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A novel population of wake-promoting GABAergic neurons in 
the ventral lateral hypothalamus

Anne Venner, Christelle Anaclet, Rebecca Y. Broadhurst, Clifford B. Saper, and Patrick M. 
Fuller
Department of Neurology, Beth Israel Deaconess Medical Center, Boston, MA 02215. Division of 
Sleep Medicine, Harvard Medical School, Boston, MA 02115

Summary

The largest synaptic input to the sleep-promoting ventrolateral preoptic area (VLPO) [1] arises 

from the lateral hypothalamus [2], a brain area associated with arousal [3–5]. However, the 

neurochemical identity of the majority of these VLPO-projecting neurons within the LH, as well 

as their function in the arousal network, remains unknown. Herein we describe a population of 

VLPO-projecting neurons in the LH that express the vesicular GABA transporter (VGAT; a 

marker for GABA-releasing neurons). In addition to the VLPO, these neurons also project to 

several other established sleep and arousal nodes, including the tuberomammillary nucleus, ventral 

periaqueductal gray and locus coeruleus. Selective and acute chemogenetic activation of LH 

VGAT+ neurons was profoundly wake-promoting whereas acute inhibition increased sleep. 

Because of its direct and massive inputs to the VLPO, this population may play a particularly 

important role in wake-sleep switching.
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RESULTS

Previous work has shown that the LH is the largest single source of neurons retrogradely 

labeled from the VLPO, but only about 4% of these neurons contain the peptide orexin and 

21% contain melanin-concentrating hormone (MCH) [2]. Since lateral hypothalamic lesions 

generally cause sleepiness [5], we hypothesized that the neurons that innervate the VLPO 

may be inhibitory, and play an important role in sleep regulation. To determine whether the 

LH neurons that innervate the VLPO contain GABA, we first placed unilateral injections of 

an adeno-associated viral (AAV) vector EF1a-FLEX-hChR2 (H134R)-eYFP-AAV10 into 

the ventral two-thirds of the LH (Figure 1A) at the level of the ventromedial nucleus in 

Vgat-IRES-cre mice (Figure 1B1). Importantly, VGAT+ neurons expressing ChR2-YFP 

(ChR2-eYFP+) are distinct from the neighboring orexin and MCH neurons [6–10] (Figure 

1B2–3). Histological evaluation of the terminal fields of LH VGAT+ neurons revealed a 

dense ChR2-eYFP+ projection to the VLPO (Figure 1C) and several other brain areas 

involved in sleep-wake control, specifically the tuberomammillary nucleus (TMN) [11, 12], 

locus coeruleus (LC) [13, 14], ventral periaqueducal gray (VPAG) [15] and parabrachial 

nucleus (PB) [16] (Figure 1D–F). ChR2-eYFP+ fibers were densely clustered around 

histidine decarboxylase (HDC)-containing neurons in the TMN and, to a lesser extent, 

serotonergic (5-HT) neurons in the dorsal raphe (DR) and tyrosine hydroxylase (TH)-

containing neurons in the VPAG and LC (Figure [S1]). Notably, axonal labelling was 

relatively sparse in the sleep-promoting parafacial zone (PZ) [17, 18] and completely absent 

throughout the thalamic reticular nucleus (RTN) [19] (Figure 1G–I), the latter of which 

receives inputs from both from the dorsally adjacent zona incerta and the rostrally and 

laterally adjacent basal forebrain [20].

We next determined the functional role of LH VGAT+ neurons in arousal control via 

conditional chemogenetic activation of LH VGAT+ neurons, using the excitatory Designer 

Receptor Exclusively Activated by a Designer Drug (DREADD; AAV-hSyn-DIO-hM3Dq-
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mCherry, henceforth: AAV-hM3Dq). We specifically placed injections of AAV-hM3Dq into 

the ventral 2/3 of the LH at the level of the ventromedial nucleus in Vgat-IRES-cre mice 

(Figure 2A) and confirmed in vivo cellular activation of hM3Dq+ LH neurons by the 

hM3Dq ligand, clozapine-N-oxide (CNO; IP, 0.3mg/kg; Figure 2B). Following CNO and 

vehicle (saline) injection, mice were monitored for sleep-wake and their arousal state was 

scored based upon both EEG and EMG signals.

