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treatment strategies in use and on the horizon
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Abstract
This review explores basic sleep physiology, the mechanism of action for each class of hypnotic agents, their clinical application based on pharmacodynamic and 
pharmacokinetic factors, and potential pharmacologic sleep-inducing mechanisms of future hypnotics. The paper challenges the reader to understand the neuroscientific basis 
of insomnia and use this knowledge to guide prescription of hypnotic agents.

Currently indicated hypnotic agents are discussed with regard to their mechanism of drug action and clinical application. A broader discussion is developed throughout this 
paper regarding other non-indicated agents that may improve sleep and describing newer pharmacological treatments that may become available in the future for use in sleep 
disorders and their comorbid conditions.
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Introduction 
Insomnia is a common disorder and, in the realm of psychiatric 
care, one of the most common residual symptoms in major 
depression after antidepressant treatment is offered [1]. 
Insomnia is a commonly induced side-effect as well. Insomnia 
can be an acute predictor of who will ultimately attempt suicide 
[2]. It continues to be a clinical target symptom of interest for 
clinicians who treat psychiatric conditions, medical conditions, 
pain conditions, or associated sleep disorders. There are clearly 
indicated hypnotic agents and many off-label medications that 
may be used to improve sleep duration or quality. This offers 
an opportunity for clinicians to engage in rational polypharmacy 

in order to treat insomnia alone or when part of a comorbid 
condition [3]. The most widely used prescription hypnotic agents 
since the 1960s have utilized the same mechanism of action to 
induce sleep. Here, gamma-amino butyric acid (GABA) neuronal 
activity is enhanced by positive allosteric modulation (PAM). 
Classically, if GABA

A
 receptor PAM occurs in wakefulness 

brain centers, alertness falters and sleep prevails. Alternatively, 
if GABA

A
 receptor activity increases in sleep-promoting centers, 

then sleep prevails more directly [4]. The classic benzodiazepine 
hypnotic agents work through both of these mechanisms, as do 
the barbiturates and ethanol, and will be further discussed later 
in this article.

The use of GABA
A
-modulating agents has been effective 

for treating insomnia, but at a cost of an adverse effect profile 
consisting of addiction, over-sedation, psychomotor impairment, 
respiratory suppression, and somnambulism. The development 
of tolerance and the need for progressively higher doses, 
physiological and psychological dependence on medications, 
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and potential withdrawal from medications can cause significant 
difficulties for patients. GABA

A
 receptors are ubiquitous and 

facilitating them is akin to a blanketing effect where neuronal 
dampening occurs across the CNS, not necessarily localized to 
sleep–wake centers. The need for treating insomnia as a primary 
entity or as a secondary symptom of mental or medical disorder 
continues, as does the need to find agents that are more specific 
for sleep–wake neurocircuitry with less risky adverse effects.

Overview of sleep–wake neurocircuitry 
Neurotransmitter systems (histamine, acetylcholine, 
norepinephrine, serotonin, orexin, and dopamine) may 
promote alertness, wakefulness, and vigilance when activated 
and contrarily could become hypnotic and sleep inducing if 
they were antagonized, thus removing arousal in the CNS. 
One prototypical circuit is the ‘sleep–wake switch’. When one 
side of the switch is active patients are awake and alert; when 
the other side is active patients go to sleep. Approved hypnotic 
agents have relied heavily on manipulating the GABA

A
 

receptor and its neurocircuitry. These GABA
A
 receptor-

enhancing drugs effectively turn on sleep promoting areas of 
the brain and inhibit arousal centers. Agents that are largely 
used ‘over-the-counter’, or prescribed as off-label treatments, 
utilize the antagonism of the histamine system. Blocking 
histamine-1 (H1) receptors successfully dampens cortical 
arousal, and fatigue and sleepiness result. Diphenhydramine, 
chlorpheniramine, and doxylamine have all been approved for 
over-the-counter hypnotic use and are often incorporated into 
pain, cold, and influenza remedies. Psychopharmacologists 
often use off-label, sedating antidepressants such as trazodone, 
mirtazapine, or amitriptyline to induce sleep as they typically 
utilize H1 receptor antagonism as well [5]. Recently, the aged 
tricyclic antidepressant doxepin has been approved as the 
first antihistamine prescription sleeping agent, being used at 
low doses to induce sleep [6]. The final existing prescription 
hypnotic agent, ramelteon utilizes a unique mechanism and 
facilitates the melatonin system’s activity [7]. This drug agonizes 
the melatonin type 1 (MT1) and melatonin type 2 (MT2) 
receptors and this activity is thought to dampen reticular 
activating system monoamines (norepinephrine, serotonin, and 
dopamine) from arousing the cortex and to correct circadian 
rhythm activity respectively. The suprachiasmatic nucleus 
(SCN) is similar to a master switch which helps to control and 
guide the simple ‘sleep–wake switch’. Melatonin is released as 
the SCN signals darkness is present and then the simple switch 
is pushed towards promoting sleepiness. Similarly, if ramelteon 
is taken, melatonin receptors are also directly stimulated and 
the switch is moved as if endogenous melatonin is present. 

