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Sleep Deprivation Distinctly Alters Glutamate Transporter 1
Apposition and Excitatory Transmission to Orexin and MCH
Neurons
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Glutamate transporter 1 (GLT1) is the main astrocytic transporter that shapes glutamatergic transmission in the brain. However, whether
this transporter modulates sleep–wake regulatory neurons is unknown. Using quantitative immunohistochemical analysis, we assessed
perisomatic GLT1 apposition with sleep–wake neurons in the male rat following 6 h sleep deprivation (SD) or following 6 h undisturbed
conditions when animals were mostly asleep (Rest). We found that SD decreased perisomatic GLT1 apposition with wake-promoting
orexin neurons in the lateral hypothalamus compared with Rest. Reduced GLT1 apposition was associated with tonic presynaptic
inhibition of excitatory transmission to these neurons due to the activation of Group III metabotropic glutamate receptors, an effect
mimicked by a GLT1 inhibitor in the Rest condition. In contrast, SD resulted in increased GLT1 apposition with sleep-promoting
melanin-concentrating hormone (MCH) neurons in the lateral hypothalamus. Functionally, this decreased the postsynaptic response of
MCH neurons to high-frequency synaptic activation without changing presynaptic glutamate release. The changes in GLT1 apposition
with orexin and MCH neurons were reversed after 3 h of sleep opportunity following 6 h SD. These SD effects were specific to orexin and
MCH neurons, as no change in GLT1 apposition was seen in basal forebrain cholinergic or parvalbumin-positive GABA neurons. Thus,
within a single hypothalamic area, GLT1 differentially regulates excitatory transmission to wake- and sleep-promoting neurons depending on
sleep history. These processes may constitute novel astrocyte-mediated homeostatic mechanisms controlling sleep–wake behavior.
Key words: astrocyte; basal forebrain; confocal microscopy; lateral hypothalamus; patch-clamp recording; synaptic plasticity

Significance Statement
Sleep–wake cycles are regulated by the alternate activation of sleep- and wake-promoting neurons. Whether and how astrocytes
can regulate this reciprocal neuronal activity are unclear. Here we report that, within the lateral hypothalamus, where functionally
opposite wake-promoting orexin neurons and sleep-promoting melanin-concentrating hormone neurons codistribute, the glutamate transporter GLT1, mainly present on astrocytes, distinctly modulates excitatory transmission in a cell-type-specific manner and according to sleep history. Specifically, GLT1 is reduced around the somata of orexin neurons while increased around
melanin-concentrating hormone neurons following sleep deprivation, resulting in different forms of synaptic plasticity. Thus,
astrocytes can fine-tune the excitability of functionally discrete neurons via glutamate transport, which may represent novel
regulatory mechanisms for sleep.

Research on the regulation of sleep–wake behavior historically
focused on neurons, resulting in detailed knowledge of the neu-

ronal systems regulating sleep and wake states under homeostatic
and circadian influences (Saper et al., 2010; Weber and Dan,
2016). Increasing evidence, however, has implicated glia, partic-
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Table 1. Primary antibodies used for immunohistochemistry
Antigen

Host

Source

Immunogen

Specificity

GLT1

Guinea pig

EMD Millipore Catalog
#AB1783 RRID:
AB_90949

Last 20 residues of (Mars et al., 2001; Chung et
al., 2008; Leung et al., 2012; Schreiner et al.,
2013; Schreiner et al. 2014), or
a peptide from (MTI), the C terminus of rat GLT1

Western blot analysis showed a band at 50 –70 kDa corresponding to
GLT1 (MTI) (Redecker and Pabst, 2000; Lee et al., 2014; Roberts et
al., 2014; Schreiner et al., 2014).
Preabsorption with the immunogenpeptide abolished immunostaining (MTI) (Redecker and Pabst, 2000; Lee et al., 2014) or the corresponding band on the western blot (Lee et al., 2014; Roberts et al.,
2014), while preincubation with a peptide from the C-terminus
region of excitatory amino acid transporter 1 had no effect on the
immunostaining (Redecker and Pabst, 2000).
No staining on GLT1 null mouse tissue (Schreiner et al., 2014).

ORX A

Goat

Santa Cruz Biotechnology
Catalog #sc-8070
RRID:unavailable

A peptide from the C terminus of human orexin A
(MTI; residues 48 – 66 of the precursor peptide (Henny and Jones, 2006))

Western blot analysis confirmed specificity for rat, mouse, and human orexin A (MTI).
Preabsorption with the immunogen peptide (sc-8070P) (Henny and
Jones, 2006) or orexin A (Phoenix) (Glavas et al., 2008) abolished
all immunostaining.

MCH

Rabbit

Phoenix Pharmaceuticals
Catalog #H-070-47
RRID:AB_10013632

Full-length MCH peptide (19 amino acids)

Competitive radioimmunoassay showed 100% crossreactivity with
human, rat, and mouse MCH and 0% crossreactivity with orexin A
and B (MTI) (Glavas et al., 2008).
Preabsorption with full-length MCH peptide (Phoenix) abolished all
staining (Glavas etal., 2008).

ChAT

Goat

EMD Millipore Catalog
#AB144P RRID:
AB_2079751

Human placental ChAT (identical to human brain
ChAT) (Bruce et al., 1985))

Western blot analysis showed a band at 68 –70 kDa corresponding to
ChAT (MTI) (Corcoran et al., 2004).
Preabsorption with recombinant rat ChAT (Chemicon AG220) abolished staining (Llewellyn-Smith et al., 2007; Márquez-Ruiz et al.,
2007; Morcuende et al., 2011).
Identical pattern of staining with another well-characterized ChAT
antibody (Umbriaco et al., 1994) was confirmed with double
immunofluorescence (Nickerson Poulin et al., 2006).

PV

Mouse monoclonal
(clone PARV-19)

Sigma-Aldrich Catalog
#P3088 RRID:
AB_477329

Frog muscle PV

Western blot analysis showed a single band at ⬃12 kDa corresponding to PV (MTI).
Preabsorption with rat muscle PV eliminated labeling in Western
blots and immunostaining (Hackney et al., 2005).
Identical pattern of staining with R301 below was confirmed in our
lab with double immunofluorescence.

PV

Rabbit

Dr. K.G. Baimbridge
(University of British
Columbia) Catalog
#R301

Rat muscle PV

Preabsorption with rat muscle PV abolished staining (Sloviter, 1989).
Identical pattern of staining with PARV-19 above was confirmed in
our lab with double immunofluorescence.

MTI, Manufacturer’s technical information.

