �15mV to compensate for the
measured liquid junction potentials and average values are reported as
mean6 SEM.

In vivo recording in mice. Mice were housed under a 12:12 h light-
dark schedule with lights on from 7:00 A.M. to 7:00 P.M. and had free
access to food and water. Adult TG and WT mice (25–30 g) were used
for acute recording studies with anesthesia or for chronic recording
studies without anesthesia using head fixation following surgical implan-
tation of a head fixation post.

For recordings in TG and WT anesthetized (A) mice, anesthesia was
induced with isoflurane administered within a Plexiglas box (;5%) and
then maintained through a mask (;2.5%) during surgery. Body temper-
ature was maintained at 36°C–37°C by a thermostatically controlled
heating pad through a rectal thermal probe. The mice were positioned in
a stereotaxic frame (David Kopf Instruments) for both surgery and sub-
sequent recording. To record activity of the EEG, stainless-steel screws
were placed bilaterally over the retrosplenial cortex 1.0 mm posterior
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and 0.5–0.65 mm lateral to bregma and uni-
laterally in the frontal bone as a reference.
Two holes were opened in the skull over the
region of the lambdoid suture: one for the
optic fiber and one for the recording micro-
pipette. Following resection of the dura
mater in each hole, the isoflurane was dimin-
ished and replaced by urethane (ethyl carba-
mate, Sigma Millipore) using an initial large
dose (1 g/kg, i.p.) followed by supplementary
small doses (0.1–0.15 g/kg), if necessary dur-
ing the recording, as indicated by the pres-
ence of a withdrawal response of the limb to
pinch. The animal was transferred in the ste-
reotaxic apparatus to the recording chamber
where the optic fiber (200mm, 0.22NA,
Thorlabs) was inserted at ;1 mm posterior
and ;3 mm lateral to l and descended at a
40° angle from vertical in the coronal plane
;2.0-2.5 mm from the brain surface through
the inferior colliculus to stop at a position
dorsal and lateral to the LDT/SubLDT (Fig.
1). EEG and unit recording then proceeded
as in the chronic studies (below).

For recordings in the TG and WT unan-
esthetized (UA) mice, the animals were first
operated for implantation of electrodes and a
head fixation post. For this surgery, anesthe-
sia was induced (5%) and maintained with
isoflurane (;2.5%, as above). As for the TG-
A mice, screws were implanted over the ret-
rosplenial cortex (above) and frontal bone
for EEG and embedded in acrylic cement
into which the metal head fixation post was
also fixed. The EEG wires were sent to a con-
nector fixed to the left side of the head. As
for the TG-A mice, the skull was cleaned in
the region around the lambdoid suture. A
hole was drilled for the placement of an in-
dwelling fiber optic cannula (200mm core,
0.22NA, Thorlabs) according to the coordi-
nates of the optic fiber (above). Acrylic
cement was applied to surround the cannula
while leaving a small area of the skull around
the lambdoid suture clean but covered for
subsequent opening to insert the micropip-
ette at the time of recording. Following re-
covery from the surgery (;3–5 d), the mice
were introduced to the head fixation appara-
tus in which their headpost was inserted into
a receptacle while their body was comfort-
ably contained within a tube lined with foam
rubber. The time of habituation to the
head fixation was gradually increased from
;30min up to ;5 h over a period of 10–
15d until the mice would be quietly awake
or asleep during the afternoon period of re-
cording, which is their normal maximal
sleeping period. Following complete habitua-
tion, the mice were anesthetized again with
isoflurane (above) to drill the hole in the
region of the lambdoid suture for insertion
of the micropipette (above). The mouse was
returned to its home cage until the next day.

In vivo unit recording and labeling. On
the day of recording, the TG-UA and WT-UA mice were placed in the
head fixation apparatus. The dura mater inside the hole was superfused
with lidocaine and incised to allow descent of the micropipette to the
LDT/SubLDT. The TG-A, TG-UA, andWT-UAmice were subsequently

transferred within the stereotaxic apparatus to the recording chamber.
The optic fiber was lowered at a 40° angle through brain tissue in the
TG-A mice, as above, and the optic fiber patch cable was attached to the
indwelling fiber optic cannula in the TG-UA and WT-UA mice. For re-
cording, a glass micropipette (;1mm tip, ;40 MX) filled with ;5%

Figure 1. Photostimulation with juxtacellular recording and labeling of pGABA neurons in VGAT-ChR2-EYFP TG mice. GABA
neurons were targeted for recording and photostimulation in vitro in LDT and in vivo in LDT/SubLDT. A, Approximate position of
the optic fiber and the estimated distribution of blue light in vivo are shown reaching the LDT/SubLDT at a 40° angle and the
Nb-filled micropipette at 90°. B, Left, Distribution of ChAT-immunopositive, ACh neurons was restricted to the LDT and SubLDT
nuclei. Right, Nb-labeled neurons are plotted, which were retrieved from juxta-submitted, responding or pGABA units within the
LDT/SubLDT or adjacent areas of TG-A (n= 34) and TG-UA (n= 12) mice. Shown with different symbols are the Nb-labeled neu-
rons (Nb1), which were G-positive (filled blue triangles represent GAD- or GABA-immunopositive) or GABA– (black open dia-
monds represent GABA-immunonegative) and which were ChR2-EYFP1 (green outline represents YFP1) or ChR2- EYFP–. Large
symbols represent the Nb-labeled/G1/ChR2-EYFP1 cells shown in Figure 2A–D. Neurons were plotted onto one atlas level repre-
senting the central level for the LDT/SubLDT (;�5.20 from bregma). Cb, cerebellum; CG, central gray; DMTg, dorsomedial teg-
mental area; DTg, dorsal tegmental nucleus; IC, inferior colliculus; LDT, lateral dorsal tegmental nucleus; Mo5, motor trigeminal
nucleus; SubLDT, sublaterodorsal tegmental nucleus. Plates adapted from Paxinos and Franklin (2001). Scale bars, 1 mm.
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Neurobiotin (Nb; Vector Laboratories) in 0.5 M NaCl solution was low-
ered vertically at ;1 mm posterior and 0.5–1.3 mm lateral to l using a
Kopf micropositioner (model 660, David Kopf Instruments) to target
the LDT/SubLDT (Fig. 1). Single units were recorded and labeled using
an intracellular amplifier (Neurodata IR-283A, Cygnus Technology).
The unit signal was amplified (2000�), digitized at a sampling rate of
8 kHz, and filtered (bandpass filter: 0.3–3 kHz) using a CyberAmp 380
(Molecular Devices) and acquired for online viewing with the Axoscope
software (version 10.1, Molecular Devices). The unit was simultaneously
recorded with EEG (sampled at 250Hz and filtered between 0.5–100Hz)
in TG-UA and WT-UA mice and together with video of the animal’s
head in TG-UAmice, using Harmonie software (version 5.2, Stellate).

Photostimulation with blue light (473nm) was applied through the
optic fiber (;200mm core diameter, 0.22NA, Thorlabs) using a laser
(Laserglow Technologies, LRS-0473-PFM-00-100-05, .100 mW) con-
nected to a TTL-gated power supply (R471005FX), which was in turn
connected to a pulse signal generator (Master 8, AMPI). The laser power
for stimulation was set in the TG-A mice to;40 mW, which would cor-
respond to;14 mWmm�2 at 1 mm from the tip (https://web.stanford.
edu/group/dlab/cgi-bin/graph/chart.php) aimed at the dorsolateral bor-
der of the central gray adjacent to the LDT/SubLDT cholinergic and
intermingled GABA cells (Fig. 1). In the TG-UA mice, the laser power
had to be considerably reduced, since even short pulses at;40 mW eli-
cited movements with arousal. In searching for responding units in these
mice, short pulses with a power of;10 mWwere used and then reduced
to levels that continued to elicit a spike but without the movement or os-
tensible behavioral arousal of the mouse. In this process, the light pulse
generally had to be reduced to levels between 5.0 and 0.5 mW. With this
predetermined setting for each mouse, short light pulses (SLPs) of 2-
15ms were delivered to test systematically whether the unit emitted a
spike within 15ms over several trials. Units were subsequently examined
in association with EEG activity to a long (;1-5 s) continuous light pulse
(CLP) and/or to rhythmic light pulses (RLPs) at low theta frequency in
TG-A mice (100ms pulse at 4Hz for ;5 s) and at high theta frequency
in TG-UA mice (50ms at 8Hz for;5 s). The response to photostimula-
tion was also tested in WT-UA mice serving as controls. In a number of
WT-UA animals, units together with EEG were recorded during undis-
turbed natural sleeping-waking.

Following characterization, units were submitted to juxtacellular
labeling using positive current pulses (1-10 nA, 200ms) delivered for a
period of ;2min (Pinault, 1996). In any 1 mouse, multiple units were
selected for submission to juxtacellular labeling. In the initial experi-
ments in TG-A mice, several (3-12) units were selected during the re-
cording by whether they appeared or not to emit a spike during the SLP
of� 15ms over several trials; however, on offline analysis, some units
proved to have not responded consistently, thus resulting in juxtacellular
submission of both responding and nonresponding units in some mice.
In the subsequent studies in the TG-UA mice, units were more precisely
selected for labeling such that only a few (1-3) units that were clearly ei-
ther responding or nonresponding in any 1 mouse were submitted to
juxtacellular labeling. Following offline analysis, each unit was confirmed
as responding or not responding to the SLP and thus classified as
pGABA or pNon-GABA (below). For quantitative analysis of juxtacellu-
lar labeling, Nb-labeled neurons were only tabulated from mice in which
only pGABA or only pNon-GABA neurons were juxta-submitted.

At the end of the recording session (;5 h), the TG or WT A mice
were administered an overdose of urethane (3 g/kg, i.p.) and the UA
mice of sodium pentobarbital (Euthanyl, 100mg/kg, i.p., Bimeda-MTC
Pharmaceuticals) and perfused transcardially with 100 ml of cold saline,
followed by 200 ml of cold 3% PFA solution for fixation of the brain
with death. The brains were removed, postfixed overnight in the fixative
solution, and immersed for 2-3 d in 30% sucrose in PB for cryoprotec-
tion. They were frozen at�50°C and stored at�80°C.