The authors fully expect that hypnotic agents will continue 
to utilize the properties of GABA

A
 receptor agonism, melatonin 

receptor agonism, or histamine receptor antagonism well into 
the future. This paper serves next to review current hypnotic 
treatments in more detail and then to focus upon off-label 
medication findings with regard to improving sleep quantity and 
quality. Finally, future-oriented treatments for the treatment of 
insomnia will be discussed. 

Diagnostic and Statistical Manual (DSM-5) 
The DSM-5 has set criteria for the diagnosis of insomnia dis-
order [8], a predominant complaint of dissatisfaction with sleep 
quantity or quality, associated with one (or more) of the follow-
ing symptoms:

1.	 Difficulty initiating sleep. (In children, this may manifest as 
difficulty initiating sleep without caregiver intervention.)

2.	 Difficulty maintaining sleep, characterized by frequent 
awakenings or problems returning to sleep after awaken-
ings. (In children, this may manifest as difficulty returning 
to sleep without caregiver intervention.)

3.	 Early-morning awakenings with inability to return to sleep.
4.	 The sleep disturbance causes clinically significant distress or 

impairment in social, occupational, educational, academic, 
behavioral, or other important areas of functioning.

5.	 The sleep difficulty occurs at least 3 nights per week.
6.	 The sleep difficulty is present for at least 3 months.
7.	 The sleep difficulty occurs despite adequate opportunity for 

sleep.
8.	 The insomnia is not better explained by and does not occur 

exclusively during the course of another sleep–wake disorder 
(e.g., narcolepsy, a breathing-related sleep disorder, a circa-
dian rhythm sleep–wake disorder, a parasomnia).

9.	 The insomnia is not attributable to the physiological effects 
of a substance (e.g., a drug of abuse, a medication).

10.	 Coexisting mental disorders and medical conditions do  
not adequately explain the predominant complaint of  
insomnia.

The DSM-5 has removed the diagnosis of primary insomnia, re-
placing it with insomnia disorder. The diagnosis may be given 
when comorbid with another mental disorder, sleep disorder, or 
medical condition. When the insomnia is severe enough to war-
rant independent clinical attention, the concurrent diagnosis of 
insomnia disorder should be made.

Contemporary treatment of insomnia 
Medical management 
The following medication classes presented in historical order 
have been approved for the short-term and sometimes long-term 
management of insomnia [4,5,9]:

1. Barbiturates
Although barbiturates have many potential drawbacks such as 
addiction, drug interactions, lethality in overdose, and cognitive 
impairment that prevent them from being commonly prescribed, 
they may be used for short-term treatment of insomnia on 
rare occasions. However, safer treatments are clearly available 
and should be considered before the use of barbiturates. They 
are discussed here given their historical significance in the 
armamentarium of available hypnotic agents. 

Amobarbital, butabarbital, pentobarbital, secobarbital, and 
phenobarbital may be considered for their hypnotic effects. Of 
these, phenobarbital has a long duration of action as compared to 
the rest, which have an intermediate duration of action. 
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Mechanism of action 
With regard to sleep circuitry, barbiturates act by increasing 
the frequency and duration of opening of the chloride ion 
channel in the GABA

A 
receptor complex through a binding site 

separate from that of benzodiazepines. The requirements for the 
facilitation of GABA-based neurotransmission require a GABA 
molecule and a barbiturate molecule to bind concomitantly onto 
their specific sites on a GABA

A
 receptor. The barbiturate makes 

this complex much more efficient and more active, essentially 
increasing the function of the receptor’s ligand-gated channel. 
Effectively, a greater amount of chloride ion influx into the 
neuron is allowed more quickly compared to a receptor without a 
barbiturate bound to it. This increased activity and facilitation by 
addition of a medication is called positive allosteric modulation 
(PAM). The abrupt excess of activity in the sleep–wake switch 
can quickly produce sleep by enhancing the sleep-promoting half 
of the switch and dampening the arousal half simultaneously. 