Injections of CNO at 10AM - a time approximating peak sleep drive in the mouse - 

produced uninterrupted wake that lasted 4–6 hours, along with a concomitant reduction in 

NREM and REM sleep (Figure 2C). During the early night period following CNO-induced 

wakefulness a prominent quantitative sleep rebound was observed (Figure 2C, [S2]), but 

waking levels were normalized by the next day. Activation of LH VGAT+ neurons also 

markedly increased high theta (6–10 Hz) and high gamma (70–200Hz) band EEG power - 

two frequency domains associated with active wakefulness [21] (Figure 2D).

Immediately following the CNO-induced waking period, there was a rebound increase in 

delta power (0.5–4 Hz) during NREM that was qualitatively comparable to that following a 

period of sleep deprivation by gentle handling in this strain of mice (Figure [S2]). 

Furthermore, there was a period of quantitative sleep rebound (increased NREM and REM, 

Figure 2C) between 8PM and 11PM, during which time a small reduction in waking theta 

and gamma was observed (Figure [S2]). Administration of CNO at 7PM - a time of high 

waking drive in the mouse - produced a longer waking response than was seen following 

10AM injections and increased high theta and beta band (12–20Hz) EEG power but, 

interestingly, did not elicit a sleep rebound (Figure [S2]).

To determine whether the animals exhibited typical waking behaviors during the CNO-

induced waking state, we employed a video-based behavioral analysis and scored each 4 

second epoch of behavior into categories. When CNO-induced waking behaviors were 

compared with those observed during the early night period (when mice are most active), 

CNO-activated mice spent significantly more time foraging and exploring the bottom of 

their cage, at the expense of grooming or climbing/rearing. There was no difference in the 

amount of time CNO-activated mice spent eating, drinking or ambulating (in the absence of 

foraging/digging or climbing/rearing) compared with controls (Figure 2E).

We next examined and quantified c-Fos activity following administration of CNO at 10AM 

in selected putative downstream targets of the hM3Dq+ LH VGAT+ neurons (e.g., VLPO, 

TMN and LC). The number of c-Fos+ neurons in the sleep-promoting VLPO was 

significantly decreased in mice treated with CNO compared with saline. The number of c-

Fos+ neurons in the LC and TMN did not differ between the two conditions, which was a 

surprising finding given the dense LH VGAT+ axonal field in these brain regions (Figure 

2F).

To more precisely define the anatomical region of LH VGAT+ neurons whose activation 

drives behavioral and EEG wake, we placed very small unilateral injections of AAV-hM3Dq 

in and around the perifornical LH in Vgat-IRES-cre mice and recorded sleep-wake 

following saline and CNO injections. Mice were designated as phenotypic if their percent 
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wakefulness between 1–2 hours following CNO administration was over 1 standard 

deviation above the mean of the vehicle injection during the same time period (i.e. a Z score 

greater than 1). Following behavioral experiments, the mice were sacrificed and their brains 

processed for immunolabelling against mCherry. For each phenotypic mouse, we projected 

the extent of the transduced neurons (comprising hM3Dq-mCherry+ somata) onto a series of 

standard sections and thereby constructed a heat map, showing overlapping sites of hM3Dq+ 

neurons from different mice (Figure 2G). From this, we inferred a delimited node of LH 

VGAT+ neurons responsible for mediating the waking phenotype, which comprised neurons 

lateral to the fornix, ventral to ZI, medial to the optic nerve and centered at bregma −1.7. 

Mice bearing hM3Dq-mCherry+ neurons outside of this node, for example confined to the 

zona incerta or medial to the fornix, did not exhibit increased wakefulness following CNO 

injection (Figure [S3]).

We lastly placed injections of the inhibitory DREADD, hM4Di (AAV-hSyn-hM4Di-

mCherry) into our delimited node in Vgat-IRES-cre mice (Figure 3A) to determine the 

effects of acute inhibition of these VGAT+ neurons on wake. Absence of c-Fos 

immunoreactivity in hM4Di+ LH neurons following CNO administration (i.p.) indicated that 

the cells were in a lower state of neuronal activation, particularly when compared against 

activated neurons in mice injected with hM3Dq (cf Figure 3B2 and Figure 2B2). 

Administration of CNO at 7pm resulted in a cumulative ~15% (35 minutes) reduction in 

wake and a concomitant ~ 60% (35 minutes) increase in NREM sleep over the 3-hour post 

injection period, while REM sleep quantity remained unchanged (Figure 3C). In addition, 

analysis of the EEG evidenced a reduction of high theta power during waking (Figure 3D) 

while VGAT+ neurons were inhibited, establishing necessity of these neurons for both 

normal levels of behavioral wake and a normal waking EEG.