In vivo electrophysiological signal analysis. Simultaneously recorded
unit and EEG signals from TG and WT mice were processed using
MATLAB (R2011b, The MathWorks) with programs previously devel-
oped and described for unit recording in urethane-anesthetized rats
(Manns et al., 2000; Boucetta and Jones, 2009) and unanesthetized head-
fixed rats (Lee et al., 2005; Boucetta et al., 2014). The mean latency to

spike during the SLP was calculated across 3 SLPs for each unit. Spike
width or duration was determined from the average of all spikes and was
measured from the initial positive deflection to the return to baseline fol-
lowing the secondary negative deflection or “second zero crossing”
(where the crossing was measured at 10% of the peak amplitude of the
wave above and below the initial baseline or “zero” to avoid slight varia-
tions in “zero” on return to baseline). Accordingly, unit average dis-
charge rate (ADR), IFF (the reciprocal of the modal interspike interval
[ISI]), and autocorrelation function were calculated together with the
EEG power spectrum and unit-to-EEG cross-correlated activity from
spike-triggered averages (STAs). These measures were computed for the
;5 s periods before and during the CLP and RLP stimulations. In addi-
tion, integrated average amplitude of EEG frequency band activity was
computed for d (0.5–3.5Hz in TG-A mice and 0.5–4.0Hz in TG- and
WT-UA mice) and g (30-58Hz). In UA mice, low (4.0–6.0) and high
(6.0–10Hz) theta frequency band activities were also computed. These
measures were collected for the experiments involving photostimulation
in TG-A and TG-UA mice and in WT-UA mice as controls as well as
for periods of natural sleep-wake states.

Histochemistry. Brains from the in vivo studies were cut in serial sec-
tions at 25mm thickness on a freezing microtome. Sections were col-
lected through the PMT for staining of Nb. They were incubated for 2.5
h in Cy3-conjugated streptavidin (SA-Cy3, 1:1000, catalog # 016-160-
084, RRID:AB_2337244, Jackson ImmunoResearch Laboratories),
mounted, and coverslipped with glycerol for examination under the flu-
orescence microscope. Sections containing Nb-labeled cells along with
other sections through the region of the LDT/SubLDT were then
removed from the slides and processed for immunofluorescent staining.
The presence of ChR2-EYFP in neurons was assessed by the native fluo-
rescence of the YFP.

For identifying GABA neurons, an antibody for glutamic acid decar-
boxylase (GAD, mouse anti-GAD67, 1:250, Millipore, catalog #MAB5406,
RRID:AB_2278725) was used inmany of the TG-Amice or for GABA (rab-
bit anti-GABA, 1:2000, Sigma Millipore, catalog #A2052, RRID:AB_477652)
in the remainder TG-A and in all TG-UA and WT-UA mice. Following
incubation with the primary antibodies overnight, the sections were rinsed
and incubated for 2 h in appropriate combinations of cyanine-conjugated
(Cy5) secondary antibodies from donkey (Jackson ImmunoResearch
Laboratories): Cy5-conjugated anti-mouse (1:800, catalog #715-175-150,
RRID:AB_2340819) or Cy5-conjugated anti-rabbit (1:800, catalog #711-175-
152, RRID:AB_2340607). Finally, sections were rinsed, mounted, and cover-
slipped with glycerol.

Fluorescent image analysis. Processed sections were viewed using a
DMLB microscope (Carl Zeiss) equipped with fluorescence filters for ex-
citation and emission of Cy2, Cy3, and Cy5 dyes, a digital camera (Orca-
R2, C10600-10B, Hamamatsu photonics KK) and an x/y/z motorized
stage. The serial sections were first stained for Nb using Cy3 as chromo-
gen. Then following examination, those in which Nb-labeled cells were
found were immunostained for GAD or GABA using Cy5. Low (5�) and
high (40�) magnification images were acquired through the regions of
the Nb-labeled cells using StereoInvestigator software (MicroBrightField,
MBF) to allow subsequent mapping and assessment of each Nb-labeled
cell as being positive or negative for EYFP (as native YFP fluorescence)
and for GABA (as GAD or GABA immunofluorescence). Positive staining
was evaluated from YFP staining over the plasma membrane of the cell
for EYFP, and from Cy5 staining in the cytoplasm of the cell for GAD or
GABA. Evaluation of Nb, EYFP, and GABA staining was judged by three
observers. In addition, images from 1 to 3 sections through the LDT/
SubLDT from each brain were acquired for immunostaining to estimate
the percentage of GABA neurons, which were positive for EYFP, and that
of EYFP1 neurons, which were positive or negative for GABA in the
brains of the TGmice.

Statistical analysis and representation of data. From the in vivo stud-
ies, electrophysiological and histochemical data were prepared and ana-
lyzed using MATLAB (R2011b, The MathWorks) and SYSTAT
(SYSTAT Software, version 13). The proportion of units that were sub-
mitted to the juxtacellular labeling protocol (juxta-submitted), which
were labeled for Nb along with the proportion of these which were
GABA1 or GABA– and EYFP1 or EYFP– were computed per mouse.
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For the analysis of the recorded units, the electrophysiological data for
all recorded and juxta-submitted units was computed. In offline analysis,
units were classified as having responded or not responded by emitting a
spike during the 15ms SLPs and accordingly considered as pGABA or
pNon-GABA neurons. The average latency to spike was computed dur-
ing three SLPs for each pGABA neuron. For assessment of whether these
units corresponded to immunohistochemically identified Nb-labeled
GABA or Non-GABA neurons, it was necessary to consider them as a
group per mouse, since not all juxta-submitted units were Nb-labeled
and not all Nb-labeled cells were GABA1 or GABA– in each brain.
Accordingly, if on offline analysis, all juxta-submitted units in a brain
were classified as pGABA or pNon-GABA, they were considered as a
group.

Measurements were compared statistically using Student’s t tests or
in some cases one-way ANOVA repeated-measures along with multiple
paired t tests with Bonferroni corrections (SYSTAT 13). Figures were
prepared using MATLAB and Adobe Illustrator and Photoshop (Adobe
Creative Suite, CS4).

Results
Photostimulation and identification of GABA neurons in
VGAT-ChR2-EYFP TGmice
Neurons were recorded and photostimulated in VGAT-ChR2-
EYFP TG mice in the region of the LDT/SubLDT nuclei where
ACh neurons are clustered in the PMT (Fig. 1). In these nuclei,
cells that were GAD- or GABA-immunoreactive (G-positive)
could be seen to manifest intrinsic YFP in the brains of VGAT-
ChR2-EYFP mice. Nonetheless, the proportion of G1 cells that
manifested YFP could not be estimated, since the YFP was only
visible in the cell plasma membrane, where the ChR is inserted
and functions as a light-sensitive cation channel (Nagel et al.,
2003). The YFP was thus difficult to resolve in the small GABA
neurons within the LDT/SubLDT region. Such assessment was
thus only undertaken in the Nb-labeled cells (below).

Putative GABA neurons were studied electrophysiologically
in VGAT-ChR2-EYFP TG mice in vitro within the LDT in brain
slices and in vivo within the LDT/SubLDT in both anesthetized
mice (TG-A, n=6) and unanesthetized, head-fixed, naturally
sleeping-waking mice (TG-UA, n=9) (Fig. 1). Based on previous
studies (Cisse et al., 2018) and the current in vitro findings
(below), units that emitted a spike during light pulses of �15ms
were identified in vivo as pGABA units. Of the units sampled
and selected for recording in vivo in the LDT/SubLDT region
(n=144 in 15 mice), 63% were considered to be pGABA units
(n=91) and the remainder, which did not respond, pNon-
GABA units (n= 53). A number of the responding units (n= 68
or;87% of the total) and nonresponding units (n=10 or;13%
of the total) were selected for being submitted to juxtacellular
labeling (juxta-submitted). Of the juxta-submitted units, ;70%
were successfully labeled with Nb (Nb-labeled, n=57); and of
the Nb-labeled cells, only a slight majority was GAD- or GABA-
immunopositive (n= 28 or;52%) and the rest GAD- or GABA-
immunonegative negative (n=26 or ;48%). Of the responding
neurons from mice in which only responding units were juxta-
submitted, 20 or 59% of the Nb-labeled cells (n=37) were identi-
fied as GAD- or GABA-immunopositive (G1; Fig. 1B). Given,
however, that the assessment of G positivity can be problematic,
particularly with GAD immunostaining and thus yield false-neg-
ative assessments, we reconsidered GABA1 estimates to only
include those cells immunostained for GABA (Table 1). In these
cases of responding units, 13 or 68% of the Nb-labeled cells
(n=19) were GABA-immunopositive. Of the nonresponding
units from mice in which only nonresponding units were juxta-
submitted, 1 or 20% of the Nb-labeled cells (n=5) were GABA1.

We thus concluded that the responding units were comprised in
the majority (;70%) by GABA-immunopositive neurons and
were thus appropriately considered to be probable or presumed
pGABA units, whereas the nonresponding units were comprised
in the majority (;80%) by GABA-immunonegative neurons and
were thus appropriately considered to be pNon-GABA units.

All Nb-labeled cells were also examined for expression of
ChR2-EYFP (EYFP1) by examination of the intrinsic YFP. YFP
was clearly visible in the plasma membrane of large GAD1 cere-
bellar Purkinje cells, which responded to photostimulation and
could be juxtacellularly labeled with Nb (Fig. 2A). YFP was much
more difficult to discern in the membrane of GABA1, Nb-la-
beled neurons in the LDT or SubLDT, which were small neurons
(Fig. 2B-D). Of the responding neurons from mice in which only
responding units were juxta-submitted, numerous Nb-labeled
neurons immunostained for GAD (n= 6) together with those im-
munostained for GABA (n= 13) were identified as Nb-labeled/
G1/EYFP1 neurons (Fig. 1B). Among the responding neurons,
;69% of Nb-labeled GABA-immunopositive neurons (n=13)
were identified as EYFP1 (n=9; Table 1), whereas ;17% of
the Nb-labeled GABA-immunonegative neurons (n= 6) were
EYFP1 (n= 1). Of all the responding Nb-labeled EYFP1 neurons
(n= 10), 90% were GABA1 (n= 9; Table 1). Of the nonrespond-
ing units, none of the Nb-labeled GABA1 or GABA– neurons
was identified as EYFP1 (not shown). It was thus confirmed that
the majority of the pGABA units were GABA1 and EYFP1,
whereas the majority of the pNon-GABA units were GABA– and
EYFP–.