Adverse drug reactions 
Barbiturate effects on the CNS follow a pattern: calming 
progresses to sleep to unconsciousness to coma to surgical 
anesthesia and finally, fatal respiratory and cardiovascular 
depression in a dose-dependent fashion. The therapeutic index 
for the sedative effects of the barbiturates is low and fatal overdose 
may occur with consumption of too many pills dispensed in 
a single prescription. In addition, barbiturates are known to 
produce both a cross-tolerance to other sedating drugs acting on 
GABA

A
 receptors (including alcohol and the benzodiazepines) 

and be addictive in nature. In case of respiratory arrest, reversal 
with flumazenil is ineffective. Studies on the use of barbiturates 
for short-term or long-term treatment of insomnia are relatively 
insufficient compared to clinical studies or data available to guide 
prescribing strategies. There are also significant risks to this class 
of medications, therefore they are not recommended any more 
for the treatment of insomnia [10].

2. Benzodiazepines 
In an analysis of West Virginia Medicaid data from 2003 
regarding prescription hypnotic agents (including off-label 
use of the antidepressant trazodone), the benzodiazepines 
accounted for almost 11% of claims filed (estazolam 0.4%, 
flurazepam 0.1%, temazepam 10%, and triazolam 0.3%) [11]. 
In contrast, zolpidem accounted for 42.7% of claims, zaleplon 
1%, and trazodone 45.5%. The 11% use of the traditional 
benzodiazepines accounts for a minority, but reasonable market 
share with regard to utilization. Furthermore, it is suspected that 
anxiolytic benzodiazepines that are not approved for insomnia 
(alprazolam, clonazepam, lorazepam, diazepam) are prescribed 
off-label for this purpose.

Mechanism of action 
Classical hypnotic benzodiazepines (flurazepam, temazepam, 
triazolam and quazepam) act as PAMs of the GABA

A
 receptors 

binding to their own sub-site on the GABA
A
 receptor similar to 

the barbiturates. Their net effect is to increase the sensitivity and 
activity of the GABA

A
 receptor/GABA complex that increases the 

frequency of opening of the central chloride channels. In a sense, 

PAM makes the receptor-transmitter-ion channel complex more 
active with more openings at any given time, thus being more 
efficient at lowering neuronal activity. If this decrease in neuronal 
firing occurs in wakefulness centers, then somnolence may occur.

The benzodiazepine chemically structured agents have the 
ability to promote sleep, dampen anxiety, and provide for muscle 
relaxation. Their ability to rapidly induce sleep in prototypical 
phobic insomniacs and ability to lower anxiety quickly, makes 
these drugs very reinforcing where patients believe they need the 
agent to sleep, and cannot do so without it. This may lead to 
overuse, addiction, or dependence in a minority of patients. 

Drug selection 
The choice of which benzodiazepine to use is generally made on a 
case-by-case basis with the rapidity of absorption, onset of action, 
and half-life of the drug being the most important considerations.

For example, in patients who report difficulty in initiating 
sleep, a drug with a rapid onset of action is preferred, whereas 
a drug with a longer half-life may be required in patients who 
report sleep fragmentation, poor maintenance of sleep, or early-
morning awakening as their major concern.

Flurazepam has a rapid onset of action, achieving peak plasma 
concentrations in 0.5 to 1 hour. Triazolam has an onset of about 
0.5 hours [12]. Quazepam (1.5 hours) has an intermediate onset 
of action. Temazepam in its original preparation had an onset 
of action of about 3 hours and therefore would not be preferred 
in a patient having difficulty in initiating sleep [13]; however, it 
is available in capsule form that is rapidly absorbed through the 
GI tract and which has an onset of about 0.5 to 0.75 hours and 
reaches peak concentration in about 1.5 hours [12].

Drugs with a longer half-life (flurazepam and quazepam) 
are advantageous in reducing early-morning awakenings 
on repeated administration. However, this may also lead to 
unwanted cumulative dosing side-effects, including daytime 
drowsiness, cognitive impairment, and interactions with other 
CNS depressants and alcohol. In the elderly, the accumulation 
of the metabolites of these long-acting drugs may be even greater 
and, therefore, predispose to the development of intoxication 
and delirium.

In contrast, short-acting benzodiazepines, such as triazolam, 
tend not to accumulate but may lead to rebound insomnia upon 
discontinuation, especially if used consecutively over several weeks. 

Adverse drug reactions
Benzodiazepines may cause tolerance, anterograde amnesia, sleep 
walking behaviors, delirium, cognitive impairment, fall and 
fracture risk, and respiratory drive suppression.

Very short-acting benzodiazepines, such as midazolam and 
triazolam, are known to cause amnesia. In a review of double-
blind, placebo-controlled trials, neuropsychological testing 
performed on subjects before and after administration found 
that short-acting benzodiazepines, such as midazolam, caused 
decreased performance on both amnestic and non-amnestic 
cognitive tests [14]. Cases of next-day memory impairment 
and amnesia have been reported with triazolam [15]. Triazolam 
has been shown to cause deficits in information acquisition 
and recall, or anterograde amnesia, both 1.5 hours following 
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the dose of triazolam, and more markedly 24 hours after the  
dose in a dose-dependent manner [12]. Cases of auditory and 
visual hallucinations after administration of triazolam have also 
been reported [16]. 