ularly astrocytes, in sleep regulation. Astrocytes regulate extracellular levels of adenosine, an endogenous sleep-promoting factor
in the brain (Porkka-Heiskanen et al., 1997), by releasing its precursor ATP (Pascual et al., 2005) and by metabolizing adenosine
via astrocytic adenosine kinase (Bjorness et al., 2016). Extracellular adenosine levels increase after sleep deprivation (SD) in the
basal forebrain (BF) (Porkka-Heiskanen et al., 1997; Halassa et
al., 2009), where adenosine reduces the excitability of cholinergic
and GABAergic BF neurons that project to the cerebral cortex,
thereby dampening cortical activation (Arrigoni et al., 2006; Yang et
al., 2013). Astrocytes also play a causal role in shifting neocortical
neuronal activity to synchronized slow oscillations, a hallmark of
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slow-wave sleep, by altering extracellular glutamate levels (Poskanzer and Yuste, 2016). These studies have established astrocytes as a
key component of the sleep–wake regulatory system.
While these forms of astrocytic regulation appear rather nonspecific in terms of neuronal effects, astrocytes can also fine-tune
single synapses in several ways (Araque et al., 2014; Gundersen et
al., 2015), for example, through glutamate reuptake via highaffinity glutamate transporters, such as glutamate transporter 1
(GLT1) (Oliet et al., 2001; Pannasch et al., 2014). GLT1 regulates
glutamate diffusion and spillover, thus controlling the activation
of synaptic and extrasynaptic glutamate receptors, heterosynaptic signaling, and synaptic plasticity (Oliet et al., 2001; Marcaggi
et al., 2003; Huang et al., 2004; Genoud et al., 2006; Omrani et al.,
2009). However, the possibility that GLT1 is involved in regulating neuronal activity patterns associated with the sleep–wake cycle or in sleep homeostasis had not been investigated.
To address this question, we focused on the lateral hypothalamus (LH), which houses two intermingled populations of peptidergic neurons with opposite roles in sleep–wake regulation.
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Orexin (ORX; also known as hypocretin) neurons are active during spontaneous or forced wake periods and silent during sleep, and
their activation promotes wakefulness (Lee et al., 2005; Modirrousta et
al., 2005; Adamantidis et al., 2007). In contrast, melaninconcentrating hormone (MCH) neurons are active during rapid
eye movement (REM) sleep, and quiescent during wake or SD
(Modirrousta et al., 2005; Hassani et al., 2009a). Their activation
promotes REM sleep (Jego et al., 2013; Tsunematsu et al., 2014;
Vetrivelan et al., 2016) or both non-REM and REM sleep
(Konadhode et al., 2013; Blanco-Centurion et al., 2016). The
reciprocal activity patterns of these two functionally opposing
cell groups may be coordinated by local mechanisms.
Thus, in the present study, we tested the hypothesis that astrocytic GLT1 differentially regulates excitatory synaptic inputs
to ORX and MCH neurons according to sleep need, thereby coordinating their reciprocal activity patterns, using immunoconfocal microscopy and in vitro electrophysiology. For comparison,
our confocal analysis included cholinergic and parvalbumin
(PV)-expressing GABAergic neurons in the BF, both of which are
active during wakefulness and REM sleep, and promote cortical
activation (Duque et al., 2000; Manns et al., 2000; Hassani et al.,
2009a; Anaclet et al., 2015; Kim et al., 2015). To the best of our
knowledge, this is the first study to address the role of glutamate
transport in the synaptic regulation of sleep–wake-regulatory
neurons.

Materials and Methods
Ethics. All animal handling procedures were conducted in accordance
with the Canadian Council on Animal Care and were approved by the
Dalhousie University Committee on Laboratory Animals (immunoconfocal study) and by the Memorial University Institutional Animal Care
Committee (electrophysiological study).
Immunohistochemistry. A total of 36 adult male Wistar rats (225–250 g;
Charles River) were used in these experiments. On arrival, animals were
housed in pairs in a colony room for 1 week and then in individual
experimental chambers for 3– 4 d of habituation. Throughout the experiment, rats were kept under a 12 h light/12 h dark cycle (lights on at
07:00), and food and water were available ad libitum.
On the experimental day at 09:00, rats were randomly assigned to 1 of
4 behavioral treatment groups: undisturbed for 6 h of sleep opportunity
(Rest, R; n ⫽ 12); 6 h of SD (n ⫽ 12); 9 h of sleep opportunity (R9 h; n ⫽
6); and 6 h of SD followed by 3 h of sleep opportunity (Recovery; n ⫽ 6).
SD was conducted by gentle handling, a commonly used SD method that
minimizes stress. Briefly, gentle handling interventions consisted of presenting the rat with novel objects, such as a new toy, or rustling its
bedding when the rat closed its eyes or assumed a sleeping posture (Deurveilher et al., 2009). The first two groups were killed immediately at
15:00. The last two groups were killed immediately at 18:00. Animals
were injected with an overdose of an anesthetic mixture (208 mg/kg
ketamine, 9.6 mg/kg xylazine, and 1.8 mg/kg acepromazine, i.p.), and
perfused intracardially with 100 ml of 0.1 M PBS, pH 7.4, followed by 400
ml of 4% PFA in 0.1 M PBS. The brains were quickly removed, postfixed
for 2 h, and then placed in 30% sucrose in 0.01 M PBS for a minimum of
2 d at 4°C. Coronal brain sections (30 m) through the BF (from bregma
to 1.5 mm posterior to it) and the LH (from 2.5 mm to 3.5 mm posterior
to bregma) were cut on a freezing microtome.
All immunohistochemical processing was conducted using 0.05 M
Tris-buffered saline containing 0.03% Triton X-100 and, in case of primary antibody incubation, 0.01% sodium azide. Immunohistochemical
processing of BF sections additionally included 2% normal donkey serum, which was omitted in LH tissue processing to optimize subsequent
Nissl Neurotrace (see below). BF section sets were first incubated with a
polyclonal anti-GLT1 antibody (1:2000; Table 1) overnight at room temperature or for 2 d at 4°C, followed by Cy3-conjugated donkey antiguinea pig IgG (1:200) for 1–2 h at room temperature. This anti-GLT1
antibody was raised against a synthetic peptide from the C terminus of rat

Figure 1. Image analysis procedures for GLT1 apposition. A, A triple-fluorescence image
showing two fluorescent Nissl-stained neurons (blue) that are immunopositive for ORX A peptide (ORX, green), surrounded by GLT1 immunoreactivity (red). Arrow indicates the neuron
shown in B–G. Scale bar, 20 m. B, Larger image of ORX neuron from A. Scale bar, 10 m.
C, E, G, Grayscale image of the somatic markers (combined ORX A and fluorescent Nissl).
C, Converted to a binary image, where black pixels represent areas positive for fluorescence (E).
This binary image is used to generate a 1-pixel-wide outline that delineates the neuronal soma
(G). D, F, Grayscale image of GLT1 immunoreactivity (D) is converted to a binary image (F ). H,
The somatic outline in G is superimposed onto the binary image of GLT1 immunoreactivity in
F, revealing the portions of the somatic perimeter in direct apposition (i.e., without any pixel
gap) with GLT1 (red) and those that are not (blue).