Electrophysiological study of GABA neurons in brain slices
of TGmice
Relatively small (long axis, 20mm) LDT neurons were selected
for recording in brain slices from VGAT-ChR2-EYFP TG mice
(Fig. 3). After forming a tight seal, but before breakthrough, neu-
rons often showed spontaneous action potentials (measured as
current transients). In some cells, delivery of 500ms light pulses
(473 nm) elicited reliable repetitive spiking (Fig. 3A, left) and
brief pulses (2ms), elicited short latency single or couplets of
spikes (Fig. 3A, right). Upon breakthrough, it was revealed that
these light pulses produced robust depolarizing photocurrents in
responsive neurons (Fig. 3B, top). When present (21 of 38 neu-
rons), these currents showed a characteristic rapid initial tran-
sient (�1376 46pA) that peaked at 11.56 4.8ms and then
relaxed to a steady current (�856 29pA; n=6). After confirm-
ing functional expression of ChR2 in these pGABA neurons, re-
cording was switched to current clamp, under which the
photocurrents produced depolarizations (276 4mV; n=6) that
were large enough to evoke repetitive firing from subthreshold

Table 1. Number and percent of responding, pGABA, and nonresponding,
pNon-GABA, units, which were Nb-labeled, GABA-immunoreactive, and/or
EYFP1a

Units Nb1 cells GABA1/Nb1 EYFP1/Nb1GABA1 GABA1/Nb1EYFP1

Respondingb 19 68% 69% 90%
pGABA
Nonrespondingc 5 20% 0% 0%
pNon-GABA
aNumber of Nb1 cells that were recorded in 9 mice in which only responding or nonresponding units were
submitted to juxtacellular labeling and were, respectively, considered to be pGABA or pNon-GABA units.
Only Nb-labeled cells that were immunostained for GABA are included.
bResponding neurons emitted a spike during �15 ms light pulses.
cNonresponding neurons did not emit a spike within 15 ms light pulses and were in the majority inhibited
by light pulses.
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membrane potentials (�65.36 1.0mV; n = 14 neurons) (Fig.
3B, bottom). With light pulses (2-500ms), spikes were evoked at a
range of latencies (3.3-19.2ms; n=14 neurons) with a mean of
8.36 1.2ms (Table 2). At more negative initial membrane poten-
tials, the spike latency became slightly longer, but the number of
spikes evoked near pulse onset was greater (Fig. 3B, green). With
light pulses of 0.5 s applied at a subthreshold membrane potential
(Vm�67.76 0.8mV), the ADR was 18.46 5.9Hz, and the highest
IFF was 57.16 28.8Hz (n=5; Table 2). With the same pulses
applied at lower membrane potentials (initial Vm �83.26 1.6mV),
the ADR was similar (13.36 3.7Hz), whereas the highest IFF
increased significantly to 140.56 40.1Hz (n=5; t=4.11, df=4,
p, 0.05; Table 2), suggesting that subthreshold intrinsic mem-
brane currents augmented the depolarization produced by the
photocurrent.

To examine intrinsic firing properties,
direct current pulses were delivered from
membrane potentials near rest (�65 to
�70mV) for 12 pGABA neurons. In
the majority of cells, depolarizing pulses
(500ms) elicited repetitive firing with sub-
stantial spike frequency adaptation (n=9 of
12 neurons; Fig. 3C) and an initial maximal
IFF of 89.96 9.7 spikes/s that slowed to
30.46 4.0 spikes/s during the current pulse
(65.0 6 5.0% adaptation; n=9). The
remaining three cells had different firing
properties with two firing only transiently at
current onset and one firing with an acceler-
ating rate during the current pulse, suggest-
ing a heterogeneity among the pGABA
neurons. Responses to hyperpolarizing cur-
rent pulses confirmed that pGABA neu-
rons typically showed rebound excitation
(n=10 of 12; Fig. 3C, arrow) that drove
spike bursts, which are indicative of a T-
type Ca21 current and characteristic of
Type I LDT neurons (Leonard and Llinas,
1990; Kamondi et al., 1992). The average
maximal IFF during the burst was 110.5 6
21.7 spikes/s (range: 42-266 spikes/s; n=9),
further indicating that at membrane poten-
tials negative to rest, photostimulation of
most pGABA neurons could boost firing or
drive bursting. Indeed, as the membrane
potential was made more negative, brief
light pulses (1-2ms) produced larger and
longer depolarizing responses that could
produce a spike burst (Fig. 3D). pGABA
LDT neurons had relatively brief action
potentials with a spike width of 0.97 6
0.05ms (n=16; Table 2) and an AHP that
reached its minimum value shortly after the
action potential peak (spike peak to AHP
minimum: 3.36 0.3ms). These features
were not different from those measured
from other small LDT neurons lacking pho-
tocurrents and thus pNon-GABA, whose
spike width was 0.926 0.16ms (Table 2;
n=5) and time from spike peak to AHP
minimum was 3.466 1.01ms (n=5; t =
0.19, df = 4, p=0.86). In contrast, the
spikes of pGABA neurons were signifi-
cantly more narrow than those of pre-

sumed ACh (pACh) LDT neurons, which had a spike width of
1.426 0.06ms (n=13; t=5.9, df = 27, p, 0.001) and a spike
peak to AHP minimum of 13.16 1.5ms (n=13; t=7.2, df =27,
p, 0.001) as measured here in the whole-cell slice recordings
from ChAT-ChR2-EYFP mice previously studied (Cisse et al.,
2018). To test firing fidelity in pGABA neurons, we measured
spiking in response to trains of 20 light pulses (1-10ms dura-
tion) delivered at different frequencies (1-50Hz) from subthres-
hold membrane potentials near �65mV (Fig. 3E). Firing
fidelity was high at 1-2Hz, fell to 60% at 20Hz and to 40% at
50Hz (Fig. 3F). Being distinct from pACh neurons but not
from other small pNon-GABA LDT neurons, the pGABA LDT
neurons thus appeared to be relatively fast-firing neurons with
brief spikes.

Figure 2. Fluorescent images of recorded and Nb-labeled GABA neurons. Neurons that were recorded and labeled with
Nb (red) were identified as GABA neurons by immunofluorescent staining for GAD or GABA (blue). A, Large Purkinje cell,
which was recorded and juxta-labeled with Nb in a TG-A mouse (Mouse VGAT77) in which all juxta-submitted units
responded to a SLP and were thus considered pGABA units. The Nb1 neuron along with adjacent Purkinje cells were
immunopositive for GAD and manifested clear YFP fluorescence in the plasma membrane reflecting ChR2-EYFP expression.
B, Small recorded and Nb-labeled neuron in the LDT of a TG-A mouse (Mouse VGAT81) in which all juxta-submitted units
were pGABA. The Nb1 neuron was GABA-immunopositive and appeared to show some YFP fluorescence over the plasma
membrane. C, Small recorded and Nb-labeled neuron in the LDT of a TG-UA mouse (Mouse CVGAT9) in which all juxta-sub-
mitted units were pGABA. The Nb1 neuron was GABA1 and appeared to show YFP fluorescence over the plasma mem-
brane. D, Small recorded, Nb-labeled GABA1 neuron in the SubLDT of a TG-UA mouse (Mouse CVGAT13) in which only
pGABA units were juxta-submitted. The Nb1/GABA1 neuron also manifested YFP fluorescence over the plasma membrane.
E, Small recorded, Nb-labeled GABA1 neuron located in the SubLDT of a WT (WT-UA) mouse (Mouse CWT4) in which units
that resembled pGABA units and discharged across natural sleep-wake states were juxta-submitted. Scale bars, 20mm.
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In pGABA neurons, photostimulation often produced IPSCs
with a latency of 11.76 3.0ms (range 6.0–34.9ms; n= 9 neu-
rons) that appeared as outward current transients just after the
onset of the inward photocurrent (Fig. 3G, top, black) and were

absent after gabazine application (20 mM; Fig. 3G, bottom, yel-
low). In current-clamp mode, these IPSPs could delay or block
spikes produced by the underlying photocurrent (Fig. 3H, two
black traces). Blocking GABA-A receptors with gabazine (20 mM)
shifted these photo-evoked spikes to shorter latencies (Fig. 3H,
three yellow traces). Laser pulses also produced IPSCs in neurons
without photocurrents or pNon-GABA neurons (9 of 12 LDT
neurons, including 2 of three cells with long axes. 20mm; see
below) that could reliably follow pulse trains of 10 and 20Hz
(Fig. 3I). In contrast to robust photo-evoked IPSCs, there was
no evidence of EPSCs that were evoked or modulated by light
pulses, although there were clear spontaneous EPSCs in the pNon-
GABA neurons.

Postrecording measurements from images of cells filled with
Alexa-594 within the slice (n= 26; not shown) confirmed that
neurons with photocurrents were relatively small. Twelve of
these filled cells lacked photocurrents, and these included three
filled cells with long axes. 20mm. The somata of the pGABA
neurons had estimated long (15.46 0.7mm) and short (10.5 6
0.6mm; n = 14) axes that were significantly smaller than those of
pACh LDT neurons (long axis 28.16 1.2mm, n= 9; t= 9.8,
df = 21, p, 0.001; short axis 21.36 1.5mm; n=9; t= 7.1, df = 21,
p, 0.001), as measured here in pACh neurons from ChAT/
ChR2/EYFPmice previously studied (Cisse et al., 2018).

In conclusion, in vitro evidence from VGAT-ChR2-EYFP TG
mice indicates that, among small LDT neurons, a subset ex-
presses photocurrents and thus ChR2, such as to be considered
pGABA neurons. These pGABA LDT neurons manifest the
capacity to fire rapidly in a tonic mode but also in high-fre-
quency bursts of spikes. In virtually all such cells, photo-evoked
spikes occurred within 15ms following light onset, which indi-
cates that such activation in vivo should allow similar identifica-
tion of pGABA neurons in mice.