3. Benzodiazepine receptor agonists (BZRA or ‘Z’ drugs) 
Mechanism of action 
These benzodiazepine-like drugs are so called as they tend to begin 
with the letter ‘Z’ (zolpidem, zaleplon, eszopiclone) and produce 
‘Z’s or sleep; they are also PAMs of the GABA

A
 receptor. They do 

not share the classical benzodiazepine structure, but they exert 
similar effects upon the GABA

A
 receptor. However, they differ in 

the sense that they demonstrate selective binding to the GABA
A 

receptor’s alpha-1 subunit at prescribed doses. The alpha-1 
subunit has been known to be critical and more selective for 
producing acute sedation and somnolence. The alpha-1 subunit 
is also linked to daytime sedation, anti-convulsant actions, and 
possibly to amnesia, which may produce these adverse effects that 
are common in the true benzodiazepines. The net effect is that 
these drugs have less anxiolytic and muscle relaxant properties 
(usually associated with alpha-2 and/or alpha-3 subtypes) and 
are more specific for hypnotic effects [4]. The addiction risk 
and Drug Enforcement Agency (DEA) addiction labeling is 
considered less severe than the benzodiazepines.

Zaleplon and zolpidem are very alpha-1 selective. In contrast, 
eszopiclone is less selective and has more resemblance to true 
benzodiazepines as it shows a balanced selectivity for multiple 
different alpha subunits.

Drug selection 
The choice of the drug, once again, is made keeping in mind 
specific patient requirements and the pharmacokinetics of each 
drug. Eszopiclone has the longest half-life (~6 hours) as compared 
to zolpidem (~1–2 hours) and zaleplon (~1 hour) [13]. Also, 
zaleplon has the fastest onset of action, followed by zolpidem 
and eszopiclone. The onset of action is typically accelerated if 
these drugs are taken on an empty stomach. Zaleplon, therefore, 
is preferred in patients who have trouble initiating sleep and 
eszopiclone may be a better choice in patients who have difficulty 
maintaining sleep. Zaleplon can be taken for middle insomnia 
as long as 4 hours remain before awakening. More recently, a 
sublingual zolpidem preparation has become similarly available 
for middle-of-the-night insomnia symptoms. Eszopiclone is 
approved for more chronic use. Zolpidem controlled release is 
also approved for chronic use and its slow release preparation 
artificially increases its half-life and maintains drug plasma levels 
further into the night.

Adverse drug reactions 
Both benzodiazepines and the ‘Z’ drugs are known to  
cause tolerance and have some potential for abuse along with 
cross-tolerance to alcohol and other sedatives linked to the 
GABA

A 
receptor.

Cases of auditory hallucinations, visual hallucinations, 
formication, and delusions have been reported with the use 
of ‘Z’ drugs at recommended doses. Multiple cases of visual 

hallucinations, auditory hallucinations, and delusions have 
been reported with the use of zolpidem [17–19]. Two of 
these cases occurred following the first dose at recommended 
dosage. A patient on eszopiclone was reported to have 
developed formication, delusions, and visual hallucinations. He 
developed hallucinations of bugs on his skin and in his home, 
had his landlord spray for bugs repeatedly, and his symptoms 
worsened when the dose was increased and resolved within a 
week of discontinuing the medication [20]. In March 2007, 
the FDA required a warning be added to all sedative-hypnotics 
regarding severe allergic reactions and complex sleep behaviors, 
such as sleep driving or preparing food while asleep. Two cases 
were reported of spousal homicide after ingesting higher than 
recommended dosages of zolpidem [21]. Forensic psychiatrists 
for the prosecution and defense differed on their views of the role 
zolpidem played in the killings. The patients had full or partial 
amnesia of the events and the night of the killings. Numerous 
cases of sleep driving have been reported while taking BZRAs, as 
well as cases of sleep walking, sleep eating, sleep conversations, 
sleep sex, and sleep shopping [22,23]. It is unclear if these drugs 
have the same fall potential and respiratory suppression potential 
as the benzodiazepine agents. As doses are escalated above the 
norm, or if these agents are mixed with alcohol or opiates, these 
types of side-effect risks likely increase dramatically.

4. Antihistamine drugs
These drugs include over-the-counter sleep aids (diphenhydramine 
and doxylamine) and prescription doxepin.

Mechanism of action
As noted, blocking histamine-1 receptors in the cortex and 
ventrolateral preoptic (VLPO) nucleus in the hypothalamus 
turns the sleep–wake switch off. The absence of the stimulating 
effect of histamine in these areas ultimately promotes sedation 
and sleep.

