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Abstract

Cognitive impairment is a core feature of several neuropsychiatric and neurological disorders,
including narcolepsy and age-related dementias. Current pharmacotherapeutic approaches to
cognitive enhancement are few in number and limited in efficacy. Thus, novel treatment strategies
are needed. The hypothalamic orexin (hypocretin) system, a central integrator of physiological
function, plays an important role in modulating cognition. Several single- and dual-orexin receptor
antagonists are available for various clinical and preclinical applications, but the paucity of orexin
agonists has limited the ability to research their therapeutic potential. To circumvent this hurdle,
direct intranasal administration of orexin peptides is being investigated as a prospective treatment
for cognitive dysfunction, narcolepsy or other disorders in which deficient orexin signaling has
been implicated. Here, we describe the possible mechanisms and therapeutic potential of
intranasal orexin delivery. Combined with the behavioral evidence that intranasal orexin-A
administration improves cognitive function in narcoleptic and sleep-deprived subjects, our
neurochemical studies in young and aged animals highlights the capacity for intranasal orexin
administration to improve age-related deficits in neurotransmission. In summary, we highlight
prior and original work from our lab and from others that provides a framework for the use of
intranasal orexin peptides in treating cognitive dysfunction, especially as it relates to age-related
cognitive disorders.

1. Introduction

Two decades have passed since the original discovery of the orexin/hypocretin system (de
Lecea et al., 1998; Sakurai et al., 1998) and its subsequent characterization as a central
integrator of physiological function. Two distinct neuropeptides, orexin-A/hypocretin-1
(OxA) and orexin-B/hypocretin-2 (OxB), arise from the precursor gene prepro-orexin and
act upon two different G-protein coupled receptors. The OxA peptide binds to the orexin-1/
hypocretin-1 receptor (OX;) and the orexin-2/hypocretin-2 (OX5) receptor with
approximately equal affinity while the OxB peptide possesses a higher affinity for the OX,
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receptor (Ammoun et al., 2003; Gotter et al., 2012; Leonard and Kukkonen, 2014; Smart and
Jerman, 2002). Early evidence that orexin neurons act as a central hub for ‘physiological
integration” developed from anatomical studies highlighting the projections that arise from
these neurons. While orexin/hypocretin neurons are exclusively confined to the lateral
hypothalamus/perifornical area, their efferents are sent to a diverse set of brain regions
located in cortical, limbic, and brainstem circuits (Peyron et al., 1998). Furthermore, these
orexinergic neurons receive reciprocal afferents, largely from limbic regions (Sakurai et al.,
2005; Yoshida et al., 2006). Together, this heterogeneous collection of neural circuits
suggests that orexin neurons have a distinct capacity to regulate endocrine, autonomic, and
behavioral responses to maintain homeostasis (Li et al., 2014).

1.1 Orexins modulate cognitive function

While the orexin/hypocretin system (hereafter referred to orexin for simplicity) is chiefly
labeled as a “‘physiological integrator’, mounting evidence suggests that orexins may also
modulate cognitive functions including attention, wakefulness/arousal, and learning and
memory. Orexin modulation of cognitive function arises from multifarious interactions
within telencephalic and hindbrain regions and their neurotransmitter systems. For example,
orexins can modulate attentional function through connections with dopaminergic and
noradrenergic systems of the ventral midbrain and locus coeruleus, respectively (Baldo et
al., 2003; Esparia et al., 2005; Fadel and Deutch, 2002; Horvath et al., 1999; Vittoz and
Berridge, 2006). Furthermore, orexins can also facilitate attentional function through
excitation of basal forebrain cholinergic neurons (Fadel and Burk, 2010; Zajo et al., 2016)
and modulation of glutamatergic thalamocortical synapses (Huang et al., 2006; Lambe et al.,
2005; Song et al., 2006) that ultimately alter prefrontal cortical release of acetylcholine and
glutamate. Importantly, orexin mediated effects on cognition are not limited to attention as
OXA has also been shown to alter long-term synaptic plasticity, a presumed correlate of
learning and memory, through coordinated alterations of cholinergic, glutamatergic,
GABAergic, and noradrenergic transmission within the hippocampus (Selbach et al., 2004;
(Selbach et al., 2010; Yang et al., 2013). Indeed, the powerful effect of orexins on synaptic
plasticity may underlie their role in persisting behavioral adaptations in a variety of contexts
(Baimel and Borgland, 2017; Borgland et al., 2006).