Figure 3. In vitro responses of LDT neurons to blue light stimulation in brain slices from
VGAT-ChR2-EYFP TG mice. A, Tight-seal recording of LDT pGABA neuron. Blue light stimulation
(500ms pulse, blue bars) caused repetitive spiking (left), and brief pulses (2 ms) produced reli-
able short latency spike couplets (right). B, Top, The characteristic photocurrent measured in
voltage-clamp mode (holding potential�65mV). Bottom, The depolarization and spiking pro-
duced by this photocurrent from two subthreshold membrane potentials (black trace,�70mV;
green trace, �85mV). At �85mV, the same photocurrent produced higher-frequency firing
near the beginning of the pulse. C, Membrane potential responses (top) of the same neuron to
injected current pulses (bottom). The intrinsic properties of this pGABA neuron showed rebound
low-threshold spiking following the termination of hyperpolarizing current pulses (arrow) typi-
cal of T-currents. D, These intrinsic properties shaped responses to brief light pulses (1 ms) by a
cell, which fired a single spike from �67mV (red trace) but fired a couple of spikes from
�85mV (green trace). E, Spiking produced by trains of 20 light pulses (5 ms duration) deliv-
ered at 1, 5, 10, and 50 Hz from;�70mV for the same cell illustrated in B-D. Blue bars rep-
resent the timing and duration of the light pulses. F, Summary of spike fidelity of pGABA LDT
neurons versus light pulse frequency (mean 6 SEM; n= 5). G, In pGABA neurons, IPSCs
appeared just after the onset of the inward photocurrent (top, black) and were absent in the
presence of gabazine (20 mM; bottom, yellow). H, The presence of photo-evoked IPSCs could
delay or block spikes produced by photocurrents (two black traces). Gabazine blocked the IPSCs
and shortened the spike latency (three superimposed traces; yellow). I, IPSCs were observed in
LDT neurons lacking photocurrents, including putative ACh neurons and reliably followed trains
(10 Hz, top; 20 Hz, bottom) of light pulses (10 ms).

Table 2. Mean values of spike latency, spike width, unit ADR, and IFF in brain
slices or brains of TG, TG-A, TG-UA, or WT-UA (control) mice during current or
light pulse stimulationa

Group Units
Latency to
spike (ms)

Spike
width (ms) ADR (Hz) IFF (Hz)

LP (2-500 ms)b Current pulsec LP (0.5 s)d LP (0.5 s)d

TG-Slice pGABA 8.36 1.2 0.976 0.05 18.46 5.9e 57.16 28.8e

13.36 3.7f 140.56 40.1f

n= 14 n= 16 n= 5 n= 5
pNon-GABA NA 0.926 0.16 NA NA

n= 5
SLP (�15 ms)g Spontaneoush CLP (;1-5 s)i CLP (;1-5 s)i

TG-A pGABA 6.016 0.37 1.126 0.03 31.896 3.03 41.866 4.32
n= 63 n= 59 n= 59 n= 59

pNon-GABA NA 1.286 0.09 NA NA
n= 23

TG-UA pGABA 5.996 0.67 1.196 0.08 62.526 29.11 116.326 41.74
n= 23 n= 21 n= 8 n= 8

pNon-GABA NA 1.426 0.16 NA NA
n= 20

WT-UA pGABA NA 1.026 0.09 NA NA
n= 11

aData are mean 6 SEM for number of units indicated.
bLight pulses (LP, 2-500 ms) applied in slices from a membrane potential of ;�65 mV for latency to spike.
cSpike width measured in slices with current injection.
dLPs (0.5 s) applied in slices from different membrane potentials.
efrom a resting membrane potential of ;�68 mV.
ffrom a hyperpolarized membrane potential of ;�83mV.
gSLPs (2-15 ms) applied in mice to examine latency to spike.
hSpike width calculated during spontaneous activity in mice.
iCLP applied ;5 s in TG-A mice and ;1-5 s in TG-UA mice.
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Study of GABA neurons in TG anesthetized mice
The response of neurons was subsequently studied in the LDT/
SubLDT of TG urethane-anesthetized (TG-A) mice (95 units in
6 mice) (Figs. 1, 4). All units were first tested with a short (5–
15ms) light pulse to determine their response. Of the units
recorded, ;68% responded within the SLP by emitting a spike
during the light pulse and were thus considered to be pGABA
units (Fig. 4A). The units submitted to juxtacellular labeling
included responding, pGABA units (n= 59 or ;91%) and some
nonresponding, pNon-GABA units (n= 6 or 9%). Of the
responding units, 18 were Nb-labeled, GAD- or GABA-immu-
nopositive. Of the responding units that were Nb-labeled and
immunostained for GABA (n= 7), 71% were GABA1 (n= 5). As
for the cell shown in Figure 2B, a major proportion (80%) of the
Nb1/GABA1 cells among responding units also manifested
intrinsic YFP in the plasma membrane confirming the expres-
sion of ChR2-EYFP in most of the responding Nb-labeled
GABA neurons of the TG-A mice (Fig. 1B).

In the TG-A mice, the average latency to spike for the
pGABA units during the SLP (�15ms) was 6.016 0.37ms
(range 2.0-12.33ms, n=63; Table 2; Fig. 4B). However, the
action potential was often preceded by an apparent brief hyper-
polarization of the membrane (Fig. 4A), suggesting that pGABA
units also received IPSPs from other locally activated pGABA
units or their axons as observed in vitro. The average spike width
during the light pulse was 1.186 0.03ms (n= 59) and not differ-
ent from that during spontaneous spiking (1.126 0.03ms,
n= 53; Table 2). With long (1-5 s) CLPs, the pGABA units fired
continuously (Fig. 4C) with a moderately fast mean ADR
(31.896 3.03Hz, n= 59), which included some higher frequency
spiking (Fig. 4D) and yielded an overall mean IFF of ;42Hz
(41.866 4.32Hz, n=59) (Table 2). Many pGABA units were
also able to follow repetitive 10ms light pulses fairly faithfully up
to 50Hz (Fig. 4E,F). All the pGABA units tested in the TG-A
mice (n=48) were found at 1Hz photostimulation to have
.90% fidelity; a significant proportion (35%), considered to
have high fidelity, showed fidelity at 40 or 50Hz of � 75%;
another proportion (40%), considered to have moderate fidelity,
showed a decrement in fidelity at 20Hz to� 50%; and the re-
mainder (25%), considered to have low fidelity, showed a decre-
ment in fidelity at 10Hz to� 50%. During the CLP, units of
these different groups fired at significantly different rates, with
the high-fidelity group reaching a mean IFF of 85.366 9.58
Hz, the moderate-fidelity group a mean IFF of 28.696 2.35Hz,
and the low-fidelity group a mean IFF of 26.536 5.50Hz
(ANOVA, F= 29.93, df = 2,41; p , 0.001, with HF group . MF
and LF, p, 0.05 in post hoc paired comparisons with Bonferroni
correction). Thus, although heterogeneous in firing properties,
the pGABA units were generally relatively fast-firing and
appeared to reach their highest rates of tonic firing during the
CLP stimulation that was thus used across neurons in the study
of their role in modulation of the EEG (below).

Although ;30% of units recorded in the LDT/SubLDT did
not respond within the short (15ms) light pulse (n= 29) and
were thus considered to be pNon-GABA units, almost all of these
units changed their ADR during a long (;5 s or longer) CLP by
either increasing (28%) or decreasing (72%) their discharge rate
(Fig. 5A,B). Being highly variable, the mean latency to spike dur-
ing the CLP for the pNon-GABA units, which increased their dis-
charge, was 86.896 42.43ms (n=6). Concerning those units which
decreased their discharge, they were almost all inhibited for the
full duration of the CLP (Fig. 5B). Comparing groups, the spontane-
ous spike width of all pNon-GABA units (1.286 0.09ms,

n = 23; Table 2) was on average larger than that of the
pGABA units (1.126 0.09ms, n = 53; t = 2.30, df = 74, p =
0.051), although with considerable overlap. In addition to
glutamatergic neurons (Boucetta et al., 2014), these pNon-
GABA units would include cholinergic units, which have rel-
atively broad spikes (1.606 0.09ms), as previously measured
in pACh LDT/SubLDT neurons in TG mice (Cisse et al.,
2018). In sum, the majority of the pNon-GABA units, which
had on average broader spikes than the pGABA units, were
inhibited with photic activation of the pGABA units.

Figure 4. Response of LDT/SubLDT units to blue light stimulation in vivo in VGAT-ChR2-
EYFP TG mice. pGABA units were studied in urethane-anesthetized mice. A, In vivo, spiking in
response to SLPs (;5 ms duration applied every second) by a pGABA unit in a TG-A mouse
(unit #13 in Mouse VGAT77). Segment of trace a is expanded below and shows a brief hyper-
polarization at;1 ms preceding the spike at;2 ms. B, The spike latencies of units identi-
fied as pGABA (n= 63 units from 6 TG-A mice). C, Response of pGABA unit (#13 inVGAT77)
to a CLP (;5 s), expanded in 1 and 2 below. D, The IFFs of pGABA units (n = 58) during
long (1-5 s) CLPs when they fired repetitively. E, Spiking of pGABA unit (#13 inVGAT77) in
response to short (;10ms) light pulses at different frequencies. F, Spike fidelity of pGABA
units (n= 15 from Mouse VGAT77) to SLPs at different frequencies (mean6 SEM).
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In response to a long (1-5 s) CLP, the
pGABA units increased their discharge
before any changes in EEG activity, which
were sometimes apparent by a decrease in
the irregular slow activity and overall am-
plitude over the retrosplenial cortex in
the TG-A mice (Fig. 6A,B). Across units,
the average latency to the first spike was
3.886 0.72ms and that estimated for the
change in EEG activity 236.446 53.18ms
(n=9). All pGABA units (48 of 48)
increased their ADR, yielding a signi-
ficant increase in mean ADR from
6.446 1.30Hz before to 34.536 3.49Hz
during the CLP (paired t, t = �9.68,
df = 47, p, 0.001; Table 3). The majority
of units (44 of 48) fired at a higher IFF
with a significant increase in the mean
IFF from 18.926 4.67Hz before to
45.686 5.10Hz during the CLP (paired t,
t = �3.96, df = 47, p, 0.001; Table 3)
(Fig. 6C-F). Across units and mice, the
changes in EEG activity were variable,
showing decreases in d activity in
more than half (n = 27 of 52) but mini-
mal change or small increases in other
cases. Accordingly, there was no con-
sistent or significant change in mean
amplitude of d activity (0.5-3.5 Hz)
going from 14.336 1.05mV before
to 13.876 1.05mV during the CLP
(Table 3) or of g activity (30-58 Hz)
going from 4.816 0.31mV before to
5.096 0.28mV during the CLP (n =
41). In sum, although CLP stimulation
elicited an increase in tonic firing rate
of the pGABA units, it did not evoke a
consistent change in slow or fast EEG
activity in the TG-A mice.