GLT1, an area containing no sequence homology with glutamate transporters GLAST or EAAT3 (Arriza et al., 1994). As summarized in Table 1,
the specificity of this antibody has previously been established by Western blot (Redecker and Pabst, 2000; Lee et al., 2014; Roberts et al., 2014;
Schreiner et al., 2014), preabsorption (Redecker and Pabst, 2000; Lee et
al., 2014; Roberts et al., 2014), and using GLT1 knock-out mouse tissue
(Schreiner et al., 2014).
Next, as the second label, adjacent BF sets were incubated overnight at
room temperature or for 2 d at 4°C with (1) a polyclonal anti-ChAT
antibody (1:50; Table 1); or (2) either a monoclonal mouse anti-PV
antibody (1:800; Table 1) or a rabbit anti-PV antibody (1:100; Table 1).
ChAT was used as a marker for cholinergic BF neurons that project to the
cortex, whereas PV was used as a marker for a cortically projecting
subset of GABAergic BF neurons (Yang et al., 2017). Sections were
subsequently incubated for 1–2 h at room temperature with either a Cy2
(1:100) or Dylight 488-conjugated donkey anti-goat IgG (1:200), a Cy2conjugated donkey anti-mouse IgG (1:100), or a Cy2-conjugated donkey
anti-rabbit IgG (1:100), as appropriate.
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LH section sets were first processed to visualize GLT1, as described above. As the second
label, adjacent LH sets were then incubated
overnight at room temperature or for 2 d at 4°C
with either a polyclonal anti-ORX A antibody
(1:300; Table 1) or a polyclonal anti-MCH
antibody (1:1500; Table 1). Sections were
subsequently incubated for 1–2 h at room temperature with either a Cy2 (1:100) or Dylight
488-conjugated donkey anti-goat IgG antibody (1:200), or a Cy2 (1:100) or Dylight 488conjugated donkey anti-rabbit IgG antibody
(1:200), as appropriate. All LH sections were
incubated for a further 20 min with Nissl Neurotrace Deep-Red fluorescent stain (1:75; N-21483,
RRID:unavailable; Invitrogen), which clearly and
reliably stains the entire neuronal soma (Cronk
et al., 2012; Derecki et al., 2012).
Fluorescent Nissl stain was used for LH neurons to facilitate the delineation of the cell body
perimeter. Immunoreactivity for ORX A and
MCH was not homogeneously present in the
cytoplasm under the current experimental
conditions and tended to be denser near the
nucleus (Figs. 1A–C, 2A1,B1). The globular appearance of the immunoreactivity is expected
because secretory neuropeptides, such as ORX
A and MCH, are synthesized and localized
within the lumen of organelles of the secretory
pathway, including the Golgi apparatus and
dense core granules (Bittencourt et al., 1992;
Peyron et al., 1998; Jancsik et al., 2018). In contrast, no Nissl stain was required for BF neurons, as both ChAT and PV diffusely and
uniformly filled the cytoplasm, unambiguously delineating cell body boundaries (Fig.
2C1,D1). This is consistent with previous observations using immunoelectron microscopy
(e.g., Martinez-Murillo et al., 1990; Gaykema
and Zaborszky, 1997).
Sections were mounted on glass slides, air Figure 2. SD alters perisomatic GLT1 distribution in LH but not BF neurons. A1–D1, Representative fluorescence images of ORX
dried, and coverslipped with Cytoseal 60 (A1), MCH (B1), cholinergic (ChAT; C1), and PV neurons (D1) costained for GLT-1 and, where applicable, Nissl. Scale bar, 10 m.
mounting medium (Richard-Allan Scientific). A2, B2, C2, D2, Binary images of GLT1 fluorescence with the somatic outline of cells shown in A1–D1. Red lines indicates the portions
Sections that were processed without primary where GLT1 and soma are apposed. Blue lines indicates portions where there is no apposition. Total somatic perimeter length (E)
antibodies to control for the secondary anti- and number of discrete GLT1 appositions (F ) are unaffected by sleep state. Opposite changes are seen following SD in ORX versus
bodies showed no specific staining.
MCH neurons in mean length of individual GLT1 appositions (G) and the proportion of total somatic perimeter in apposition with
Confocal imaging. Immunofluorescent im- GLT1 (H ). No change in any of these measures is seen in ChAT and PV neurons. Values are normalized to the mean of respective
ages were acquired with a laser scanning con- values in the Rest group (indicated by the dashed line at 100%). Absolute values are reported in Table 2. R, Rest condition; SD, 6 h
focal microscope (Zeiss LSM 510 Meta). SD. *p ⬍ 0.05.
Separate emission channels were captured sequentially to limit nonspecific fluorescence.
optical slices (z stack) of 1024 ⫻ 1024 pixel images. Each pixel measured
Laser power and emission filters were also adjusted to minimize bleed130 nm ⫻ 130 nm.
through artifacts.
Image processing and analysis. Each image was corrected for electrical
Neurons were randomly selected throughout the rostrocaudal extent
noise using the mixed Poisson-Gaussian noise filter plugin, PureDenoise
within the magnocellular preoptic nucleus of the BF and within the LH
(by F. Luisier; Biomedical Imaging Group; http://bigwww.epfl.ch/
(dorsomedial to the fornix), respectively, while the experimenter realgorithms/denoise/) (Luisier et al., 2007, 2011) for ImageJ (RRID:
mained blind to the GLT1 fluorescence channel. The magnocellular preSCR_003070;
National Institutes of Health). Image stacks were then deoptic nucleus was selected due to significant overlap between ChAT and
convolved using a theoretical point-spread function using Huygens
PV neuron distributions and because it is often targeted as a representaProfessional (RRID:SCR_014237; Scientific Volume Imaging).
tive region for studying the neuronal circuit and function of the BF (Yang
Following deconvolution, one image from each z stack was selected for
et al., 2017). LH neurons were selected in the dorsomedial perifornical
analysis. The selection criteria were as follows: (1) the location through
region of the LH because ORX neurons in the perifornical area may be
the middle of the neuronal soma as indicated by a clearly visible nucleus
preferentially involved in arousal, whereas lateral ORX neurons may be
surrounded by visible cytoplasm; and (2) optimal labeling of the relevant
involved in reward (Harris and Aston-Jones, 2006). Neurons were inneurophenotype marker, GLT1, and, where applicable, Neurotrace Nissl
cluded when (1) there was clear somatic immunostaining for the restain. GLT1 apposition was assessed using methods modified from
spective cell-type marker, and (2) the nucleus was present. Images
Doucet et al. (2009), and a combination of steps with Adobe Photoshop
were acquired using the ZEN software package (RRID:SCR_013672; Carl
CS4 (Adobe Systems) and ImageJ (Fig. 1). Briefly, each image was
Zeiss Meditec). Approximately 10 neurons per cell type were imaged per
cropped to 400 ⫻ 400 pixels with the neuron soma located at the center
rat. Labeling was sampled through each neuronal soma by taking 0.4 m
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Table 2. Measures of GLT1 apposition with sleep–wake regulatory neurons by sleep-history condition: 6 h of Rest or 6 h of SDa
Rest
SD
Variable
ORX neurons
Somatic perimeter length (m)
No. of GLT1 appositions
Mean discrete GLT1 apposition length (m)
GLT1 apposition (% somatic perimeter)
MCH neurons
Somatic perimeter length (m)
No. of GLT1 appositions
Mean discrete GLT1 apposition length (m)
GLT1 apposition (% somatic perimeter)
ChAT neurons
Somatic perimeter length (m)
No. of GLT1 appositions
Mean discrete GLT1 apposition length (m)
GLT1 apposition (% somatic perimeter)
PV neurons
Somatic perimeter length (m)
No. of GLT1 appositions
Mean discrete GLT1 apposition length (m)
GLT1 apposition (% somatic perimeter)

Mean

SEM

n

Mean

SEM

n

p

49.97
20.20
0.96
39.21

0.84
0.57
0.04
1.48

102
102
101b
102

52.22
21.32
0.87
35.24

0.82
0.53
0.02
1.02

135
135
135
135

0.060
0.153
0.025
0.023

47.69
17.33
0.74
27.03

0.89
0.63
0.03
1.23

100
100
100
100

49.07
18.25
0.84
31.34

0.85
0.51
0.04
1.37

111
111
111
111

0.266
0.254
0.027
0.021

53.34
17.87
0.97
32.36

1.03
0.53
0.04
1.25

100
100
99b
100

53.48
18.09
0.94
32.11

0.87
0.47
0.03
1.12

123
123
121b
123

0.918
0.758
0.498
0.885

57.03
20.54
0.99
35.98

2.05
1.09
0.06
2.39

59
59
59
59

55.33
22.47
0.95
37.76

1.68
1.29
0.04
1.91

62
62
62
62

0.521
0.260
0.612
0.559

a

Neurons from 12 rats per behavioral group are included for each neuronal population.
Outliers that were ⬎4 SDs from the mean were excluded from analysis.

b

Figure 3. Mean length of discrete somatic GLT1 appositions is the best predictor of the proportion of GLT1 apposition with LH neurons. A, D, There is no correlation between percentage GLT1
apposition and somatic perimeter length for either ORX (A) or MCH (D) neurons. B, E, There is a positive correlation between percentage GLT1 apposition and number of GLT1 appositions for ORX (B)
and MCH (E) neurons in both Rest and SD conditions. C, F, There is a positive correlation between percentage GLT1 apposition and mean GLT1 apposition length for both ORX (C) and MCH (F ) neurons
in both Rest and SD conditions. Each symbol represents one neuron. Open symbols represent the Rest condition. Filled symbols represent the SD condition.

