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Abstract

Evidence indicates that the neuropeptide substance P (SP) can act through neurokinin receptors to
alter sleep and/or non-rapid eye movement (NREM) sleep slow-wave activity. Consequently, drugs
acting on SP receptors could potentially be used as a novel treatment for sleep-related disorders. In
the present study, we used SP conjugated with cholera toxin A subunit (SP-CTA), which enhances
its duration of activity on SP receptors, to determine the effects of selectively activating SP-
expressing brain cells on sleep regulation in mice. Herein, we found that intracerebroventricular
administration of SP-CTA enhanced amounts of NREM sleep which was highly fragmented. This
result suggests that the activation of SP receptor-expressing cells in the brain can produce not only
arousal effects as shown in previous studies but also sleep-inducing effects.
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INTRODUCTION

Substance P (SP) is a neuropeptide which is found widely throughout the central nervous
system[1]. SP is co-localized with neurotransmitters within cells and brain areas known to
regulate sleep, such as serotonin within the raphe nucleus, dopamine within the midbrain
and striatum, and corticotropin releasing hormone within the hypothalamus[2;3]. SP exerts
its effects by binding to neurokinin receptors, particularly neurokinin-1 (NK1) and
neurokinin-2 (NK2) receptors[4]. NK1 and NK2 receptors are also widely distributed
throughout the brain including areas that regulate sleep[5-7].

Substance P is shown to have varying effects on sleep in humans and rodents [8-11]. For
example, the systemic administration of non-nociceptive doses of SP has been reported to
increase wakefulness in mice[8] and the latency to rapid eye movement (REM) sleep and
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time spent awake in healthy young men[9]. However, local bilateral microinjections of SP
into the ventrolateral preoptic area (VLPO) increased non-rapid eye movement (NREM)
sleep amounts in rats[10]. In addition, local microinjections of SP into the cerebral cortex
enhanced slow-wave activity [SWA; NREM sleep electroencephalogram (EEG) power in the
delta frequency range (~0.5-4 Hz)]in mice[11]. A likely explanation of these diverse results
is likely that SP activates both wake- and sleep-promoting cells in the brain and that the
activation of wake-active brain areas prevails to result in an increase in wakefulness.
Nevertheless, this explanation is hindered by the complexity of SP actions, which include
either an enhancement or reduction in the excitability of neurons[12] or desensitization of
NK1 receptor function[13].

Interestingly, SP has a direct depolarizing action upon neurons[14] and a modulatory effect
upon the action of other neurotransmitters, e.g. excitatory amino acids[15]. The direct
activation of neurons typically takes place via the modulation of ion channels, e.g.
suppression of K+ conductance[16;17] or the activation of non-selective cation
conductance[18;19]. However, a decrease in excitation following SP treatment has also been
demonstrated[12]. SP hyperpolarized approximately 80% of ferret vagal sensory neurons
(nodose ganglion neurons), in part, through NK1 receptor-mediated activation of a
potassium current (IK)[20]. In addition, the activation of a potassium channel by SP is
reported to hyperpolarize and block the hyperpolarization-activated lh current in neurons
synergistically to reduce neuronal excitability[20;21]. Other examples of neuronal inhibitory
mechanisms of SP include blocking calcium channels in neurons[22] and feed-forward
inhibition[23]. Thus, SP appears to produce diverse responses in different types of neurons.

In the present study, we used a new tool to activate cells expressing the SP receptors NK1
and NK2—a conjugate of SP with the cholera toxin catalytic subunit A (SP-CTA). This
conjugate was specifically designed to be taken up selectively by neurokinin receptor
expressing neurons, resulting in long-lasting stimulation of these neurons[24]. Injection of
SP-CTA into the intrathecal space induces the phosphorylation of the transcription factor
cyclic adenosine mono-phosphate (AMP) response element binding protein (CREB) and
also enhances the expression of the immediate early gene cFos[24], which are molecular
mechanisms linked to altering sleep and/or SWA. Taking into account these specific
mechanisms of action of SP-CTA, we expected that at least some of the effects of SP-CTA
on sleep may be different from those elicited by SP. Thus, we determined the effects
intracerebroventricular (ICV) infusions of SP-CTA on sleep and SWA in mice. Amounts of
NREM sleep were greatly increased and sleep was highly fragmented after the
administration of the SP-CTA conjugate.