A prescription antihistamine medication approved for 
improving sleep maintenance in the treatment of insomnia is the 
tricyclic antidepressant doxepin, which inhibits serotonin and 
norepinephrine uptake pre-synaptically and is an antagonist at 
histamine-1, muscarinic-1, and alpha-1 adrenergic receptors at 
high doses (150–300 mg). However, doxepin has been found 
to be quite selective for antagonizing histamine-1 receptors at 
low doses (3-6 mg), thus allowing for safe use in insomnia [4]. 
Theoretically, the selective anti-histaminic action at lower doses 
for mirtazapine, trazodone, and quetiapine as well may provide 
off-label effectiveness for insomnia [4].

Adverse drug reactions 
These drugs may be associated with anti-cholinergic side-effects 
(blurred vision, constipation, memory problems and dry mouth). 
They tend to have longer half-lives and can produce morning 
sedation and dizziness. 

As compared to benzodiazepines, drugs antagonizing the 
histamine-1 receptor have been found to have significantly lower, 
to no, risk for addiction, abuse, ataxia and respiratory suppression.
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5. Melatonin agonists 
Ramelteon is an agonist at MT1 and MT2 receptors. The 
agonism of melatonin at MT1 and MT2 is thought to dampen 
the activity of the reticular activating system and its monoamines 
(serotonin, dopamine and norepinephrine), thereby promoting 
sleep [4]. It is has been known to be useful in initiating sleep with 
no clear effect on maintenance of sleep. Ramelteon is known to 
not cause addiction or withdrawal and has no abuse potential as 
compared to benzodiazepines or BZRA drugs. It can have limited 
bioavailability in some patients which can lead to ineffectiveness.

Over-the-counter melatonin has been shown to decrease 
sleep onset latency as well as improve subjective sleepiness upon 
awakening, although it did not improve scores of sleepiness, 
fatigue, and alertness throughout the day in more formal studies 
[24]. It likely has a high degree of first pass liver metabolism 
and it is unclear how much penetrates the blood–brain barrier, 
making bioavailability also questionable. 

6. Valerian 
Although studies on valerian have yielded conflicting results [25], 
it has been shown to improve sleep quality in post-menopausal 
women [26]. In general, the evidence shows no benefit compared 
with placebo when studied more stringently. There have been 
case reports of patients with hepatotoxicity when taking products 
containing valerian [10].

Novel hypnotic approaches 
Serotonin systems 
The serotonin (5HT2) receptor subfamily is comprised of several 
types with the three most commonly studied subtypes: 5HT

2A
, 

5HT
1A

, and 5HT
2C

. Evidence from both clinical and preclinical 
studies suggests that 5HT

2A
 receptors modulate slow wave sleep 

(SWS), which is deep and restorative in nature and often 
lessened in the midst of major depressive disorder [27,28]. 
These agents may not induce hypnosis, or sleep onset, but 
once sleep occurs, there is a shift towards more efficient and 
improved SWS. 5HT

2A
 receptor blockade might promote 

better sleep by a complex mechanism. Serotonin typically 
diminishes cortical glutamatergic arousing neurons by agonizing 
5HT

1A
 receptors and enhances glutamatergic excitatory arousal 

by stimulation of 5HT
2A

 receptors. In effect, antagonizing the 
5HT

2A
 receptor dampens cortical activity to promote somnolence 

and fatigue. This may help maintain deeper sleep throughout the 
night as normal sleep cycle arousal is lowered. Currently there are 
several compounds (volinanserin, eplivanserin, esmirtazapine, 
pruvanserin, pimavanserin, APD125, AVE8488, HY-10275, 
ITI-722) in clinical development for the treatment of insomnia 
that have 5HT

2A
 antagonism, at least in part, as their hypnotic 

mechanism [29–32]. The activation of the 5HT
2A

 receptor could 
exert a tonic inhibition of SWS [33]. A study of a potent and 
selective 5HT

2A
 receptor antagonist showed that a single oral dose 

resulted in a massive increases of SWS and slow wave activity 
(SWA). Antagonism of 5HT

2A 
receptors enhanced SWA and 

reduced spindle frequency activity [33]. Improvement in SWS 
may contribute to the effects that atypical antipsychotics have on 
sleep, as these medications are 5HT

2A
 antagonists. Oftentimes, 

the atypical and the sedating antidepressants (trazodone, 

mirtazapine) have this common 5HT
2A

 receptor antagonism plus 
the common property of histamine H1 receptor antagonism. 
This latter effect, as noted from previous sections, does induce 
sedation and sleepiness and likely, the 5HT

2A
 receptor antagonism 

promotes deeper sleep after hypnosis occurs. 