1.2 Orexin/hypocretin function degenerates during aging

Because orexins play such a vital role in maintaining physiological homeostasis,
dysregulation of the orexin system can result in a multitude of cognitive and behavioral
deficits. This phenomenon is most clearly exemplified in narcolepsy, which is hallmarked by
a selective loss of orexin neurons (Siegel, 1999; Thannickal et al., 2009). While narcoleptic
symptomatology is classically defined by disruption in the sleep/wake cycle, heuristic
observations of narcoleptic patients have shown that narcoleptics display additional
cognitive dysfunction including deficits in sustained attention and olfactory discrimination
(Bayard et al., 2010; Naumann et al., 2006; Rieger et al., 2003). Interestingly, narcoleptic
patients also show subtle similarities in the cognitive deficits, namely deficits in attention
and olfactory discrimination, that arise during aging and early Alzheimer’s disease
(Huttenbrink et al., 2013; Perry and Hodges, 1999; Sarter and Turchi, 2002; Wesson et al.,
2010). The observed cognitive deficits in narcoleptics that arise from the loss of orexin
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neurons may also correlate to age-related cognitive dysfunction. Prior work from our lab and
others has shown a selective age-related loss of orexin neurons and/or their peptides and
receptors (Downs et al., 2007; Kessler et al., 2011; Porkka-Heiskanen et al., 2004; Sawai et
al., 2010; Terao et al., 2002; Zhang et al., 2002). Moreover, recent post-mortem analysis of
brains from patients with Alzheimer’s disease suggests a selective loss of orexin neurons
(Davies et al., 2015; Fronczek et al., 2012). Collectively, these findings provide convincing
evidence that orexins modulate the underlying neural substrates of cognition and suggest
that orexin-based therapeutics may be useful in the treatment of age-related cognitive
disorders.

1.3 Intranasal administration of orexins

The orexin system exerts a powerful influence over physiological and behavioral states by
interacting with systems involved in sleep/wakefulness, energy homeostasis, addiction,
stress responses, and cognition. These observations have given way to a substantial interest
in developing therapeutic agents that target orexin receptors (Chieffi et al., 2017). To date,
there are numerous selective and non-selective orexin receptor antagonists that have been
developed (Gotter et al., 2012; Roecker et al., 2016; Skudlarek et al., 2017; Smart et al.,
2001; Steiner et al., 2013). Conversely, selective orexin receptor agonists with preclinical or
clinical efficacy are scarce (Mieda and Sakurai, 2013; Nagahara et al., 2015; Turku et al.,
2017), ultimately leading to the use of orexin peptides as the agonists of choice. While early
work in canine narcolepsy models suggested that systemic delivery of orexins could have
therapeutic efficacy (Fujiki et al., 2003; John et al., 2000), concerns surrounding this route of
administration include peripheral degradation, poor delivery across the blood-brain-barrier,
and significant peripheral side effects (Dhuria et al., 2009; Hallschmid and Born, 2008;
Kastin and Akerstrom, 1999). To circumvent these issues, intranasal administration has been
proposed as a feasible treatment route to target orexins and various other neuropeptides to
the CNS (Dhuria et al., 2010; Hanson and Frey, 2008; Lochhead and Thorne, 2012).
Intranasal administration of neuropeptides provides several benefits over systemic
administration including targeted delivery to the CNS, reduced peripheral complications,
and complete bypass of the blood-brain-barrier (Hanson and Frey, 2008; Lochhead and
Thorne, 2012; Meredith et al., 2015; Spetter and Hallschmid, 2015). The extent and time
course of peptide delivery to the CNS depends on several factors such as peptide size,
lipophilicity, and transportation methods from the olfactory mucosa into the brain (Dhuria et
al., 2010; Lochhead and Thorne, 2012; Meredith et al., 2015; Spetter and Hallschmid, 2015).
The mechanisms of intranasal orexin delivery to the CNS are not completely understood but
available data suggest that proteins transported to the CNS start at olfactory and trigeminal
nerve constituents of the nasal epithelium and proceed to the olfactory bulb and sensory/
spinal trigeminal regions of the pons, the CNS origins of chemosensory and somatosensory
innervation, respectively, of the nasal mucosa. Once in the CNS, peptides can then diffuse to
various rostral and caudal brain regions (Lochhead and Thorne, 2012; Thorne et al., 2008,
2004). Brain penetration and distribution of peptides and proteins may be affected by
multiple factors, including molecular weight, tertiary structure, lipophilicity and receptor
localization. However, there are no broadly-applicable predictive models, emphasizing the
importance of peptide-specific descriptions of distribution patterns in understanding
behavioral and physiological effects of intranasal administration.
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While these studies provide a powerful framework for the therapeutic potential of intranasal
OXA, studies investigating the mechanisms responsible for these behavioral observations
remain limited. Accordingly, we have recently performed neurochemical and anatomical
studies using intranasal OXA in young rats to assess these mechanisms (Calva et al., 2017).
These studies will be examined further in the proceeding results and discussion sections by
comparing the effects of intranasal OxA administration on neuronal activation between
young and aged animals. The available literature on intranasal orexin administration has
primarily focused on the non-selective OxA neuropeptide; therefore, the contributions of
each receptor to the aforementioned behavioral and neurochemical observations cannot be
determined. The scarcity of /n vivo studies using OxB administration stem from a multitude
of reasons. These concerns are substantiated through work that shows limited diffusion of
OxB across the blood-brain-barrier due to its low-lipophilic properties and rapid metabolic
degradation by inactivating peptidases (Kastin and Akerstrom, 1999). The affinity of OxB
for the OX;, receptor is roughly 10-fold higher than its affinity for the OX; receptor (Sakurai
et al., 1998), making it difficult to draw receptor-specific mechanistic conclusions about
physiological or behavioral responses to OxB. The development of a modified OxB peptide,
[Alall,D-Leul®]-OxB, with a reported 400-fold higher affinity for the OX, receptor vs. the
the OX4 receptor (Asahi et al., 2003) may offer a more selective tool for dissecting relative
contributions of the orexin receptors to orexin peptide effects on a variety of physiological
functions (but see (Putula et al., 2011) for caveats surrounding the relative selectivity and
potency of this compound for the different orexin receptors /n vitro). Here, we utilized
immunohistochemistry to directly study the effects of intranasal [Alal!,D-Leul®]-OxB
administration on measures of neuronal activation in young rats. Our studies discussed
below include novel data from young animals treated with [Alal!,D-Leul®]-OxB and
comparisons of the neuronal activation patterns in young and aged animals that result from
intranasal administration of OxA or [Alall,D-Leul®]-OxB. The ultimate goal of these
comparative analyses was to gain further insight into potential orexin receptor-mediated
effects on neuronal activation that may underlie the neurochemical and behavioral
observations after intranasal orexin administration.