Delivery of RLPs at a slow theta frequency (100ms at 4Hz for
;5 s), which was similar to the rhythmic slow activity (RSA) fre-
quency evoked by somatosensory stimulation under urethane
anesthesia (Cisse et al., 2018), resulted in high-frequency spiking
during each light pulse by the pGABA units and a shift from
irregular slow activity to RSA in the EEG of the TG-A mice (Fig.
7A-C). Their ADR increased in every unit (43 of 43) yielding a
significant increase in the mean rate from 3.926 0.84Hz before
to 22.356 2.63Hz during RLP stimulation (paired t, t = �8.27,
df = 42, p, 0.001; Table 3). With the train of RLPs, the average
latency to the first spike of the pGABA units was 6.806 2.13ms
during the first pulse and that to the EEG change was 363.25 6
57.26ms (n=8). The units fired during each light pulse and turned
off at the end of each pulse, although they often resumed firing
before subsequent pulses. Most units (n=41 of 43) fired phasically
during the RLPs, some with a primary mode IFF in the very high-
frequency range (.80Hz, n=16), others in a high-frequency range
(30-80Hz, n=20) or moderate-frequency range (16-29Hz, n=5)
(Table 4), which was considered as phasic burst or cluster firing
during the RLPs. In comparing the primary mode IFF in the
same units before and during the RLPs, a shift from predom-
inantly slow tonic spiking to high-frequency phasic spiking
was evident (Pearson’s x 2 = 12.57, df = 6, p = 0.050; Table 4).
Most units manifested at least two modes of firing (41 of 43

units), with one mode at a moderate to very high (.15Hz)
frequency range (20-500 spikes/s) and one mode in a slow fre-
quency range (,16 Hz), which reflected rhythmic phasic fir-
ing around the slow theta rhythm. Comparing the IFFs, there
was a significant increase between the mean primary mode fir-
ing before the RLPs (31.126 7.91Hz) and the mean high-fre-
quency mode firing (.15Hz) during the RLP stimulation
(127.336 23.96Hz, paired t, t = �3.65, df = 26, p = 0.001;
Table 3). The mean low-frequency mode (0.5-15Hz) during
the RLPs was 5.836 0.25Hz (n = 23; Table 3). Most units
showed rhythmic spiking at ;4Hz in the autocorrelation his-
togram (ACH) during the RLPs (38 of 43 cases; Table 4; Fig.
7E). The EEG was driven to a primary peak frequency of
;4Hz with many units (20 of 43; Table 4) or showed a sec-
ondary peak at ;4Hz (7 of 43 units) (Fig. 7C). A majority of
units showed cross-correlated activity with the EEG at this fre-
quency in the STA (n = 31 of 43 units; Table 4; Fig. 7C–F).
These changes were not associated with consistent changes in
mean EEG d activity (0.5-3.5 Hz), which was on average
13.606 0.90mV before and 14.586 0.92mV during RLP
stimulation (n = 43; Table 3), or in mean g activity (30–
58Hz), which was 4.886 0.26mV before and 4.936 0.18mV
during RLP stimulation (n = 43). In sum, RLP stimulation at a
low theta frequency (;4Hz) in the TG-A mice evoked rhyth-
mic phasic burst or cluster firing at a low theta rhythm by the

Figure 5. Response of LDT/SubLDT pNon-GABA units to long light pulses in TG-A mice. A, Unit (#8 in Mouse VGAT77)
identified as pNon-GABA by the failure to spike during SLPs (here ;100 ms, A1) responded during a long (;2 s) CLP by a
delayed increase in discharge, as illustrated in expanded segments (1, 2 below, A2). B, Another pNon-GABA unit (#7 in
Mouse VGAT84) identified by the failure to spike during light pulses (here;100 ms, B1) ceased firing during a long (;2 s)
CLP, as illustrated in expanded segments (1, 2 below, B2).
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pGABA neurons that was associated with low theta or RSA on
the EEG of limbic cortex.

CLPs and RLPs were also tested in TG-A mice on pNon-
GABA units, which did not respond with a short latency to
the SLPs. In those cells that were inhibited by the CLPs
(above, Fig. 5B), RLPs also stimulated rhythmic discharge,
as in the pGABA units, however, by firing during the off
phase of the light pulses (Fig. 8A,B). Among pNon-GABA
units, the average IFF of the units was 19.916 4.72 Hz
(n = 5) before and varied during the RLPs. Most pNon-
GABA units showed, like the pGABA units, two or more
modes of instantaneous firing frequencies with a primary
mode in the high-frequency range (.15 Hz; mean of
54.196 9.91 Hz, n = 10), including 16-29 Hz (2 of 10 units),
30-80 Hz (4 of 10 units), or .80 Hz (2 of 10 units) (Table 4),
which reflected cluster or burst firing at a theta frequency.
All units showed a low-frequency range mode (,16 Hz)
near the theta frequency with a mean IFF of 5.426 0.28 Hz
(n = 10) (Fig. 8D). In the majority of units, there was evi-
dence of rhythmic firing in the ACH at ;4 Hz (6 of 10 units)
and participation in the rhythmic EEG in the STA at this fre-
quency (7 of 10 units; Table 4; Fig. 8C–F). In sum, pNon-
GABA units were also driven in a reciprocal manner to fire
phasically with RLPs in association with RSA or low theta
on the EEG of TG-A mice.

Study of GABA neurons in TG unanesthetized (TG-UA)
mice
The response and properties of neurons in the LDT/SubLDT
were subsequently studied in head-fixed TG-UA mice (n = 49
cells in 9 mice) (Fig. 1A,B). Of the units selected for juxtacel-
lular labeling (n = 19) in TG-UA mice, approximately half
responded to the SLP and were thus considered pGABA neu-
rons (n = 9 or ;47%) and the others, which did not respond,
pNon-GABA neurons (n = 10 or ;53%). Of the juxta-sub-
mitted units, all were successfully labeled with Nb in the
LDT/SubLDT or surrounding area. From the juxta-submit-
ted responding or pGABA units, 67% of Nb-labeled cells
were identified as Nb1/GABA1 and of these, 63% were iden-
tified as Nb1/GABA1/EYFP1 (Figs. 1B, 2C,D).

The pGABA units in the LDT/SubLDT of TG-UA mice
showed short spike latencies during the (�15ms) SLP with a
mean latency of 5.996 0.67ms (range 1.33-13.00ms, n = 23;
Table 2). The average spike width of the pGABA units was
1.10 6 0.07ms (n = 8) during the light pulse and did not dif-
fer significantly from that during spontaneous activity
(1.196 0.08ms, n = 21; Table 2). With a long (1-5 s) CLP, the
pGABA units fired at the onset but not necessarily for the
full duration of the light pulse. Across units, the average dis-
charge during the CLP was 62.526 29.11 Hz (n = 8; Table 2).
The spiking was variable from irregular slow tonic to high
frequency (30-80 Hz) to burst-like (.80 Hz), yielding an av-
erage IFF of 116.326 41.74 Hz across units (n = 8; Table 2).
Given that the photostimulation often elicited behavioral
and EEG arousal responses to the light pulses in the

Figure 6. Response of LDT/SubLDT pGABA unit along with EEG to CLP stimulation in TG-A
mouse (unit #2 in Mouse VGAT77). A, A long (;20 s) CLP was delivered during EEG irregular
slow activity and elicited an immediate and continuous increase in spiking of the unit, which
was associated with a progressive change in EEG activity. B, Shown in segments expanded
from before (1) and during (2) the CLP, the unit increased its discharge to very high-fre-
quency spiking, whereas the EEG showed a gradual reduction in slow wave activity and
greater predominance of higher frequency activity. C, As evident in the power spectra, there
was a slight shift in the low-frequency peak. D, The unit ISI histogram (ISIH) revealed high

/

IFFs (the reciprocal of the interval values) with a mode (indicated by arrow) at 111 Hz during
the CLP. E, In the ACH, the unit showed no rhythmicity in its spiking. F, In the Unit-to-EEG
STAs (with mV on vertical axis), there was no evidence of rhythmic or cross-correlated activ-
ity before or during periods of analysis corresponding to the;5 s periods from EEG and unit
activities illustrated.
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unanesthetized mice (see below), it was not possible to
administer repetitive 10ms light pulses to test for spike fidel-
ity, as was done in the anesthetized mice, even with consider-
able reduction of the light intensity (see Materials and
Methods). It was also noticed that it was much more difficult
to reliably drive the unit activity by photostimulation in the
TG-UA mice compared with the TG-A mice, since there was
considerably more spontaneous activity.

All the recorded units, which did not respond during a short
(�15ms) light pulse and were thus considered pNon-GABA
units in the LDT/SubLDT (n=20) of the TG-UA mice, nonethe-
less changed their discharge rate during a long (;1-5 s) CLP, as
seen in the TG-A mice. Half increased and half decreased their
rate of discharge (not shown). The average latency to spike dur-
ing the long light pulse for the pNon-GABA units, which
increased their rate, was 159.176 66.89ms (n=6). For those that
decreased their rate, they were almost all inhibited for the full du-
ration of the CLP (1-5 s), as in the TG-A mice (above, Fig. 5B).
The average spike width of all pNon-GABA units in the TG-UA
mice was 1.426 0.16ms (n=20), ostensibly, but not signifi-
cantly, larger than that of the pGABA units (1.196 0.08ms,
n= 21; with t test, t= 1.32, df = 39, p= 0.195) due to considerable
overlap.

To examine the response of pGABA LDT/SubLDT neurons
in relation to changes in EEG activity in the TG-UA mice, a long
(1-5 s) CLP was delivered. When possible, the photostimulation
was delivered when the EEG manifested irregular slow wave ac-
tivity typical of slow wave sleep (SWS); however, in the UA mice
and particularly in association with delivery of test light pulses,
high-amplitude slow wave activity was often not present. The
test periods of photostimulation were thus often taken from peri-
ods of lower-amplitude slow waves more typical of the transition
to SWS or occasionally even quiet W (Del Cid-Pellitero et al.,
2017). Indeed, the CLPs were often stopped by the experimenter
at 1-2 s or maximum 4 s due to provocation of arousals and con-
sequent loss of unit recording in the TG-UA mice. The unit

activity and EEG were thus much more variable in the TG-UA
mice compared with the TG-A mice. The pGABA units in the
LDT/SubLDT generally increased their rate of discharge during
the CLP, whereas the EEG appeared to be reduced in amplitude
(Fig. 9), although the duration of the increased spiking and the
shift in EEG activity were variable across cases. The mice often
showed movements of the vibrissae and muzzle with evidence of
arousal by the end or with the termination of the CLP. For the
pGABA units tested, the latency to spike during the long CLP
was in some cases much longer than that recorded during the
SLP, yielding a mean of 22.606 12.10ms (n= 5). A shift in
EEG activity was apparent in some of these recordings having a
mean latency of 175.756 94.52ms (n= 4). All units increased
their ADR (n= 8 of 8), such that their mean rate increased
from 18.096 7.07Hz before to 62.526 29.11Hz during the
CLP, however not significant given the variability in rates across
units (with paired t, t = �1.48, df = 7, p=0.181; Table 3). The
mean IFF increased variably (n= 3 of 5) from a mean of
72.696 33.22Hz before to 121.046 41.74Hz during the CLP
(with paired t, t =�1.29, df = 6, p=0.245; Table 3). The increases
in IFF reflected moderate to more commonly high-frequency
spiking (30-80Hz) and very high-frequency spiking (.80Hz)
during the light pulse. There was a decrease in d amplitude
(0.5Hz-4.0Hz) in all cases (6 of 6), with a significant decrease in
the mean amplitude from 8.456 1.14mV before to 5.82 6
0.40mV during the CLP (paired t, t= 2.65, df = 5, p=0.045;
Table 3). g band activity (30-58Hz) also decreased in most cases
(5 of 6) with an overall mean of 5.446 0.23mV before and
4.406 0.26mV during the CLP (paired t, t=2.65, df = 5,
p= 0.045). In sum, in the TG-UA mice, CLP stimulation elicited
high-frequency spiking in the pGABA neurons, which was asso-
ciated with behavioral arousal and a decrease in d EEG activity,
although not with a reciprocal increase in g EEG activity, which
normally accompanies arousal.