of the image to limit possible unevenness in immunofluorescence within
each image. Grayscale images for cell body markers (the neurochemical
marker with or without Neurotrace Nissl stain) and those for GLT1 (Fig.
1C,D) were used to generate independent binary images (Fig. 1 E, F ). The
threshold for positive GLT1 immunoreactivity was selected in a pilot
study using a series of thresholds on a random subset of neurons followed
by inspection of the resulting images relative to visual impression of the
original images by two independent evaluators. The final threshold was
set using the following formula:

Threshold ⫽ Mode Pixel Intensity
⫹ 0.18 共 Maximum Pixel Intensity ⫺ Mode Pixel Intensity 兲
Next, a 1-pixel (130 nm)-wide cell body outline was generated using the
binary images of cell body markers (Fig. 1G). When a dendrite or an axon
extending from the soma was present, the cell body outline was discontinued immediately before this outward protrusion. The cell body outline was then superimposed onto the binary GLT1 image, also in a 130
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Figure 4. SD-induced changes in GLT1 apposition with ORX and MCH neurons are reversible
with subsequent sleep opportunity. Rats were given a 3 h period of sleep opportunity (Recovery,
Rec) after 6 h of SD and compared with those from the time-matched control group that was left
undisturbed through the same 9 h period (R9 h). A, B, Sleep state manipulation has no effect on
somatic perimeter length (A) or number of GLT1 appositions (B). C, D, After recovery, there is no
difference in mean GLT1 apposition length (C) or total somatic GLT1 apposition (D) relative to
the time-matched control group. Responses are normalized to respective mean from R9 h (represented by the dashed line at 100%). Absolute values are reported in Table 3.

nm pixel resolution (Fig. 1H ). Neurons were excluded from analysis if
⬎15% of the pixels within the cell body were immunopositive for GLT1
following thresholding. This cutoff was conservatively selected to eliminate sporadic neuronal cell bodies that appeared to contain fluorescent
signal, as GLT1 protein has never been reported in neuronal cell bodies
(e.g., Furness et al., 2008). GLT1 and the somatic perimeter were judged
to be in apposition when pixels containing respective markers were directly adjacent to each other without any pixel gap. Several measurements were taken using the Simple Neurite Tracer plugin for ImageJ
(Longair et al., 2011): total cell perimeter length, number of discrete
GLT1 appositions, mean length of discrete GLT1 appositions, and percentage of the total perimeter length in apposition with GLT1 (percentage apposition).
In vitro electrophysiology. Male Sprague Dawley rats were obtained
from the breeding colony at Memorial University or from Charles River.
Animals were housed in pairs under a 12 h light/12 h dark cycle (lights on
at 08:00) in a colony room. Food and water were available ad libitum.
Experiments were performed on brain slices from rats 29 –58 d old. A

total of 171 cells from 94 rats were included in the analyses reported in
this study.
Rats were randomly assigned to one of two behavioral treatment
groups at 08:00 and individually housed during behavioral treatment;
one group underwent 6 h of sleep opportunity (Rest), and the other was
subjected to 6 h of SD by gentle handling as described above for the
immunoconfocal study. Both groups were killed immediately after the
respective conditions at 14:00 for brain slice generation as follows.
Rats were deeply anesthetized with isoflurane and decapitated, and
brains were quickly removed. Coronal brain slices (250 m thick)
through the hypothalamus were cut in ice-cold ACSF containing the
following (in mM): 126 NaCl, 2.5 KCl, 1.2 NaH2PO4, 1.2 MgCl2, 18
NaHCO3, 2.5 glucose, and 2 CaCl2. Slices were then incubated in ACSF at
33°C-34°C for 30 – 45 min and then at room temperature until recording.
ACSF was continuously bubbled with O2 (95%) and CO2 (5%). Slices
were hemisected before transfer to the recording chamber.
Patch-clamp recordings were performed on hemisected hypothalamic
slices superfused with 30°C-34°C ACSF at 2–2.5 ml/min. Under a differential interference contrast microscope (DM LFSA; Leica Microsystems),
LH neurons that were located dorsomedial to the fornix and had a soma
diameter of 10 –20 m were selected for recording. Recordings were
performed using a Multiclamp 700B amplifier and pClamp 10.3 software
(Molecular Devices). The whole-cell internal solution contained the following (in mM): 123 K gluconate, 2 MgCl2, 8 KCl, 10 HEPES, 0.2 EGTA,
5 Na2-ATP, and 0.3 Na2-GTP, adjusted to pH 7.29 –7.30 with KOH.
Biocytin (0.1%– 0.2%) was added to the internal solution to label recorded cells. Filled recording electrodes had a tip resistance of 3–7 M⍀.
Once whole-cell access was achieved, a series of hyperpolarizing and
depolarizing current steps (300 or 600 ms each) was applied to the cell to
characterize its electrophysiological properties. ORX and MCH neurons,
which have overlapping anatomical distributions, were tentatively identified by their well-established electrophysiological properties. ORX neurons are spontaneously active and have a uniphasic afterhyperpolarizing
potential, a depolarized resting membrane potential, and H-current (Eggermann et al., 2003; Parsons et al., 2012; Linehan et al., 2015). MCH
neurons are not spontaneously active in vitro, have a hyperpolarized
RMP, lack H-current and rebound depolarization, and display spikeadaptation upon positive current injection (Alberto et al., 2011). A subset
of cells was filled with biocytin, and the brain slices were processed for
post hoc immunohistochemistry to confirm the neurochemical identity
of recorded cells (see Post hoc neurochemical identification).
For EPSC recording, neurons were held at ⫺70 mV and membrane
currents were filtered at 1 kHz, digitized at 5–10 kHz, and stored for
offline analysis. Picrotoxin (50 M) was always present in the bath to
block GABAA receptors and isolate EPSCs. To evoke EPSCs, a bipolar
tungsten-stimulating electrode was placed within the LH, ⬃100 m lateral to the recorded cell. EPSCs were analyzed using Clampfit 10.3 software (RRID:SCR_011323; Molecular Devices). Paired pulses were applied at
25 Hz every 15 s, and paired pulse ratio (PPR) was calculated as the
amplitude ratio of EPSC2/EPSC1. The rate of decay () was measured by
fitting a single exponential curve to the decay slope of EPSC1. Train
stimulation consisted of 20 pulses at 50 Hz every 30 s. The amplitudes of

Table 3. Measures of GLT1 apposition with sleep–wake regulatory neurons by sleep-history condition: 9 h of Rest (Rest9 h ) or 6 h SD ⴙ 3 h Rest (Recovery)a
Rest9 h
Recovery
Variable
ORX neurons
Somatic perimeter length (m)
No. of GLT1 appositions
Mean discrete GLT1 apposition length (m)
GLT1 apposition (% somatic perimeter)
MCH neurons
Somatic perimeter length (m)
No. of GLT1 appositions
Mean discrete GLT1 apposition length (m)
GLT1 apposition (% somatic perimeter)
a