METHODS

All studies were conducted in accordance with the principles and procedures described in
the National Institutes of Health Guide for the Care and Use of Laboratory Animals and
were approved by the Animal Care and Use Committees at the West Roxbury, MA VA
Medical Center.
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Surgical procedures

Materials

Under anesthesia, twelve 6-week-old male C57BL/6J mice (Jackson Laboratories, Bar
Harbor, ME) were implanted with a guide cannula into the left ventricle and electrodes to
record EEG and electromyogram (EMG). Two contralateral cortical screw electrodes (2
mm from midline, +3 mm and -6 mm from bregma) recorded the EEG and two flexible
multistrand wires placed into the nuchal muscles recorded the muscle activity. Immediately
after the surgery, animals were housed singly in plastic cages in a room with controlled
temperatures and light-dark cycles (12h light/12h dark). Food and water were available ad
libitum.

SP-CTA (Catalog # 1T-39) was purchased from Advanced Targeting Systems, San Diego,
CA. It was stored frozen at —80°C and diluted in saline to the concentration of 1 ug/pl within
1 hour prior to its use.

Experimental protocol

Seven to ten days after surgical recovery, the animals were connected to light weight
recording cables via commutators where they adapted to the tether for at least one week. The
cables permitted complete mobility and normal behavior including rearing, turning, and
assuming a curled sleep posture. The mice remained attached to the cables throughout the
experiment. EEG and EMG signals were continuously recorded for 48-h period on a Grass
amplifier polysomnograph. One mouse from the saline group had a noisy EEG signal and
was excluded from the analysis. After baseline recordings, the mice were slowly infused
through implanted ICV cannula with either saline (4 pl; n=6) or SP-CTA (1 pg/pl in saline; 4
ul; n=6) between 11.5 h and 12 h of the light period [Zeitgeber time (ZT) 11.5-12] (Figure
1). Twenty-four hours later, the mice were anesthetized with pentobarbital, perfused with
saline followed by 10% formalin, and the brains were used to verify proper cannula
placement (data not shown).

Analysis of sleep data

EEG and EMG data were scored manually in 12-s epochs for sleep states (wake, NREM and
REM sleep) by an investigator who was blinded to the experimental treatment groups. As
previously described,[25] wakefulness was identified by the presence of desynchronized
EEG and high EMG activity. NREM sleep consisted of high-amplitude slow waves together
with a low EMG tone relative to waking. REM sleep was identified by the presence of
regular theta activity coupled with low EMG. The amount of time spent in wakefulness,
NREM sleep, and REM sleep was determined for each hour. EEG data were filtered at 70
Hz (low-pass filter) and 0.3 Hz (high-pass filter) using a Grass electroencephalograph and
continuously sampled at 128 Hz by a computer with an A/D board (National Instruments). A
fast Fourier analysis was performed on the EEG data using the ICELUS program (Mark
Opp, Ann Arbor, MI). The average SWA (delta power, 1-4 Hz) was summed for each
NREM sleep epoch and averaged over all NREM sleep epochs. To reduce within-group
variability, the SWA measures for each mouse were calculated as the change from the
baseline level for that mouse. A two-way analysis of variance (ANOVA) and the Student—

Neurosci Lett. Author manuscript; available in PMC 2018 October 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zielinski and Gerashchenko Page 4

Newman-Keuls post-hoc test were used to compare changes in sleep parameters across days
(day 1 vs day 2) and groups (group 1 vs group 2). Data are presented as means + SEM.
Differences were considered significant at £< 0.05.

RESULTS

Compared to responses after the vehicle, SP-CTA greatly increased NREM sleep amounts
during the 12-hour light-off period after the infusion (45% increase; Figure 2). However, the
amounts of REM sleep and wakefulness did not change significantly (Figure 2). NREM
sleep amounts differed between the groups (A12,112)=4.34, p<0.0001; Figure 3). They
increased during the first hour following the SP-CTA infusion and remained elevated for 8
hours (ZT12-ZT20; Figure 3). Amounts of NREM sleep were lower at the beginning of the
light-on period of the Day 2 (ZT0-ZT2) in the SP-CTA treated mice compared to the saline
treated mice, which could be a compensatory reaction to the increased NREM sleep amounts
during the preceding light-off period (Figure 3).