The effects of delivering RLPs at a high theta frequency
(50ms at 8Hz for 1-5 s), like that of active/attentive (a) W or PS,

Table 3. Mean values of unit ADR and IFF with EEG d amplitude measures in TG-a and TG-UA mice before and during CLP or RLP stimulation and in WT-UA mice
during SWS, PS, and aWa

Group Stimulation Unit activity Unit firing EEG activity
Unit ADR (Hz) Unit IFF primary mode (Hz) d Amplitude (mV)

TG-A Before During t Before During t During Before During t
CLPb 6.446 1.30 34.536 3.49 *** 18.926 4.67 45.686 5.10 *** 14.336 1.05 13.876 1.05

n= 48 n= 48 n= 48 n= 48 n= 41 n= 41
(HF mode) (LF mode)

RLPc 3.926 0.84 22.356 2.63 *** 31.126 7.91 127.336 23.96 *** 5.836 0.25 13.606 0.90 14.586 0.92
n= 43 n= 43 n= 27 n= 27 n= 23 n= 43 n= 43

TG-UA Before During t Before During t During Before During t
CLPd 18.096 7.07 62.526 29.11 72.696 33.22 121.046 41.74 8.456 1.14 5.826 0.40 *

n= 7 n= 7 n= 7 n= 7 n= 6 n= 6
(HF mode) (LF mode)

RLPe 17.216 6.67 32.696 7.13 *** 32.766 11.35 129.226 54.33 9.596 1.07 15.116 1.18 10.736 1.45 *
n= 9 n= 9 n= 8 n= 8 n= 6 n= 8 n= 8

WT-UA None SWS PS t SWS PS t PS (LF mode) SWS PS t
4.206 2.55 13.766 1.17 * 10.676 6.99 Hz 108.006 7.18 ** 7.236 0.39 16.196 3.36 4.856 0.55 *
n= 5 n= 5 n= 5 n= 5 n= 5 n= 5 n= 5

aW aW * aW
11.486 3.01 87.406 19.40 5.296 0.17 *
n= 5 n= 5 n= 5

aData are mean 6 SEM for number of units indicated and compared by paired t tests between the following: before and during photostimulation or between PS and SWS or aW and SWS for sleep-wake states.
bCLP of ;5 s.
cRLPs of 100 ms at 4 Hz for ;5 s.
dCLP of ;1-5 s.
e RLPs of 50 ms at 8 Hz for ;5 s.*p� 0.05; **p� 0.01; ***p� 0.001; Bonferroni corrections for post hoc multiple comparisons.
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was subsequently examined on the activity of the pGABA LDT/
SubLDT units and the concomitant EEG activity in the head-
fixed TG-UA mice. As seen with the long CLP, there was an
increase in unit discharge and coextensive change in EEG activity
(Fig. 10A,B). Movements of the whiskers and muzzle were often
evident in the video recordings with apparent arousal by the end
or with the termination of the RLP stimulation. The units tended
to spike with each 50ms pulse and to cease firing at the end of
each pulse, yet they sometimes spiked just before the next pulse
and/or failed to spike with successive pulses in the train. All units
increased their average rate of discharge (8 of 8), yielding a sig-
nificant increase in the mean ADR from 17.216 6.67Hz before
to 32.696 7.13Hz during the RLPs (paired t, t = �5.09, df = 8,
p= 0.001; Table 3). All units fired phasically (8 of 8) at either a
very high-frequency bursting mode (.80Hz, n= 3) or a high-
frequency cluster mode (30-80Hz, n=5; Table 4). Comparing
the mean primary firing mode before stimulation to the high-fre-
quency (.15Hz) mode during RLP stimulation, almost all neu-
rons manifested an increase in IFF (7 of 8) that was associated
with a trend of an increase in the mean firing from 32.766
11.35Hz before to 129.226 54.33Hz during the RLPs (range 42-
500 spikes/s; paired t, t = �2.07, df = 7, p=0.078; Table 3). Most
units also manifested a low-frequency mode near the theta fre-
quency of the stimulation;8Hz (9.596 1.07Hz, n= 6; Table 3),
indicating rhythmic phasic firing driven by the RLPs at ;8Hz.
Half the pGABA units manifested rhythmic firing at;8Hz (4 of
8), which was cross-correlated with the high theta EEG activity at
;8Hz in some cases (2 of 8 units; Table 4) (Fig. 10C-F). d am-
plitude (0.5-4.0Hz) was decreased in most cases (8 of 9), result-
ing in a significant decrease across cases from a mean of
15.116 1.18mV before to 10.736 1.45mV during the RLPs
(paired t, t= 2.44, df = 7, p=0.045; Table 3). As an index of theta
activity, the ratio of high theta (6.0-10.0Hz) over d (0.5-4Hz)
was significantly increased with means of 1.126 0.14 before and
2.096 0.36 during the RLPs (paired t, t = �2.44, df = 8, p =
0.041). g amplitude did not show significant changes with means
of 3.546 0.78mV before and 3.906 0.91mV during the RLPs
(paired t, t =�0.92, df = 6, p= 0.396). In sum, RLP stimulation in
the TG-UA mice evoked rhythmic firing in a burst or cluster
mode of spiking often around a high theta frequency (;8Hz),
which was associated with high theta EEG activity on the limbic
cortex.

CLPs and RLPs were also tested in the TG-UA mice on some
pNon-GABA units that did not respond with a short latency to
the SLPs. In some cells, which were inhibited by the CLP, RLPs
stimulated rhythmic discharge, as in the pGABA units, however,
by firing during the off phase of the light stimulation (Fig. 11),
when the pGABA units were silent. The average IFF of the
pNon-GABA units was 32.506 15.92Hz (n=5) before the RLP
stimulation. Many fired phasically during the RLPs (4 of 5), 1
unit at very high frequency (.80Hz) and 3 in a high-frequency
range of 30-80Hz (Table 4), yielding a mean IFF in the high-fre-
quency range of 71.646 10.20 (n=4). In some units, there was
evidence of rhythmic firing of the unit in the ACH at ;8Hz
(2 of 5 units) and participation in the rhythmic EEG at this fre-
quency in the STA (3 of 5 units; Table 4; Fig. 11C–F). There was

Figure 7. Response of LDT/SubLDT pGABA unit along with EEG to RLP stimulation in a
TG-A mouse (#2 in Mouse VGAT77, as shown in Fig. 6). A, A series of RLPs (100 ms at 4 Hz
for;10 s) were delivered during a period of EEG irregular slow activity and elicited rhythmic
phasic spiking of the unit along with EEG RSA. B, As shown in the expanded traces 1 and 2,
the pGABA unit was driven by the light pulses to fire in high-frequency trains or bursts of
spikes, whereas the EEG was progressively driven into RSA. C, Evident in the power spectra,
the EEG shifted from irregular slow activity (;0.8 Hz) before the RLPs to RSA at 4 Hz with a
harmonic at 8 Hz during RLPs. D, In the ISIH, the unit firing occurred in high-frequency bursts

/

during the RLPs (primary mode at 500 Hz) with a recurrence at slower frequencies (arrow in
middle of broad low-frequency mode). E, In the ACH, the unit firing showed rhythmicity at
;4 Hz. F, In the Unit-to-EEG STA, unit activity was cross-correlated with the EEG RSA at
4 Hz. For graph details and abbreviations, see legend to Figure 6.
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a significant increase in the ratio of high theta (6.0-10.0Hz) over
d (0.5-4Hz) EEG, which reflects theta activity, from 1.126 0.16
to 2.456 0.38 (paired t, t = �2.73, df = 5, p= 0.041). In sum, the
pNon-GABA units were driven to fire in phasic bursts or clusters
of spikes around a high theta frequency (;8Hz) in a reciprocal
manner to the pGABA neurons presumably by rebound from in-
hibition during the RLPs.

For control, both CLPs and RLPs were tested in WT-UA
mice to determine whether any changes in unit or EEG activ-
ity would occur with the light stimulation. In units that were
selected for their similarity to those identified as pGABA
units (above) and of which a proportion were juxta-submit-
ted, Nb-labeled, and identified as GABA1 (below), their spike
width was similar to that of the pGABA units (1.026 0.09ms,
n = 11; Table 2). These units in the WT mice did not show
changes in their ADR before versus during CLPs (9.846 6.75
vs 7.346 5.97 Hz, n = 4), and the EEG showed no significant
changes. The units also did not show changes in their ADR
before versus during RLPs (22.496 12.45 vs 14.156 3.35 Hz,
n = 8). Neither the units nor the EEG in the WT mice showed
rhythmic activity at 8 Hz during the RLPs, and the ratio of
high theta over d EEG activity, which was significantly
increased in the TG mice, was not different before versus dur-
ing RLPs in theWTmice (1.226 0.16 vs 1.106 0.09, n = 8).