Mean

SEM

n

Mean

SEM

n

p

55.73
21.34
0.93
35.06

1.14
0.66
0.04
1.44

67
67
67
67

53.05
19.67
0.86
31.81

0.93
0.66
0.03
1.35

70
70
70
70

0.071
0.075
0.197
0.103

50.52
17.44
0.73
25.34

0.86
0.66
0.03
1.44

62
62
62
62

48.59
15.94
0.75
24.98

0.73
0.50
0.03
1.25

82
82
82
82

0.088
0.068
0.586
0.850

Neurons from 6 rats per behavioral group are included for each neuronal population.
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the fast EPSCs with peaks within 10 ms following each pulse were measured. In addition, the amplitude of the slow EPSC subsequent to train
stimulation was measured at 25 ms after the final stimulation artifact,
and the area of the slow EPSC was measured over the following 750 ms. A
20 mV hyperpolarizing pulse (100 ms) was applied every 15–30 s, and the
capacitive currents were monitored as measures of series/access resistance.
Cells that showed significant change (⬎20%) in this parameter during electrophysiological recordings were excluded from analysis.
Recordings were performed during the remainder of the light phase
and were discontinued before the beginning of the dark phase at 20:00.
Neither time since dissection nor age of the rat was correlated with measures in this study (data not shown).
Post hoc neurochemical identification. Immediately following electrophysiological recording, brain slices containing biocytin-filled cells were
fixed in 10% formalin for ⬎24 h at 4°C. To confirm the transmitter
phenotypes of recorded cells, fixed slices were individually incubated
with a mixture of goat anti-ORX A (1:2000; Table 1) and rabbit antiMCH (1:2000; Table 1) antibodies for 3 d at 4°C. Next, slices were incubated with secondary antibodies (1:500; Alexa 594-conjugated donkey
anti-goat IgG, and Alexa 488-conjugated donkey anti-rabbit IgG) as well
as Alexa 350-conjugated streptavidin to visualize biocytin in recorded
cells. Stained slices were examined with an epifluorescence microscope to
determine colocalization of ORX A or MCH with biocytin. Fluorescent
biocytin labeling was identified in 131 of 171 recorded neurons. The
electrophysiological phenotype was confirmed by post hoc immunofluorescence in 99.2% of these biocytin-filled neurons (130 of 131). In
one case, the immunohistochemical labeling was ambiguous.
Drugs. All drugs were bath-perfused at final concentrations indicated,
by diluting stock solutions in the ACSF immediately before use. Picrotoxin and biocytin were purchased from Sigma Aldrich, and dihydrokainate (DHK), (RS)-␣-Cyclopropyl-4-phosphonophenylglycine (CPPG), and
L-AP4 from Tocris Bioscience.
Experimental design and statistical analysis. Detailed experimental designs of both immunoconfocal and electrophysiological studies are described in Materials and Methods, and Results, including the number of
animals used and cells included in the analyses. These numbers were
based on our previous studies and standard practices in the field.
Comparisons of morphological measures from immunoconfocal
images were conducted using unpaired t tests (Rest vs SD). For electrophysiology, a paired t test or a one-way or two-way repeated-measures
ANOVA was used to compare the drug effect to baseline as appropriate.
For group comparisons of drug effects, the drug effect was normalized to
its respective baseline before comparison by independent t test or a oneway ANOVA. No more than 2 cells per rat were included in any one drug
treatment group. The Holm–Sidak post hoc test was used for all multiple
comparisons. Statistical analyses were conducted with Prism 6 (RRID:
SCR_002798; GraphPad Software). p values ⬍0.05 were considered statistically significant. Values are expressed as mean ⫾ SEM.

Results
Acute SD bidirectionally and reversibly alters perisomatic
GLT1 apposition with ORX and MCH neurons
With confocal microscopy, we examined the effect of acute (6 h)
SD on the juxtaposition of GLT1 with wake-active ORX and sleepactive MCH neurons in the LH, and wake/REM sleep-active cholinergic (ChAT) and PV-containing GABAergic neurons in the BF.
GLT1 immunoreactivity was present in juxtaposition with every
soma from all four neuronal populations (e.g., Fig. 2A–D). Values
normalized to the Rest condition are reported below. Absolute
values are reported in Table 2, with identical statistical results to
the normalized values, as expected.
Six hours of SD had no effect on the somatic perimeter length
of these neurons (n ⫽ 59 –135 cells/sleep condition/neuron type
from 12 rats per sleep condition; Fig. 2E; Table 2) or the number
of discrete GLT1 appositions with their somata compared with
Rest (Fig. 2F; Table 2). In contrast, SD altered the mean length of
discrete GLT1 appositions on ORX and MCH neurons in oppo-
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Figure 5. GLT1 prevents the activation of inhibitory presynaptic Group III mGluRs in glutamatergic synapses to ORX neurons in the Rest condition. A, Left, Representative time-effect plot
showing the inhibitory effect of the GLT1 blocker DHK (100 M) on EPSCs in an ORX neuron
following Rest. Right, Averaged EPSC traces at baseline (a) and during DHK (b). Scaled and
superimposed traces show that DHK changes PPR. Stimulus artifacts were truncated. B, DHK has
no effect on the decay rate of EPSCs. Left, Representative EPSC recordings at baseline and during
DHK. Right, Decay time constant . Open symbols connected with lines represent paired data
from individual cells. Symbols with error bars indicate the mean and SEM of the group. C,
Representative time-effect plot demonstrating that the Group III mGluR antagonist CPPG (200
M) prevents the effect of DHK in an ORX neuron. D, Representative time-effect plot showing
that the Group III mGluR agonist L-AP4 (50 M) mimics and occludes the DHK effect in an ORX
neuron. E, F, Summary bar graphs illustrating the changes in EPSC amplitude (E) and PPR (F )
after different drug applications. ‡p ⬍ 0.05, compared with their respective baseline. ‡‡p ⬍
0.01, compared with their respective baseline. ‡‡‡p ⬍ 0.001, compared with their respective
baseline. ‡‡‡‡p ⬍ 0.0001, compared with their respective baseline. *p ⬍ 0.05, compared
between groups. **p ⬍ 0.01, compared between groups.

site directions (Fig. 2G; Table 2). Consequently, the percentage of
the total somatic perimeter in apposition with GLT1 was reduced
by 10.1% in ORX neurons (unpaired t test, t(235) ⫽ 2.28, p ⫽
0.023), and increased by 15.9% in MCH neurons (unpaired t test,
t(209) ⫽ 2.33, p ⫽ 0.021; Fig. 2H; Table 2). Unlike LH neurons,
there was no change in these measures in ChAT and PV neurons
in the BF (Fig. 2G,H; Table 2), indicating that the changes in
GLT1 apposition are specific to neuron type and/or brain region.
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Linear regression analyses demonstrated that somatic perimeter length was
not correlated with the percentage of the
somatic perimeter in apposition with
GLT1 for either ORX neurons (Fig. 3A) or
MCH neurons (Fig. 3D). Thus, the total
length of GLT1 apposition with these neurons was in general proportional to the
size of the soma. While the number of
GLT1 appositions was positively correlated with percentage GLT1 apposition in
ORX neurons (Fig. 3B) and MCH neurons (Fig. 3E), mean length of discrete
GLT1 appositions was the best predictor
of total percentage GLT1 apposition.
These relationships were maintained after
SD in both LH neuronal populations (Fig.
3C,F ), suggesting that the SD-induced
changes in total GLT1 apposition were
mainly due to altered length of individual
GLT1 appositions.
Next, we asked whether the SDinduced changes in GLT1 apposition with
ORX and MCH neurons were reversible.
After an additional 3 h period of sleep opportunity following 6 h of SD (Recovery),
no GLT1 apposition measure was significantly different from that obtained from
time-matched 9 h Rest animals (R9 h; n ⫽
62– 82 cells/sleep condition/neuron type
from 6 rats per sleep condition), indicating that the SD-induced changes in GLT1
apposition are reversible (Fig. 4; Table 3).
These data demonstrate that 6 h of SD
induces opposite and reversible changes
in the extent of GLT1 surrounding the somata of ORX versus MCH neurons via
shortening or lengthening of individual
GLT1 appositions. As glutamatergic terminals make abundant contacts with the
somata of ORX neurons (Horvath and
Gao, 2005), the observed changes in perisomatic GLT1 distribution are highly
likely to impact excitatory transmission,
particularly in ORX neurons.