The number of bouts of both NREM sleep (A1,18)=8.68, p=0.0086 between days;
A1,18)=9.91, p=0.0056 between groups) and wakefulness (A1,18)=8.51, p=0.0092 between
days; H1,18)=9.64, p=0.0061 between groups) increased almost 3 times after SP-CTA
infusion, whereas duration of the bouts was reduced (30.3% reduction for NREM sleep,
A1,18)=4.74, p=0.043 and 74.5% reduction for wakefulness, A1,18)=10.3, p=0.0049;
Figure 4). This result indicates that sleep was highly fragmented after SP-CTA infusion.

SWA was reduced soon after the beginning of SP-CTA infusion (ZT14) and remained
diminished during the light-off period (ZT18-2T22) on Day 2 (Figure 5). There were no
significant differences in SWA between SP-CTA and saline-treated mice on Day 1.

DISCUSSION

As discussed, systemic administration of SP has been reported to increase wakefulness in
both mice and humans[8;9]. Since SP tends to be excitatory within the central nervous
system,[26] our present findings indicating SP-CTA inducing sleep fragmentation suggest
that global activation of cells expressing SP-receptor has an arousal effect. However, that we
did not observe increased wakefulness after treating mice centrally with SP-CTA suggests
that the conjugate designed to strongly activate cells expressing SP receptors are not wake
promoting [24]. Herein, we found that amounts of NREM seep more than doubled soon after
the beginning of the SP-CTA infusion and remained highly elevated for up to 8 hours
(Figure 3). Collectively, our findings suggest that SP and its receptors have a complex
arousing effect and sleep promoting effects in the central nervous system.

A plausible explanation of our current findings are that SP-CTA strongly activates neurons
in sleep-active areas, such as the VLPO, which overpowers arousing effect of SP-CTA in
other brain areas. Indeed, a previous study showed that local injections of SP into the VLPO
induced NREM sleep[10]. It is possible that the activation of sleep-active neurons in the
VLPO is stronger and more sustained after SP-CTA administration than SP administration.
Differences in neuronal activation could relate to the variability in responses to internalized
CTA between different cell types, so that sleep-active neurons would be more activated than
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wake-active neurons. To our knowledge, such a possibility has not been tested and requires
additional studies.

In previous studies, the simultaneous activation of sleep and arousal systems has been
observed with the cage exchange model of insomnia in rats[27]. The psychological stressor
(cage exchange) initially induced an acute stress response, but several hours later generated a
pattern of sleep disturbances characterized by increased sleep latency, decreased NREM and
REM sleep, and increased fragmentation[27]. In the present study, the administration of SP-
CTA produced a highly fragmented pattern of sleep, during which the number of NREM
bouts increased almost 3 times compared to baseline values in the same animal or saline-
treatment (Figure 4). Although speculative, it seems that the simultaneous activation of
sleep- and wake-active brain areas may destabilize sleep and cause an increase in sleep
fragmentation. This explanation is plausible because the cells expressing NK1 receptor are
widely distributed in both wake-active and sleep-active brain regions (e.g., the locus
coeruleus, substantia nigra, dorsal raphe, preoptic area, etc.)[1-3]

Another possible explanation for the increased sleep amounts that we observed after SP-
CTA administration could be related to the pro-inflammatory effects of SP. SP is thought to
be a potent initiator of neurogenic inflammation due, in part, to its association with
increased vascular permeability and subsequent plasma protein extravasation[28]. It also
potentiates inflammation by stimulating the production of inflammatory mediators such as
histamine, nitric oxide, cytokines and kinins, in addition to interacting with adhesion
molecules causing leukocyte migration[29]. Histamine and SP are able to stimulate
microglial activation and the subsequent production of reactive oxygen species and pro-
inflammatory cytokines tumor necrosis factor-alpha (TNF-a) and interluekin-6 (I1L-6)
[30;31]. Because pro-inflammatory cytokines, such as TNF-a and IL-6 are somnogenic,[32—
34] increased sleep amounts observed in SP-CTA treated mice could be explained by their
increased activity.