Orexin system 
The neuropeptides orexin-A and orexin-B (also known as 
hypocretin-1 and -2) act as endogenous ligands and bind to the 
orexin-1 (OX1) and -2 (OX2) receptors that are found in the 
lateral hypothalamus, which then project throughout the brain. 
The orexin system plays an important role in the regulation of 
sleep and wakefulness, especially in the maintenance of sustained 
wakefulness. Modafinil and armodafinil are drugs that potentially 
agonize this system and are indicated for promoting wakefulness 
in narcolepsy, apnea, and shift work patients [34,35]. Orexin 
neurons link the ventrolateral preoptic area and the brainstem’s 
reticular activating system’s wakefulness-promoting nuclei 
(serotonin, norepinephrine, and dopamine). This linkage 
stabilizes behavioral states by activating arousal regions during 
wakefulness and preventing unwanted fatigue and somnolence 
intrusions during traditional wakefulness periods of the day. 
Orexin neurons discharge during active waking and cease 
firing during sleep. Therefore, the effect of an orexin receptor 
antagonist could theoretically remove arousal and wakefulness 
thus inducing sleep and reducing nocturnal wakefulness in 
patients with insomnia [36,37].

Almorexant is an OX1 and OX2 receptor antagonist. Patients 
or animals deficient in orexin may develop sleep attacks or 
narcolepsy. It follows that removing orexin activity by blocking 
OX1/2 receptors may produce onset of sleep [38]. Preliminary 
studies had shown that this agent was potentially effective in 
treating insomnia but development has recently ceased due 
to safety concerns [36, 39]. Other antagonists appear to be in 
development however.

Neurokinin system 
The development of NK

1
 receptor antagonists started in the 

1990s following an intensive decade of research in pharmacology, 
biotechnology, and medicinal chemistry. The localization  
and roles of NK

1
 receptors were oriented mainly towards  

targets related to pain, depression, anxiety, or emesis [40]. NK
1
 

agonism in rodents facilitates dopamine transmission, which 
is associated with alertness, wakefulness, vigilance, anxiety, 
aggression, and rage [36].

In animal models, NK
1
 receptor antagonism is associated with 

the opposite effect, anxiolysis [41]. As insomnia is often driven 
by anxiety and hyperarousal, this model may provide a preclinical 
rationale for an anxiety or insomnia treatment. NK

1
 is also known 

as substance P, and research regarding pain and depression have 
been largely negative. With regard to insomnia, some promise 
may exist. Substance P (NK

1
) receptors are widely distributed in 

the brain and are specifically found in brain regions that regulate 
emotion (amygdala, hypothalamus, and the periaqueductal 
gray). They are also found in close association with serotonin 
and norepinephrine neurons that are targeted by the currently 
used antidepressant drugs [42,43]. Substance P activity is often 
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paired with glutamatergic activity and may result in excessive 
pain, stress response, depression, and anxiety. Hypothetically, 
insomnia is a state of CNS hyperarousal and lowering NK

1
 

(substance P) activity may lower glutamate neuronal excitation, 
removing clinical arousal and inducing fatigue and likely sleep. 
NK

1
 receptors are also found in association with 5HT

2
 receptors 

on neurons, and as noted previously, modulation of certain 5HT
2 

receptors may promote deeper sleep [44].
Casopitant is an inhibitor at NK

1
 receptors and is likely to 

induce sleep [45]. The effect of casopitant for insomnia has been 
investigated in four Phase II clinical trials, enrolling more than 
400 patients, and data are pending [46]. Investigations for this 
product with regard to anti-emetic properties have ceased, but it 
is unclear whether studies in insomnia are forthcoming or not.

Alpha-2-delta calcium channel subunit systems 
Agents that antagonize neuronal calcium ion channels, such as 
gabapentin and pregabalin, are currently approved for treating 
diseases associated with abnormally excessive neuronal firing 
(epilepsy, neuropathic pain) [47,48]. Gabapentin has been 
studied and shown to improve SWS, sleep efficiency, and to 
decrease inappropriate wakefulness during the night. A second 
study also showed improved psychomotor functioning and 
improved sleep maintenance [49]. Pregabalin is indicated for 
treating fibromyalgia. This disease is noted for marked problems 
with sleep onset and maintenance, and often has alpha wave 
intrusions which disrupt SWS. Pooled analyses from fibromyalgia 
studies and generalized anxiety studies in Europe have indicated 
subjective improvements for insomnia symptoms associated with 
these disorders [50].

Prokineticin 2 system 
This protein has been identified in significant quantities in the 
SCN, which was noted previously to promote melatonin release 
during sleep which removes reticular activating system arousal, 
allowing fatigue and somnolence at night and promoting 24 
hour circadian rhythms which are needed for optimal sleep [51]. 
Prokineticin 2 (PK

2
) is controlled by a clock-controlled gene 

and may function as a critical SCN output molecule responsible 
for promoting normal circadian rhythms. In animal models, 
light induces the SCN to promote excess PK

2
 which activates 

g protein systems which often run in parallel and are activated 
with glutamate receptor signaling, suggesting that PK

2
 acts 

either within the circadian apparatus or on its own externally 
to promote arousal. In theory, agents that antagonize PK

2
 might 

remove arousal and promote sleep. Patents are currently filed for 
agents in this drug class [52]. 