Figure 6. SD induces presynaptic inhibition at glutamatergic synapses to ORX neurons through GLT1 and Group III mGluRs. A,
PPR in Rest and SD demonstrating that SD decreases release probability. Each symbol represents a cell. Symbols with error bars
indicate the mean and SEM of the group. B, C, Effects of DHK and CPPG on EPSC amplitude (B) and PPR (C) by sleep condition. The
effect of DHK on EPSC amplitude and PPR is attenuated or abolished in SD compared with Rest. In contrast, CPPG has no effect in
Rest but increases EPSC amplitude while decreasing PPR in SD, indicating tonic presynaptic inhibition via Group III mGluRs specifically in SD. D, Left, Representative time-effect plot of EPSC amplitude of an ORX neuron after SD. Right, Averaged traces from
baseline (a), in the presence of CPPG (b), and in the presence of CPPG plus DHK (c). Stimulus artifacts were truncated. Dashed lines
starting at the first peak indicate the change in PPR. E, Left, Representative time-effect plot showing the lack of effect of CPPG on
EPSCs in an ORX neuron in Rest. Right, Averaged traces from baseline (a) and with CPPG (b). Dashed lines starting at the first peak
indicate no change in PPR. ‡p ⬍ 0.05, compared with their respective baseline. ‡‡p ⬍ 0.01, compared with their respective
baseline. ‡‡‡p ⬍ 0.001, compared with their respective baseline. ‡‡‡‡p ⬍ 0.0001, compared with their respective baseline. *p ⬍
0.05, Rest versus SD. **p ⬍ 0.01, Rest versus SD. ****p ⬍ 0.0001, Rest versus SD.

GLT1 facilitates excitatory transmission to ORX neurons by
preventing activation of presynaptic Group III metabotropic
glutamate receptors (mGluRs)
To determine the physiological consequences of SD-dependent
GLT1 apposition dynamics in the LH neurons, we conducted
patch-clamp recordings. First, to investigate the role of GLT1 in
glutamatergic transmission to ORX neurons, we tested the effects
of the GLT1-specific inhibitor DHK in hypothalamic slices obtained from undisturbed rats (Rest). DHK (100 M) reduced the
amplitude of evoked EPSCs by 46% (n ⫽ 8, paired t test, t(7) ⫽
5.54, p ⫽ 0.0009; Fig. 5 A, E) while increasing PPR (n ⫽ 8, paired
t test, t(7) ⫽ 9.12, p ⬍ 0.0001; Fig. 5 A, F ), indicating a presynaptic
inhibition. It had no effect, however, on the decay rate of EPSCs
(Fig. 5B). A decrease in glutamate clearance could result in
activation of extrasynaptic receptors, such as inhibitory
Group III mGluRs known to be expressed by glutamatergic afferents
to ORX neurons (Acuna-Goycolea et al., 2004). We therefore exam-

ined whether these mGluRs mediate the observed presynaptic
inhibition. Indeed, pretreatment with the Group III mGluR antagonist CPPG (200 M) prevented the effects of DHK on both
EPSC amplitude (n ⫽ 5, paired t test, t(4) ⫽ 2.47, p ⫽ 0.069; Fig.
5C,E) and PPR (n ⫽ 5, paired t test, t(4) ⫽ 1.69, p ⫽ 0.166; Fig.
5F ). Furthermore, the Group III mGluR agonist L-AP4 (50 M)
mimicked and occluded the effects of DHK on EPSC amplitude
(n ⫽ 7, one-way repeated-measures ANOVA, post hoc baseline vs
L-AP4, t(6) ⫽ 6.34, p ⫽ 0.001; post hoc L-AP4 vs L-AP4 ⫹ DHK,
t(6) ⫽ 1.01, p ⫽ 0.353; Fig. 5 D, E) and PPR (n ⫽ 7, one-way
repeated-measures ANOVA, post hoc baseline vs L-AP4, t(6) ⫽
3.52, p ⫽ 0.037; post hoc L-AP4 vs L-AP4 ⫹ DHK, t(6) ⫽ 0.08, p ⫽
0.937; Fig. 5F ).
Collectively, these data show that blocking GLT1 results in the
activation of inhibitory presynaptic Group III mGluRs, indicating that GLT1 normally prevents the activation of these receptors
and consequently facilitates glutamatergic synaptic transmission
to ORX neurons.
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SD induces presynaptic inhibition at glutamatergic synapses
to ORX neurons
We next investigated the effect of SD on excitatory transmission
using hypothalamic slices from rats that either underwent 6 h of
SD or were left undisturbed (Rest). We found that SD increased
PPR relative to the Rest condition (n ⫽ 43 cells for Rest, and n ⫽
31 cells for SD; unpaired t test, t(72) ⫽ 2.80, p ⫽ 0.007; Fig. 6A),
suggesting that SD decreases the release probability of glutamatergic synapses to ORX neurons. This tonic presynaptic inhibition appears to be due to the activation of Group III mGluRs, as
CPPG alone increased EPSC amplitude (n ⫽ 11, paired t test,
t(10) ⫽ 2.28, p ⫽ 0.046, paired t test; Fig. 6 B, D) and decreased
PPR in SD (n ⫽ 11, paired t test, t(10) ⫽ 3.21, p ⫽ 0.009; Fig.
6C,D), while CPPG had no effect in Rest (n ⫽ 8, EPSC amplitude,
t(7) ⫽ 0.77, p ⫽ 0.465; PPR, t(7) ⫽ 0.03, p ⫽ 0.979, paired t tests;
Fig 6 B, C,E). In SD slices, the GLT1 blocker DHK reduced EPSC
amplitude in ORX neurons (n ⫽ 7, paired t test, t(6) ⫽ 3.21, p ⫽
0.019; Fig. 6B) again via Group III mGluRs, as it was prevented by
pretreatment with CPPG (n ⫽ 6, 228.2 ⫾ 33.4 pA for CPPG, and
211.6 ⫾ 41.0 pA for CPPG ⫹ DHK; paired t test, t(5) ⫽ 1.95, p ⫽
0.108). On the other hand, the DHK effects on EPSC amplitude
and PPR were significantly attenuated by SD (n ⫽ 8 cells for Rest,
and n ⫽ 7 cells for SD; EPSC amplitude, t(13) ⫽ 2.68, p ⫽ 0.019;
PPR, t(13) ⫽ 5.90, p ⬎ 0.0001, unpaired t tests; Fig. 6 B, C), which
may be due to an occlusion by tonic endogenous activation of
mGluRs. There was no effect of DHK on the decay rate of EPSCs
under SD (n ⫽ 7, 3.35 ⫾ 0.30 ms for baseline, and 3.73 ⫾ 0.51 ms
for DHK; paired t test, t(6) ⫽ 1.61, p ⫽ 0.158, paired t test).
Together, these data indicate that SD reduces the release probability of excitatory synapses to ORX neurons. This is due to
reduced efficacy of GLT1 in preventing tonic activation of the
inhibitory Group III mGluRs, which is consistent with our immunohistochemical result showing a reduction in GLT1 apposition with ORX neurons under the SD condition.
SD attenuates synaptic depression of fast glutamatergic
transmission to ORX neurons: GLT1-dependent metaplasticity
It is possible that the SD-induced reduction in glutamate clearance is
more pronounced during intense synaptic activation, as a greater
amount of glutamate will be released and accumulate at the synapse.
To test this possibility, we used a train-stimulation protocol (20
pulses at 50 Hz) under both Rest and SD conditions. In the Rest
condition, train stimulation induced strong short-term synaptic depression in ORX neurons, which was significantly attenuated after
SD (n ⫽ 12 cells for Rest, and n ⫽ 13 cells for SD; mixed-model
ANOVA, F(1,23) ⫽ 15.64, p ⫽ 0.0006 for sleep history; Figs. 7A, 8J).
This metaplasticity involves the same mechanism affecting PPR,
namely, an inhibition of GLT1 activity and activation of Group III
mGluRs, because this SD effect was reversed by CPPG (n ⫽ 5 cells;
two-way repeated-measures ANOVA, F(19,76) ⫽ 2.29, p ⫽ 0.006 for
drug ⫻ time interaction; Fig. 7B) while mimicked by DHK (10 M)
in the Rest condition (n ⫽ 5 cells; two-way repeated-measures
ANOVA, F(1,4) ⫽ 67.18, p ⫽ 0.001 for drug effect; Fig. 7C).
These data demonstrate that SD results in attenuation of activitydependent short-term synaptic depression in ORX neurons relative
to the Rest condition. This metaplasticity involves GLT1 and presynaptic Group III mGluRs.
SD reduces a slow EPSC in MCH neurons
Our quantitative immunohistochemical study indicated that
GLT1 apposition with MCH neurons was reduced by SD, a
change in the opposite direction compared with ORX neurons