DISCUSSION

Our results show that LH VGAT+ neurons 1) send a dense putatively inhibitory projection to 

several brain regions associated with sleep and arousal control, and 2) are potently wake 

promoting.

A current model of arousal regulation in the mammal is the ‘flip-flop’ switch [22]. The basic 

principle of the model is that brain regions involved in promoting sleep (e.g. VLPO) and 

wake (TMN, LC, LH, vPAG) act in opposition to each other, largely through mutual 

inhibitory connections. At the same time, these circuits are also under the control of 

circadian, homeostatic and allostatic influences [22]. These factors determine when the state 

of reciprocal inhibition between the sleep- and wake-promoting nodes is switched, thereby 

resulting in a change in arousal state. Mathematical modeling based on this hypothesis has 

been shown to reproduce not only wake-sleep dynamics in a variety of species, but also in 

various diseases [23, 24]. The wake-promoting LH VGAT+ neurons described herein project 

heavily to the VLPO and are thus well-placed to inhibit sleep-promoting neurons, thereby 

favoring the wake state. The reduction in VLPO c-Fos expression following hM3Dq 

activation of LH VGAT+ neurons with CNO provides some support for this concept, 

although additional experiments, including terminal inhibition, will be required to confirm 

this possibility. VLPO axons also project extensively to the LH[11] suggesting that LH 
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VGAT+ neurons may play an important role in the flip-flop switch. Surprisingly, 

(considering their wake promoting phenotype), LH VGAT+ neurons also project heavily to 

the wake-promoting LC, TMN and vPAG. It is not immediately clear how an inhibitory 

projection would activate wake-promoting neurons, although one, as yet untested, possibility 

is through disinhibition of inhibitory interneurons/axons in the target regions. It is of interest 

to note that our delimited node of LH VGAT+ neurons project relatively sparsely to the 

sleep-promoting PZ [17, 18] and not at all to the RTN [19], so it is unlikely that they elicit 

their wake-promoting effects via either of these circuits. Our conditional tracing also reveals 

that the downstream targets of the LH VGAT+ neurons are quite distinct from those of the 

more rostrally-situated wake-promoting VGAT+ basal forebrain [25] which do not project to 

the VLPO, but do project to the RTN. The wake-promoting LH VGAT+ neurons identified 

in the present study are therefore clearly not an anatomic or functional continuum of basal 

forebrain GABAergic neurons.

Similarly, although a recent study has reported that the RTN receives a GABA-ergic input 

from the LH that is also wake-promoting [19], (consistent with earlier tracer work describing 

a projection from the dorsal LH, in or near the zona incerta, to the RTN [20]), anterograde 

tracing from the node of anatomically defined ventral LH VGAT+ neurons in the present 

study did not reveal a projection to the RTN. Hence, the wake-promoting LH VGAT+ 

neurons described herein must comprise a separate and distinct population from the cells 

that project to the RTN, and the wake promoting effects of acute activation would therefore 

likely involve downstream targets other than RTN, such as the VLPO.

In conclusion, we have identified an anatomical subpopulation of LH VGAT+ neurons 

whose activation potently drives wake and inhibition increases sleep. Furthermore, their 

projection pattern indicates that these neurons target several brain regions critical for 

mediating arousal states, including the sleep-promoting VLPO and, as such, are likely to 

represent an important circuit element of the ‘flip-flop’ switch [22].
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Figure 1. Conditional anterograde tracing from LH VGAT+ neurons
A) Schema of ChR2-eYFP construct and viral targeting to the LH of VGAT-ires-Cre mice. 

B1) Immunolabelling for eYFP (brown) in cell bodies in the LH, counterstained with Nissl 

(blue), arrows indicate ChR2-eYFP cell bodies. Scale: 200 μm. B2) Low magnification 

photomicrograph indicating injection site of ChR2-eYFP (green) in a LH brain section 

immunolabelled against MCH (magenta) and orexin-A (blue). eYFP labeled cells did not 

stain for either orexin-A or MCH. B3) High magnification of boxed area in B2, arrows 

indicate ChR2-eYFP cell bodies. Scale: 100 μm. C1–I1) eYFP immunoreactivity of ChR2-

eYFP terminals in the VLPO, TMN, vPAG, LC, RTN (anterior; H1, posterior; I1) and PZ. 

Scale bar: 100 μm. C2–F2: High magnification of boxed areas shown in panels to the right. 