It is plausible that SP-CTA could also change sleep patterns, in part, by acting on the nNOS-
containing cells in the cerebral cortex. We recently performed infusions of an NK1 receptor
agonist (SP fragment 1-7) and antagonist (CP96345) into the cerebral cortex and found that
the SWA was locally enhanced by the NK1 receptor agonist and reduced by the NK1
receptor antagonist[11]. Because NK1 receptors are expressed exclusively in nNOS cells in
the cerebral cortex,[35] this result suggested that changes in the activity of cortical sleep-
active nNOS cells are involved in the local modulation of the SWA production. Surprisingly,
SWA was reduced by the SP-CTA treatment in our current study (Figure 5). This result
could be explained by the reduced duration of NREM sleep bouts in SP-CTA-treated mice,
which were too short for the mice to enter into a deeper sleep stage associated with a high
SWA.. However, the activation of cells in subcortical regions might have also served to
interfere with SWA production in SP-CTA-treated mice.

SP-CTA binds to both NK1 and NK2 receptors[24]. While the role of NK1 receptor in the
regulation of sleep has been demonstrated,[8;11;35] the role of NK2 receptor is not well
understood. NK2 binding sites are present in several limbic structures in rats, including the
hippocampus, thalamus, septum and prefrontal cortex, suggesting involvement in the
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modulation of emotional processes[36]. Thus, it is possible that some of the sleep effects
produced by SP-CTA in the present study were mediated by NK2 receptor-expressing cells.

Conclusions

The main findings of the present study are that ICV administration of SP-CTA produces
increased amounts of NREM sleep but induces sleep fragmentation. These results suggests
that the activation of SP-expressing cells in the brain can produce not only arousal effects as
shown in previous studies,[8;9] but also sleep-inducing effects. These effects should be taken
into accounts when novel drugs acting on SP receptor are developed for treatment of sleep-
related disorders. For example, SP receptor antagonist vestipitant has been recently shown to
improve sleep maintenance without causing next-day cognitive impairment in patients with
primary insomnia[37]. Long-term consequences of the simultaneous activation or inhibition
of the sleep and arousal systems are not known and require further investigations.
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HIGHLIGHTS

The of substance P (SP) and cholera toxin A subunit conjugate (SP-CTA) induces
sleep

Sleep induced by SP-CTA is highly fragmented

SP-CTA applied intracerebroventricularly reduces slow-wave activity

Neurosci Lett. Author manuscript; available in PMC 2018 October 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zielinski and Gerashchenko Page 10

Day 1, baseline recordings Day 2, experimental recordings
Group 1 ------mmmmmmmmomom oo saline €» ------smomeomeomoosooeooeoo oo
Group 2 -------mmmmmsmmsmommomommomeooeo SP-CTA€» ---------mmmmmommmmmmo oo
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Figure 1.
Schematic drawing of the experimental design. Two groups of mice were used in the

experiment. EEG and EMG recordings were performed throughout the experiment. Mice
were infused with either saline (Group 1) or SP-CTA diluted in saline (Group 2) within a
half an hour preceding the light-off period (marked with double-headed arrows in the
figure).
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Figure 2.
Amounts of wakefulness, NREM sleep and REM sleep during light-off periods in mice

during baseline and experimental recordings. NREM sleep amounts increased in mice
infused with SP-CTA (Group 2, Day 2). *P < 0.05 compared to other groups/days.
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Figure 3.
Profile of NREM sleep changes in mice infused with SP-CTA or saline. SP-CTA highly

induced NREM sleep amounts, which remained increased for up to 8 hours. *£< 0.05
compared to corresponding saline-infused mice.
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Figure 4.
Number and duration of bouts of wakefulness, and NREM and REM sleep. Number of

NREM sleep and wakefulness bouts was increased (A), and duration of NREM sleep bouts
and wakefulness bouts was decreased (B) in SP-CTA treated mice. Number or duration of
bouts was averaged per hour during the 12-h light off period. *~ < 0.05 compared to other
groups/days.
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Figure 5.
Profile of changes of NREM sleep SWA in SP-CTA and saline-treated mice. SWA was

calculated as change from the average value of SWA recorded during the corresponding 12-h
baseline period. * < 0.05 between groups.
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