Figure 7. SD attenuates short-term synaptic depression in ORX neurons via GLT1 and Group
III mGluRs. A, EPSC amplitude during a train stimulation (20 pulses at 50 Hz), normalized to the
amplitude of the first EPSC (represented by the dashed line at 100%) after Rest or SD. Notice the
attenuation in short-term synaptic depression following SD compared with Rest. B, CPPG (200
M) partially reverses the attenuated synaptic depression induced by SD. C, DHK (10 M)
mimics the SD effect in ORX neurons after Rest. ‡p ⬍ 0.05, compared with their respective
baseline. ‡‡p ⬍ 0.01, compared with their respective baseline. ‡‡‡p ⬍ 0.001, compared with
their respective baseline. ‡‡‡‡p ⬍ 0.0001, compared with their respective baseline. *p ⬍ 0.05,
Rest versus SD. ****p ⬍ 0.0001, Rest versus SD.

(Fig. 2G,H ). We therefore speculated that SD also had the
opposite effect on fast excitatory transmission to MCH neurons. However, unlike ORX neurons, MCH neurons showed
no change in baseline PPR after SD (n ⫽ 38 for Rest, and n ⫽
13 for SD; unpaired t test, t(49) ⫽ 0.34, p ⫽ 0.739; Fig. 8A).
Furthermore, under Rest conditions, DHK failed to alter the
amplitude (n ⫽ 10, paired t test, t(9) ⫽ 0.27, p ⫽ 0.792; Fig.
8 B, C), PPR (n ⫽ 10, paired t test; t(9) ⫽ 1.25, p ⫽ 0.242; Fig.
8D), or the decay constant of fast EPSCs (n ⫽ 10, paired t test;
t(9) ⫽ 1.31, p ⫽ 0.222; Fig. 8E).
During a train stimulation (20 pulses at 50 Hz), it was apparent that EPSCs consisted of a fast and a slow component in MCH
neurons (Fig. 8F ). Fast EPSCs immediately followed each stimulation with fast decay, whereas a slower inward current accumu-
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lated with repeated stimuli and persisted
up to 500 ms beyond the train stimulation (Fig. 8F ), consistent with a previous
report (Huang and van den Pol, 2007).
The amplitude of fast EPSCs displayed a
transient synaptic facilitation, which was
not affected by SD (n ⫽ 5 for Rest, and n ⫽
5 for SD; mixed-model ANOVA, F(1,8) ⫽
0.02, p ⫽ 0.902 for sleep history; Fig. 8G).
In contrast, the slow EPSC was decreased
by SD in both amplitude (n ⫽ 12 for Rest,
and n ⫽ 9 for SD; unpaired t test, t(19) ⫽
3.44, p ⫽ 0.003; Fig. 8H ) and area (n ⫽ 12
for Rest, and n ⫽ 9 for SD; unpaired t test,
t(19) ⫽ 2.43, p ⫽ 0.025; Fig. 8I ). The slow
EPSC component was present but much
smaller in ORX neurons under the Rest
condition (Fig. 8J ), and there was no significant change after SD (n ⫽ 12 for Rest,
and n ⫽ 15 for SD; unpaired t test, t(25) ⫽
1.99, p ⫽ 0.058; Fig. 8K ).
These results indicate that the altered
GLT1 apposition with MCH neurons may
affect the postsynaptic response without
involving presynaptic mechanisms. Thus,
the opposite changes in GLT1 apposition
with ORX and MCH neurons do not
translate to opposite modulation of the
same synaptic mechanisms.

Discussion
The present study demonstrates that acute
(6 h) SD induces reversible and cell-typespecific changes in GLT1 apposition with
peptide-containing sleep/wake-regulatory
neurons in the LH, resulting in distinct
functional plasticity of excitatory synapses
to these neurons (Fig. 9). Structurally,
perisomatic GLT1 apposition decreased
in ORX neurons and increased in MCH
neurons following SD. These changes Figure 8. SD inhibits slow EPSC in MCH neurons independent of presynaptic mechanisms. A, PPR at excitatory synapses in MCH
were reversed by a subsequent brief (3 h) neurons by sleep state, demonstrating that SD has no effect on release probability. Each symbol represents a cell. Symbols with
period of sleep opportunity, demonstrat- error bars indicate the mean and SEM for the group. B, C, Representative time-effect plot (B) and summary graph (C) showing lack
ing that GLT1 remodeling is rapid and dy- of DHK effect (100 M) on fast EPSC amplitude in MCH neurons in Rest. D, E, DHK has no effect on PPR (D) or the decay rate of EPSCs
namic, occurring on the order of hours. (E) in MCH neurons in Rest. Stimulus artifacts were truncated. F, Representative averaged traces from MCH neurons after Rest and
The bidirectional changes in GLT1 appo- SD (scaled to the first EPSC) showing fast EPSCs following each stimulus and a slow EPSC that persists after the end of train
stimulation (20 pulses at 50 Hz). G, SD has no effect on fast EPSC amplitude. Responses are normalized to the amplitude of the first
sition in ORX and MCH neurons after SD
fast EPSC (represented by the dashed line at 100%). H, I, SD reduces the amplitude (H ) and area (I ) of the slow EPSC following train
are somewhat surprising as these neurons stimulation. Responses are normalized to the amplitude of the first fast EPSC to control for stimulus intensity across experiments.
have overlapping perikaryal distributions J, Representative averaged traces from ORX neurons after Rest and SD (scaled to the first EPSC) showing a slow EPSC that persists
within the LH (Hahn, 2010) and receive after the end of train stimulation (20 pulses at 50 Hz). K, SD has no effect on slow EPSC amplitude in ORX neurons. Responses
monosynaptic inputs from similar neuro- normalized to the amplitude of the first fast EPSC. *p ⬍ 0.05. **p ⬍ 0.01.
nal groups within the brain (González et
al., 2016). No SD-dependent changes in
Although the presence of neuronal GLT1 cannot be excluded,
GLT1 apposition occurred in wake/REM sleep-active cholinergic
we speculate that most of the observed immunopositive GLT1 is
and PV-containing GABAergic neurons in the BF (Duque et al.,
astrocytic, given that the majority (⬃80%) of GLT1 has been
2000; Gritti et al., 2003; Hassani et al., 2009a; Kim et al., 2015),
associated with astrocyte cell membranes whereas only ⬃5% is in
indicating that the SD-induced GLT1 plasticity is cell-type- and/or
the cell membranes of presynaptic terminals (Furness et al.,
region-specific. It is possible that the increased activity of these BF
2008). Thus, the dynamic sleep history-dependent changes in
neurons not only during wake but also during REM sleep may
GLT1 apposition may mainly represent redistribution of GLT1
have obscured any changes in GLT1 apposition with these
within astrocytic processes at synaptic sites, which could be
driven by synaptic glutamate release (Murphy-Royal et al., 2015).
neurons after SD.
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Figure 9. Sleep history-dependent changes in GLT1 apposition with LH neurons have cell-type-specific consequences for glutamatergic transmission. Left, Following Rest, a period of neuronal
inactivity for ORX neurons, GLT1 apposition with these neurons is high, limiting glutamate diffusion and activation of presynaptic Group III mGluRs. When these Group III mGluRs are activated,
glutamate release is inhibited. GLT1 therefore facilitates excitatory transmission to ORX neurons under Rest, perhaps to expedite transitions to wake. Following SD, a period of neuronal activity for
these neurons, there is reduced GLT1 apposition. Under these conditions, glutamate can diffuse further and activate presynaptic Group III mGluRs on excitatory terminals, suppressing glutamate
release. This results in a diminished excitatory drive to ORX neurons, which may represent a synaptic correlate of sleepiness or an increase in homeostatic drive for sleep. Right, Following Rest, a period
of neuronal activity for MCH neurons, GLT1 apposition with MCH neurons is low, resulting in greater glutamate diffusion and activation of postsynaptic Group I mGluRs mediating slow EPSCs. This
is diminished following SD, a period of neuronal inactivity for MCH neurons, because of increased GLT1 apposition limiting the glutamate buildup in the synapse. Therefore, in the SD condition,
excitatory drive to MCH neurons is weaker than in the Rest condition, likely permitting wake state maintenance and accumulation of sleep pressure.