Norepinephrine system 
Norepinephrine is a wakefulness-promoting neurotransmitter 
that is synthesized in the locus ceruleus (LC) which projects 
throughout the brain. As an originating nucleus in the reticular 
activating system (RAS), norepinephrine may ascend and 
activate the dorsolateral prefrontal cortex (DLPFC) to promote 
arousal, awakening, concentration, and vigilance clinically. The 
LC projects also to the sleep–wake switch’s tuberomammillary 
nucleus (TMN) and VLPO and also to the circadian clock 

manager, the SCN. Manipulating this noradrenergic system is a 
common approach in psychopharmacology for the treatment of 
depression, anxiety, ADHD and off-label for treating nightmares. 
If insomnia is caused by anxious hyperarousal, repeated facilitation 
of the noradrenergic system, with a noradrenergic antidepressant 
for example, may ultimately downregulate and desensitize the 
noradrenergic system and remove arousal and anxiety. Clinicians 
can also dampen noradrenergic activity directly to promote 
improved sleep. Prazosin is an alpha-1 receptor antagonist 
finding usefulness in reducing PTSD nightmares. Guanfacine 
and clonidine are used in the treatment of ADHD and utilize 
alpha-2 receptor agonism, both of which may promote sedation, 
fatigue and a calming effect which are often seen as side-effects 
[53]. These agents are often used to treat sleep difficulties that 
stem from psychiatric illness or psychiatric medication side-
effects in an off-label manner.

Cannabinoid system 
Two types of cannabinoid receptors, CB

1
 and CB

2
, have been 

studied. CB
1
 receptors are expressed mainly in the central 

and peripheral nervous system with CB
2
 in the periphery 

only. Activation of either receptor leads to an inhibition 
of adenylate cyclase and a decreased production of cyclic 
adenosine monophosphate (cAMP). Additionally, CB

1
 receptors 

are thought to be negatively coupled to N- and Q/P-type 
voltage-dependent calcium channels and positively coupled to 
A-type inwardly rectifying potassium channels, which leads, 
ultimately, to the closing of calcium channels and decreased 
neurotransmitter release. The net result is dampening of 
neuronal firing. Cannabinergic synapses display what is called 
retrograde transmission, where the presynaptic neuron releases 
neurotransmitters following depolarization. Next, binding of 
the neurotransmitters at the postsynaptic membrane stimulates 
synthesis and release of endocannabinoids, such as anandamide. 
Once in the synapse, they act back towards the presynaptic 
neuron to signal the cessation of further neurotransmitter release. 
Generally speaking, cannabinoid agonists are largely inhibiting 
with regard to serotonin, norepinephrine, and glutamate. As noted 
before, these systems, when active, tend to promote wakefulness 
and arousal, and therefore, when inhibited, sleep may occur [54]. 
Nabilone is a synthetic cannabinoid approved to treat nausea 
and vomiting in cancer patients and has anecdotal evidence and 
a small study conducted in fibromyalgia patients suggesting it 
may promote better sleep [55]. This trial was randomized, but 
not placebo controlled. It suggested that both nabilone and the 
comparator, amitriptyline, helped control insomnia, and on 
certain clinical measures, nabilone was superior. It is unclear if 
nabilone promoted better sleep directly or through relief of pain 
associated with fibromyalgia.

Combining neurotransmitter systems 
Quetiapine 
Some currently available agents are often used as off-label 
approaches to treat insomnia when it is associated with mental 
disorder. Quetiapine makes patients somnolent and has been 
touted as a clinical hypnotic and berated for being costly, with 
risks of extrapyramidal and metabolic side-effects. It stands out 
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as one of the atypical antipsychotics with a high adverse effect 
rate of somnolence and sedation. In one instance it may treat 
insomnia, or it may cause sedating side-effects causing the patient 
to cease its use. This is the clinical dilemma of most sleep-
inducing agents (approved, prescription, over-the-counter, off-
label or otherwise) that in order to promote sleep, daytime fatigue 
and somnolence are resultant side-effects. Given these issues and 
risks quetiapine, however, is an excellent example of an agent 
that combines neurotransmitter receptor manipulations to affect 
sleep onset and maintenance. It is an atypical antipsychotic and is 
approved to treat schizophrenia, bipolar mania, and depression. 
This agent is frequently prescribed at low doses that are not 
capable of treating these approved disease states. An analysis of 
Medicaid data found that up to 86% of quetiapine doses were 
sub-therapeutic, likely indicating off-label use for insomnia 
symptoms [56]. Another study concluded that 50.3% of all new 
prescriptions of quetiapine were for sleep [57].