Scale bar: 20 μm. H2–I2: High magnification of dorsal boxed areas shown in H1 and I1. 
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Scale bar: 20 μm. H3–I3: High magnification of ventral boxed areas shown in H1 and I1. 

Scale bar: 20 μm. Abbreviations: 3V; 3rd ventricle, 4V; 4th ventricle, 7N; facial nerve, aq; 
cerebral aqueduct, BSTS; bed nucleus of stria terminalis supracapsular part, cp; cerebellar 
peduncle, ec; external capsule, ic; internal capsule, fx; fornix, LC; locus coeruleus, LV; 
lateral ventricle, Me5; mesencephalic trigeminal nucleus, mt; mammillothalamic tract, opt; 
optic tract, ox; optic chiasm, PZ; parafacial zone, RTN; thalamic reticular nucleus, scp; 
superior cerebellar peduncle, VLPO; ventrolateral preoptic area, vPAG; ventral 
periaqueductal gray, vTMN; ventral tuberomammillary nucleus xscp; decussation of the 
superior cerebellar peduncle. See also Figure [S1].
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Figure 2. Conditional activation of LH VGAT+ neurons drives wakefulness
A) Schema of hM3Dq-mCherry construct and viral targeting to the LH of VGAT-ires-Cre 

mice. B) Dual immunolabelling against mCherry (brown) and c-Fos in LH VGAT+ cell 

bodies following injection of saline (B1) or CNO (B2) at 10AM, 90 minutes prior to 

sacrifice demonstrates that CNO activates neurons transduced with hM3Dq-mCherry, scale: 

200μm. c) Percentage 3-hourly wake (C1), NREM sleep (C2) and REM sleep (C3) 

quantities following injection (n=8). Repeated measures 2 –way ANOVA followed by Sidak 

post-hoc test. D) FFT analysis of wake during CNO activation (n=8), showing a ratio of 

power at each frequency post-injection compared with baseline. Shaded area indicates SEM. 

Inserts show averaged frequency bands. Repeated measures 2 –way ANOVA followed by 

Sidak post-hoc test. E) Quantification of behaviors observed in mice during 1 hour following 

10am CNO injection or 7pm saline injection. Bars represent the mean percent of time (± 

SEM) that mice (n=8) spent carrying out each behavior. 2-way ANOVA followed by Sidak 

post-hoc test. F) Quantification of c-Fos immunostaining in the VLPO, TMN and LC 

following saline injection at 10AM (n = 11) or CNO injection at 10AM (n = 12). Mean ± 

SEM shown. 2-way ANOVA followed by Sidak post-hoc test. G) Heat map showing 

overlapping regions of transfected neurons from mice in which unilateral LH VGAT+ 
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activation increased wakefulness., * p < 0.05,** p < 0.01, **** p < 0.0001, See also Figure 

[S2] and [S3]. Abbreviations: 3V; 3rd ventricle, ec; external capsule, fx; fornix, LC; locus 
coeruleus, LH; lateral hypothalamus, mt; mammillothalamic tract, ic; internal capsule, opt; 
optic tract, TMN; tuberomammillary nucleus, VLPO; ventrolateral preoptic area.
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Figure 3. Conditional inhibition of LH VGAT+ neurons increases sleep
A) Schema of hM4Di-mCherry construct and viral targeting to the LH of VGAT-ires-Cre 

mice. B) Dual immunolabelling against mCherry (brown) and c-Fos in LH VGAT+ cell 

bodies following injection of saline (B1) or CNO (B2) at 7PM, 90 minutes prior to sacrifice. 

Red arrows show c-Fos and mCherry immunolabelled neurons, white arrows show neurons 

immunolabelled for mCherry only. CNO nearly eliminated c-Fos expression in LH VGAT+ 

neurons, indicating that they were inhibited, scale: 200μm. Percentage 3-hourly wake (C1), 

NREM sleep (C2) and REM sleep (C3) quantities following injection (n=9). Repeated 

measures 2 –way ANOVA, followed by Sidak post-hoc test. d) FFT analysis of EEG During 

wake, showing the ratio of power at each frequency post-injection compared to baseline (n = 

9). Shaded area indicates SEM. Inserts show averaged frequency bands. Repeated measures 

2 –way ANOVA, followed by Sidak post-hoc test, ** p < 0.01, **** p < 0.0001, R. 

Abbreviations: 3V; 3rd ventricle, ec; external capsule, fx; fornix, LH; lateral hypothalamus, 
mt; mammillothalamic tract, ic; internal capsule, opt; optic tract.
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