Study of GABA neurons in naturally sleeping-waking
WT-UAmice
Neurons were recorded in the LDT/SubLDT of 3 WT-UA
head-fixed mice during natural sleeping-waking and submit-
ted to juxtacellular labeling with Nb for subsequent

identification as GABA neurons. Being selected according to
the characteristics of the pGABA units of the TG mice, 5 units
were successfully recorded across the three states of W, SWS,
and PS and were among Nb-labeled neurons which were
located in the LDT/SubLDT and positively immunostained
for GABA (Fig. 2E). These units had an average spike width of
1.036 0.17ms (n = 5). As evident in one unit, which was
among Nb-labeled GABA1 units (Fig. 12A,B), these units dis-
charged at their highest average rates during aW (11.48 6
3.01Hz) and PS (13.766 1.17Hz) and could either be silent or
fire at low rates during SWS (4.206 2.55Hz) (with repeated-
measures ANOVA, F = 5.51, df = 2,8, p = 0.031; Table 3). They
would accordingly fit the profile of W/PS-max active neurons
(Boucetta et al., 2014). The different rates of GABA unit dis-
charge were inversely associated with different amplitudes of
d activity (0.5-4.0 Hz) across the three states, being higher
during SWS (16.196 3.36mV) than during aW (5.29 6
1.17mV) and PS (4.856 0.55mV) (with repeated-measures
ANOVA, F = 16.98, df = 2,8, p = 0.011; Table 3). The ratio of
high theta (6.0-10.0Hz) over d was higher during aW
(1.826 0.33) and PS (2.136 0.35) than during SWS (0.876
0.18) (with repeated-measures ANOVA, F= 7.37, df = 2,8,
p = 0.015), whereas g activity (30-58Hz) was variably higher
during aW (11.736 1.35mV) and PS (11.656 2.43mV) than
during SWS (10.006 0.94mV) (with repeated-measures
ANOVA, F = 1.07, df = 2,8, p = 0.372). All units displayed a
different pattern of firing with much higher frequency
(.80Hz) and tendency to burst during aW and more so dur-
ing PS than during SWS (Table 4), with the instantaneous
firing frequencies during aW (87.406 19.40 Hz) and PS

Table 4. Number of pGABA and pNon-GABA units manifesting different primary modes of firing frequencies, rhythmic firing (ACH), and cross-correlated firing (STA)
with the EEG (PF) at low (4 Hz) or high (8 Hz) theta rhythms during RLP stimulation in TG-a and TG-UA mice or during natural sleep-wake states in WT-UA micea

Group Units Stimulation Unit IFF primary mode Unit ACH F EEG PF STA F

TG-A Before During During During During During
pGABA RLP 1-15 Hz 11 0 2 ;4 Hz: 38 20 31

16-29 Hz 6 3 5
30-80 Hz 8 10 20
.80 Hz 2 14 16
Total n= 27 n= 27 n= 43 n= 43 n= 43 n= 43

pNon-GABA RLP 1-15 Hz 1 1 2 ;4 Hz: 6 5 7
16-29 Hz 2 0 2
30-80 Hz 1 3 4
.80 Hz 0 0 2
Total n= 4 n= 4 n= 10 n= 10 n= 10 n= 10

TG-UA Before During During During During
pGABA RLP 1-15 Hz 4 0 ;8 Hz: 4 6 2

16-29 Hz 1 0
30-80 Hz 2 5
.80 Hz 1 3
Total n= 8 n= 8 n= 8 n= 8 n= 8

pNon-GABA RLP 1-15 Hz 3 1 ;8 Hz: 2 3 3
16-29 Hz 0 0
30-80 Hz 2 3
.80 Hz 0 1
Total n= 5 n= 5 n= 5 n= 5 n= 5

WT-UA SWS PS PS PS PS
GABA None 1-15 Hz 4 0 ;8-9 Hz: 1 5 0

16-29 Hz 0 0
30-80 Hz 1 0
.80 Hz 0 5
Total n= 5 n= 5 n= 5 n= 5 n= 5

aNumber of units manifesting different primary mode IFFs and slow rhythmic discharge at a low or high theta rhythm in the ACH and the STA to indicate cross-correlated rhythmic firing with the EEG at its theta peak fre-
quency (PF).
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(108.006 7.18Hz, range 90-125 spikes/s) being much higher
than those during SWS (10.676 6.99Hz) (with repeated-
measures ANOVA, F = 21.27, df = 2,8, p = 0.005; Table 3). The
bursts consisted most commonly of 2 or 3 spikes. During PS,
all units manifested one or more high-frequency modes
(Table 4) and one low-frequency (,15Hz) mode, which was
in a high theta range (6-10Hz) with a mean IFF of 7.236 0.39
(n = 5; Table 3). The bursting during PS occurred in associa-
tion with high theta EEG activity (;8-9Hz) but generally
showed weak rhythmicity (Fig. 12C-F), with clear rhythmicity
in the ACH in only 1 of 5 units and no clear cross-correlation
with the EEG theta activity in the STA (Table 4). The rhythmic
bursting that did occur by the units was not continuous but
episodic in contrast to limbic theta activity. In sum, the
pGABA units fired phasically in clusters or bursts of spikes
periodically during aW and especially PS in association with
high theta EEG activity, although with relatively low rhyth-
micity or EEG cross-correlated activity.

Discussion
From in vitro and in vivo optogenetic study, the GABA neurons
in the LDT/SubLDT region were found to be fast-firing neurons
with the capacity to burst. With theta photostimulation, they
fired in high-frequency spike clusters or bursts and could drive
EEG theta activity in limbic cortex. High-frequency bursting by
the GABA neurons was also found to occur naturally, though
intermittently, during active/aW and PS in association with EEG
theta activity.

Application of optogenetics in VGAT-ChR2-EYFP TGmice
We used VGAT-ChR2-EYFP TG mice to allow juxtacellular
recording in association with photostimulation of the GABA
neurons in the LDT/SubLDT, as we had previously done
with ChAT-ChR2-EYFP mice for the ACh neurons (Cisse et
al., 2018). According to the first application of such cell type-
specific TG mice, they should provide relatively specific tag-
ging of GABA and ACh cell types for optogenetics (Zhao et
al., 2011). With the VGAT-ChR2-EYFP mice in that study,
.85% of GAD671 cells were EYFP1 and .85% of EYFP1

cells were GAD671 in cortex and hippocampus; 100% of
GAD1 Purkinje cells were EYFP1, and 100% of the EYFP1

cells were GAD1. Here, we also found that all Purkinje cells
appeared to be EYFP1 and GAD671. However, in the LDT/
SubLDT, the GABA soma are very small, and with the EYFP
being apparent only in the plasma membrane, the YFP stain-
ing was difficult to discern. We could thus neither use the YFP
fluorescence to identify cells in vitro for recording, nor to
assess the expression of ChR2-EYFP across GABA neurons in
the LDT/SubLDT region. On the other hand, such selective
labeling of the plasma membrane with ChR2-EYFP in the Tg
mice can actually be considered positive, since the ChR2
should be transported to the membrane, where it functions as
an ion channel (Nagel et al., 2003), whereas labeling through
the cytoplasm suggests overloading of the cell with ChR2-
EYFP, which can occur with viral transcription and have

Figure 8. Response of LDT/SubLDT pNon-GABA unit along with EEG to RLP stimulation in
a TG-A mouse (#3 in Mouse VGAT77). A, A series of RLPs (100 ms at 4 Hz for ;8 s) was
delivered during a period of EEG irregular activity and elicited rhythmic phasic spiking of the
unit along with EEG RSA. B, As shown in the expanded traces 1 and 2, the pNon-GABA unit
was inhibited by the light pulses and thereby driven to fire phasically during the off period
of the RLP stimulation, whereas the EEG was driven into RSA. C, Evident in the power spec-
tra, the EEG shifted from irregular activity before the RLPs to RSA at 4 Hz with a harmonic at

/

8 Hz during the RLPs. D, In the ISIH, the unit firing in high-frequency spike trains during the
off phase of the RLPs was evident (with a mode at 71 Hz) along with a secondary low-fre-
quency mode near the RSA frequency. E, In the ACH, the unit firing showed some rhythmicity
at ;4 Hz. F, In the Unit-to-EEG STA, the unit activity was very minimally cross-correlated
with the EEG RSA at 4 Hz. For graph details and abbreviations, see legend to Figure 6.
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deleterious effects on neurons and their physiology
(Kalmbach et al., 2012; Ganini et al., 2017). Here, we assessed
the presence of ChR2-EYFP in the recorded Nb-labeled cells
and estimated that among the photo-responding neurons,
;70% of Nb-labeled GABA-immunopositive neurons were
EYFP1, and ;90% of Nb-labeled EYFP1 neurons were
GABA-immunopositive. However, given the possibility of
false-negative immunostaining for GABA, the degree of
eutopic expression of ChR2-EYFP may be higher than that
estimated. Indeed, with photostimulation in the slice, we
observed only IPSCs and never EPSCs that would have indi-
cated activation of excitatory glutamate or ACh neurons,
which lie intermingled with the GABA neurons (Wang and
Morales, 2009). We nonetheless must remain cautious and
assume that a minor proportion of the pGABA neurons
could be Non-GABA neurons.

Properties of the GABA and Non-GABA neurons in
VGAT-ChR2-EYFP TGmice
In brain slices, the vast majority of pGABA neurons in the
LDT manifested the capacity to transiently discharge at high
frequencies and sustain moderate rates of firing but also to
discharge with low-threshold spike bursts from hyperpolar-
ized membrane potentials, as typical of previously described
Type I LDT neurons (Leonard and Llinas, 1990; Kamondi et
al., 1992). Such bursts were also evident in vivo in anesthetized
and unanesthetized TG mice and often following an ostensible
hyperpolarization of the membrane, which was presumably
due to inhibitory input from other activated GABA neurons
or terminals in the region.

In both in vitro and in vivo, pNon-GABA neurons in the
LDT/SubLDT region were found to be inhibited with the
photostimulation of the pGABA neurons. Given the rela-
tively large size of their soma and spike width, some of these
cells were undoubtedly ACh neurons. The remainder are
likely glutamate neurons, which overlap in size and spike
width with the GABA neurons in the region (Boucetta et al.,
2014). Whereas the majority of the pNon-GABA neurons
were inhibited by the evoked discharge of the pGABA neu-
rons, a minority were facilitated or presumably disinhibited
after some delay. But all neurons recorded in vivo in the
LDT/SubLDT region altered their firing during the evoked
discharge of the pGABA neurons. The effects of the photosti-
mulation in this region cannot therefore be attributed solely
to increased discharge of the GABA neurons, but also to
altered discharge of all codistributed neurons in the region.
Such local network activity changes were also revealed in
optogenetic study of the ACh neurons in the LDT/SubLDT
(Cisse et al., 2018) and in the basal forebrain where ACh neu-
ronal photostimulation also altered the activity of inter-
mingled GABA neurons (Zant et al., 2016). Since ACh
neurons in the LDT/SubLDT give rise to rebound excitation
when released from hyperpolarized membrane potentials
(Cisse et al., 2018), they would likely burst on release from
GABAergic inhibitory input.