It is theorized that quetiapine is used for, and promotes, sleep 
initiation through its antihistaminergic properties and antagonistic 
activity on noradrenergic α1 and α2 receptors, serotonin, and 
dopamine receptors, with other more hypothesized mechanisms 
involving GABA

A
 receptors. As it is an atypical antipsychotic, 

its 5HT
2A

 receptor antagonism promotes normalization of sleep 
architecture with improvement of REM and NREM deep sleep 
ratios once sleep occurs. α1 noradrenergic receptor blockade may 
dampen patient experience of nightmares similar to prazosin 
findings, and α2 receptor agonism may dampen noradrenergic 
arousal allowing better sleep. This agent’s metabolite, norquetiapine, 
also has the property of being a potent norepinephrine reuptake 
inhibitor. This initial noradrenergic excitation may ultimately 
downregulate and desensitize the norepinephrine arousal pathways, 
thus theoretically treating anxiety-induced insomnia. Finally, and 
particularly at higher doses, the antagonism of DA

2
 (dopamine) 

receptors has been known to calm agitated and psychotic patients, 
and may also calm those who are hyperaroused clinically at the 
time of sleep onset [58]. 

Trazodone 
Another drug similarly and remarkably used off-label in psychiatry 
is trazodone. It has very similar pharmacodynamic properties 
minus the DA

2
 receptor antagonism afforded to the atypical 

antipsychotics [59–61]. The hypnotic effects of trazodone in 
the 25–150-mg dose range are theoretically explained by H

1 

antihistamine effects, 5HT
2A

 receptor antagonism, and α1 
adrenergic antagonism [59]. Although the use of trazodone to 
treat insomnia is off-label, it is clinically effective, has a relatively 
short half-life, and does not cause dependence [59]. In the last 
decade, trazodone has been shown to be effective in treating 
primary insomnia and in insomnia associated with depression, 
anxiety, PTSD, and dementia [62].

γ-Hydroxybutyric acid (GHB)/ sodium oxybate 
GHB is a naturally occurring GABA metabolite that has been 
proposed as a neurotransmitter/neuromodulator that acts via its 
own receptor [63]. Sodium oxybate is the sodium salt of GHB 
and its exogenous administration results in potential effects that 
are mostly mediated by GABA

B
 receptors at concentrations high 

enough to elicit binding, which does not occur at endogenous 
concentrations of GHB [64]. Higher doses can result in an 
increase in sleep stages 3 and 4, seizures, coma, memory 
impairment, and dependence [63]. GHB can be used for the 
treatment of cataplexy/narcolepsy and has a limited use in alcohol 
withdrawal and as an anesthetic [63]. In patients with narcolepsy, 
sodium oxybate increases slow-wave sleep duration and delta 
power and reduces the number of night-time awakenings with 
the most common side-effects consisting of headache, dizziness, 
nausea, and somnolence [64]. Although GHB is interesting from 
a mechanistic standpoint, its abuse potential as a recreational 
drug, use as a “date rape” drug, resulting memory impairment, 
and dangerousness in overdose make it unattractive as a 
potential widespread treatment for insomnia at this time, as safer 
alternatives are readily available.

Conclusions 
In summary, this paper describes the pathways or mechanisms 
promoting normal sleep and wakefulness and discusses agents 
typically used to promote sleep and treat insomnia. A secondary 
discussion of usual drug mechanisms of action was utilized to 
show how each agent might impact the normal sleep–wake 
circuitry to either better promote or maintain sleep. The authors 
discussed often used off-label hypnotic treatment options 
and discussed potential future insomnia treatment options. 
Agents that facilitate GABA

A
 or melatonergic receptor activity 

will remove arousal or directly promote sleep, whereas agents 
that dampen glutamate, serotonin, norepinephrine, orexin, or 
histamine will effectively remove arousal and secondarily allow 
improved sleep. It is important to note throughout this paper that 
some agents will improve sleep onset, treating initial insomnia 
better, while others may improve deep, restorative sleep, allowing 
for improvement in sleep maintenance. Ideally this should lead 
to more refreshing sleep and improved functioning the next day. 
Some agents possess multiple mechanisms of action which may 
promote both clinical effects and also explain their significant 
side-effects. The astute prescriber should be aware of regulatory 
approvals and the available hypnotic agents within these drug 
classes, but also appreciate the far greater armamentarium for 
treating sleep difficulties that comes with understanding how 
certain off-label or experimental medications affect sleep by 
manipulating neurocircuitry and neuropharmacology. 
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