Alternatively, and possibly additionally, GLT1 apposition dynamics could be secondary to structural changes in astrocytic processes relative to the synaptic cleft (e.g., protrusion and
withdrawal) (Pannasch et al., 2014; Perez-Alvarez et al., 2014).
This may involve actin remodeling downstream of astrocyte
Ca 2⫹ transients (Haber et al., 2006; Molotkov et al., 2013), triggered by neuromodulators with changing tones across sleep and
wake. For example, noradrenaline, which is released during wake
but not during sleep (Aston-Jones and Bloom, 1981; Léger et al.,
2009), can induce Ca 2⫹ waves in astrocytes in awake mice (Ding
et al., 2013). Furthermore, activation of ␤2 adrenoceptors rapidly
induces morphological changes in astrocytes in vitro (Hatton et
al., 1991; Vardjan et al., 2014). Noradrenaline release during
wake may increase astrocyte network “gain,” making astrocytes
more responsive to local neuronal activity (Paukert et al., 2014),
which is different for ORX and MCH neurons across sleep and
wake states. In light of well-documented state-dependent activity
profiles of ORX and MCH neurons (Lee et al., 2005; Modirrousta
et al., 2005; Hassani et al., 2009b), our results indicate that, in
both neuronal populations, a decrease in GLT1 apposition occurs
after a period of increased neuronal activity (i.e., SD for ORX
neurons, and Rest for MCH neurons). It is then possible that
reciprocity of perisynaptic astrocyte remodeling could be triggered by a combination of sleep–wake-related neuromodulators

and local factors derived from ORX and MCH neurons according
to their distinct activity patterns.
GLT1 activity can shorten the glutamate transient at the synapse and thereby curtail the activation of synaptic and extrasynaptic glutamate receptors (Rusakov and Kullmann, 1998; Oliet et
al., 2001; Zheng et al., 2008). However, we found that blocking
GLT1 with DHK had no effect on the decay kinetics or amplitude
of fast EPSCs in ORX or MCH neurons in the absence of presynaptic modulation. This apparent lack of effect on synaptic receptor activation is similar to that in the hippocampal CA1 region,
where glutamate transporters, such as GLT1, act mainly to limit
glutamate spillover (Isaacson and Nicoll, 1993; Rusakov and
Kullmann, 1998) and maintain low tonic levels of extracellular
glutamate (Isaacson and Nicoll, 1993; Tanaka et al., 1997). Indeed, our data show that Group III mGluRs presynaptic to ORX
neurons are activated when GLT1 action is diminished by the
GLT1 blocker or following SD. In MCH neurons, we found that
the SD-induced increase in GLT1 apposition was accompanied
by the inhibition of a slow EPSC, a current previously identified as
being mediated by postsynaptic Group I mGluRs and sensitive to
changes in glutamate transport (Huang and van den Pol, 2007).
Therefore, one key role of GLT1 for both ORX and MCH neurons is
to regulate the activity of extrasynaptic glutamate receptors.
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One consequence of unmasking presynaptic inhibition in SD
for ORX neurons is modulation of short-term synaptic plasticity.
In the Rest condition, glutamatergic transmission to ORX neurons was most effective at low frequency, essentially acting as a
low-pass filter. This type of synapse could potentially activate
ORX neurons through relatively low activity levels, thereby facilitating transitions from sleep to wakefulness should even sparse
arousal-promoting signals arrive from other brain regions (Sakurai et al., 2005; Yoshida et al., 2006; González et al., 2016) or from
local neurons (Li et al., 2002; Acuna-Goycolea et al., 2004), including ORX neurons, which are known to corelease glutamate
(Yamanaka et al., 2010). However, following SD, release probability at this synapse decreases due to unmasking of Group III
mGluR-mediated presynaptic inhibition, making it less prone to
synaptic fatigue during high-frequency activity while sparse signals are selectively suppressed. This may be a synaptic correlate of
sleepiness, or an increase in homeostatic drive for transition to
sleep, where stronger (high-frequency) wake-promoting signals
to ORX neurons are necessary for these neurons to maintain and
stabilize the wake state via further reinforcement of other wakepromoting systems (Hagan et al., 1999; Saper et al., 2010).
Unlike ORX neurons, the sleep history-dependent synaptic
modulation in MCH neurons does not appear to involve presynaptic mechanisms. The magnitude of slow EPSCs induced by
train stimulation decreased following SD, likely a direct result of
reduced glutamate spillover onto postsynaptic Group I mGluRs,
because GLT1 apposition with MCH neurons increased in this
condition. Intriguingly, these changes are in keeping with maintenance of the wake state during SD, as less excitatory signal to
MCH neurons would hinder sleep, permitting homeostatic sleep
pressure to accumulate during SD.
In conclusion, our study demonstrates a novel mechanism by
which GLT1 can regulate the activity of wake- and sleep-promoting
LH neurons in a cell-type-specific and reversible manner in response to acute sleep loss. In ORX neurons, SD reduced GLT1
apposition and the efficacy of glutamate clearance via GLT1,
resulting in presynaptic inhibition and metaplasticity at glutamatergic synapses via activation of Group III mGluRs. These
changes are consistent with a role for GLT1 and Group III
mGluRs in the homeostatic regulation of sleep–wake states. In
contrast, in MCH neurons, SD increased GLT1 apposition and
inhibited a slow EPSC. Thus, MCH neurons receive strong excitatory signals during sleep and less during wake, which may
permit wake maintenance during SD for sleep pressure to accumulate. These consequences of SD are consistent with a role for
GLT1 in the homeostatic regulation of sleep and wake states. As
spontaneous wake and short-term SD are regulated similarly
(e.g., Cirelli et al., 2004), the GLT1-mediated plasticity in LH
neurons reported here may also be involved in the regulation of
spontaneous sleep–wake cycles.
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