Figure 9. Response of LDT/SubLDT pGABA unit to CLP stimulation in a TG-UA mouse (#5
in Mouse CVGAT18). A, A long (;2 s) CLP was delivered during EEG irregular activity and eli-
cited an increase in spiking of the unit at the onset of the CLP, which was associated with a
rapid change in EEG activity. B, Shown in segments expanded from before (1) and during (2)
the CLP, the unit increased its discharge to low-frequency tonic spiking, whereas the EEG
showed a reduction in slow activity and greater predominance of low amplitude faster activ-
ity. C, As evident in the power spectra, there was an overall reduction in slower EEG activity.

/

D, As evident in the ISIH, the unit fired at a relatively low frequency. E, In the ACH, the unit
showed no rhythmicity in its spiking. F, In the Unit-to-EEG STA, there was no evidence of
rhythmic or cross-correlated activity. For graph details and abbreviations, see legend to
Figure 6.
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Rhythmic bursting by GABA and Non-GABA neurons
Many pGABA neurons were able to follow with high-fidelity
brief light pulses up to 50Hz, as typical of fast-firing neu-
rons. When depolarized by long CLPs, they would attain fre-
quencies in this range with an average ;40 Hz IFF in the
anesthetized animals. However, in the unanesthetized mice,
the CLPs were less effective in driving fast tonic firing, and
tended to elicit bursts or cessation of firing, likely due to in-
hibitory input from other activated GABA neurons in the
region. On the other hand, RLPs at frequencies, typical for
low theta (4 Hz) in urethane-anesthetized and high theta
(8 Hz) in unanesthetized mice, drove rhythmic phasic firing
and bursting in GABA neurons, presumably due to their
intrinsic ability to respond to depolarizing pulses with initial
rapid firing or bursting from relatively hyperpolarized mem-
brane potentials. Moreover, the pNon-GABA neurons were
also driven to discharge at the theta rhythm by firing in anti-
phase to the GABA neurons, bursting when each RLP
stopped and the GABA neurons became silent, likely due to
release from inhibition. Such neurons would include the ACh
neurons, which also show theta bursting (Cisse et al., 2018).

Influence of GABA and Non-GABA unit firing on EEG
activity
Photo-evoked tonic discharge by the GABA neurons in the
LDT/SubLDT region tended to diminish EEG slow wave ac-
tivity while appearing to provoke behavioral arousal in unan-
esthetized mice. Yet the effect on EEG activity was not that
clear-cut since g activity was also reduced. These results are
not dissimilar to those involving chemogenetic stimulation
of GABA neurons in the PPT, since this stimulation did not
appear to affect EEG activity (Kroeger et al., 2017). Yet, the
activation of the GABA neurons could through projections
into the pontomedullary reticular formation (Jones, 1990),
provoke behavioral arousal, whereas through tonic inhibi-
tion of cholinergic LDT/SubLDT neurons, it could prevent
enhancement of g EEG activity, which is promoted by the
cholinergic neurons (Cisse et al., 2018).

On the other hand, rhythmic theta photostimulation of
the VGAT-ChR2-EYFP neurons in the LDT/SubLDT region
evoked rhythmic theta discharge of the pGABA neurons
and cross-correlated EEG theta on the retrosplenial cortex
in both urethane-anesthetized and unanesthetized mice,
suggesting that these GABA neurons can stimulate or drive
theta activity. Such rhythmic theta discharge by presumed
GABA neurons in urethane-anesthetized rats had previ-
ously been reported in Gudden’s tegmental nuclei, particu-
larly the ventral tegmental nucleus (Kocsis et al., 2001) and
in the nucleus incertus (Nunez et al., 2006; Ma et al., 2013).
Theta oscillations have also been recorded in presumed
GABA neurons in unanesthetized rats during PS in the ven-
tral tegmental nucleus (Bassant and Poindessous-Jazat,
2001) and the dorsomedial tegmental area (DMTg) (Sakai,
2012) and in identified GABA neurons in the SubLDT
(Boucetta et al., 2014). It is thus possible that GABA

Figure 10. Response of LDT/SubLDT pGABA unit along with EEG to RLP stimulation in a
TG-UA mouse (#5 in Mouse CVGAT18 as shown in Fig. 9). A, RLP stimulation at high theta
frequency (50 ms, 8 Hz for ;5 s) was delivered during a period of EEG irregular activity. B,
As shown in the expanded traces 1 and 2, the pGABA unit was driven by the light pulses to
fire phasically during the RLPs, whereas the EEG was progressively driven into a theta-like
rhythm. C, Evident in the power spectra, the EEG shifted from irregular activity before the
RLPs to high theta activity at 8 Hz during the RLPs. D, In the ISIH, the unit firing appeared

/

variable around a g frequency (30-80 Hz) in the high-frequency range with recurrence in a
low-frequency range around the high theta frequency (6-10 Hz). E, In the ACH, the unit firing
showed some rhythmicity at;8 Hz. F, In the Unit-to-EEG STA, unit activity was cross-corre-
lated with the EEG high theta at;8 Hz. For graph details and abbreviations, see legend to
Figure 6.
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neurons, distributed through the periventricular region and
below within Gudden’s tegmental nuclei, nucleus incertus,
DMTg, and LDT/SubLDT, have the capacity to discharge
rhythmically at a theta frequency and influence theta-
related activity in the brain. This influence could occur
through ascending projections from GABAergic as well as
cholinergic and other PMT neurons (Ford et al., 1995),
which project into the hypothalamus and may reach into
the mammillary bodies, supramammillary nucleus, anterior
thalamic nuclei, basal forebrain, and septum (Satoh and
Fibiger, 1986; Ford et al., 1995; Vertes and Kocsis, 1997;
Bassant and Poindessous-Jazat, 2001; Ma et al., 2013).
Cholinergic and noncholinergic, which would include
GABA, neurons also project into the pontomedullary retic-
ular formation (Jones, 1990; Semba et al., 1990), through
which they could influence bulbar and spinally projecting
neurons and processes involved in rhythmic theta-related
sensory-motor processes, including importantly whisking
(Grion et al., 2016; Kleinfeld et al., 2016).

Discharge of GABA neurons during natural sleep-wake
states
It was found here that GABA neurons in the LDT/SubLDT
region discharge maximally during aW and PS while firing
at a low rate or not at all during SWS. Moreover, they fire in
recurrent bursts in a theta range of frequencies when theta
activity appears on the EEG during these states. On the other
hand, their firing was not commonly cross-correlated or
coupled with the forebrain theta activity recorded from the
retrosplenial cortex during aW or PS. Such bursting was also
observed in the ACh neurons of the LDT/SubLDT and PPT
that was cross-correlated with EEG theta when driven by
photostimulation but was not commonly so during natural
aW or PS in the head-fixed mice (Cisse et al., 2018). As con-
cluded for the cholinergic neurons, the brainstem phasic ac-
tivity may not be tightly coupled to theta of the limbic
forebrain and could be more closely related to rapid whisker
movements and twitching, which are episodic but maximal
in association with forebrain theta activity during PS
(Mohns and Blumberg, 2008; Tiriac et al., 2012; Del Rio-
Bermudez et al., 2017). During waking, rhythmic whisking
has been shown to be transiently coupled to limbic theta
during exploration (Grion et al., 2016; Kleinfeld et al.,
2016). Moreover, phasic discharge cross-correlated with
EEG theta rhythm has been described during PS in some
identified GABA neurons in the SubLDT (Boucetta et al.,
2014) and unidentified, presumed GABA neurons in the
DMTg (Sakai, 2012), suggesting that, in some periods or
activities, such coherence between brainstem and forebrain
theta-related activity may occur in GABA neurons in the
LDT/SubLDT region. Collectively, this theta-related burst-
ing in GABAergic and Non-GABAergic, including choliner-
gic, neurons can contribute to the coordination of sensory-
motor systems and consolidation of memory during aW and
PS (Mohns and Blumberg, 2008; Tiriac et al., 2012; Boyce et
al., 2016; Grion et al., 2016; Kleinfeld et al., 2016; Del Rio-
Bermudez et al., 2017; Cisse et al., 2018).

Figure 11. Response of LDT/SubLDT pNon-GABA unit along with EEG to RLP stimulation
in a TG-UA mouse (#5 in Mouse CVGAT8). A, RLP stimulation at high theta frequency (50 ms,
8 Hz for ;5 s) was delivered during a period of EEG irregular activity. B, As shown in the
expanded traces 1 and 2, the pNon-GABA unit was driven by the light pulses to fire phasi-
cally during the off phase of the RLPs, whereas the EEG was progressively driven into a
theta-like rhythm. C, Evident in the power spectra, the EEG shifted from irregular activity
before the RLPs to high theta activity at 8 Hz during the RLPs. D, In the ISIH, the unit firing

/

was variable and included high-frequency burst-like spiking (;100 Hz) and lower frequency
recurrence around a high theta range. E, In the ACH, the unit firing showed weak rhythmicity
at ;8 Hz. F, In the Unit-to-EEG STA, unit activity was cross-correlated with the EEG high
theta at;8 Hz. For graph details and abbreviations, see legend to Figure 6.
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Figure 12. Response of Nb-labeled GABA unit in WT-UA mouse to sleep-wake state changes. A, The unit (#8 in Mouse CWT4) was recorded in association with EEG during aW, SWS, and
PS. B, As evident in expanded segments 1, 2, and 3, the unit discharged during aW and PS and was virtually silent during SWS. The pattern of firing reflected phasic burst discharge in associa-
tion with high theta EEG activity during aW and PS. C, In EEG power spectra, the activity reflected theta activity (at 8.2 Hz) during W, slow wave activity with a peak at 1.8 Hz during SWS, and
rhythmic theta at frequencies of.9 Hz (peak at 9.6 Hz) during PS. D, In the Unit ISIH, evidence of bursting activity (mode at 143 Hz) is present with some recurrent spiking (low-frequency
mode;9 Hz) during PS. E, In the Unit ACH, there was minimal indication of rhythmic firing. F, In the Unit-to-EEG STA, there was minimal cross-correlated rhythmic activity with high theta
EEG activity of PS. Data analysis was performed on 5 s periods of W, SWS, and PS as illustrated. For graph details and abbreviations, see legend to Figure 6.
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