2. Results

2.1 Effects of intranasal [Alall,D-Leul®]-OxB on c-Fos expression

Intranasal [Alall,D-Leul®]-OxB administration increased neuronal activation (c-Fos
expression) in cortical and basal forebrain regions (Fig. 1A). In the cortex, intranasal
[Alall,D-Leul®]-OxB administration significantly increased activation in the piriform cortex
(42 =3.224, p=0.0073) and the agranular insular cortex (#, = 2.519, p=0.0269) when
compared to intranasal saline treated animals. In addition, there a was a strong trend for
increased activation in the prelimbic cortex (#, = 2.033, p=0.0647). In the basal forebrain,
intranasal [Alall,D-Leul®]-OxB administration significantly increased c-Fos expression
within the nucleus basalis/substantia innominata (4, = 3.663, p = 0.0032) compared to
intranasal saline treatment. Density measurements for c-Fos were obtained using a 0.032
mm? area within cortical regions and a 0.1225 mm? area within basal forebrain regions. We
also stained cells in the cortex for parvalbumin (PV), a marker for fast-spiking GABAergic
interneurons (Hu et al., 2014), to determine effects of intranasal [Alall,D-Leu®]-OxB on
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specific neuronal populations in the cortex. Intranasal [Alall,D-Leul5]-OxB administration
did not significantly alter c-Fos expression in PV+ cells within any of the brain regions
analyzed (data not shown).

2.1.1 Effects of intranasal [Alall D-Leul®]-OxB on basal forebrain cholinergic
neurons—Our previous work in young animals utilized intranasal administration of the
OXA peptide (Calva et al., 2017); therefore, the receptor mechanisms by which intranasal
orexin administration may activate basal cholinergic neurons remains unresolved.
Accordingly, we examined the effects of intranasal [Alall,D-Leul®]-OxB administration, a
selective OX5 receptor agonist, on c-Fos expression within cholinergic (ChAT+) neurons of
the basal forebrain (Fig. 1B). Ultimately, we discovered that intranasal [Alall,D-Leul%]-
OxB significantly increased c-Fos expression within cholinergic neurons of the medial
septum compared to intranasal saline administration (#, = 2.704, p=0.0192). Intranasal
[Alall,D-Leul®]-OxB administration did not significantly alter activation of cholinergic
neurons within any other subdivision of the basal forebrain.

2.2 Comparative effects of intranasal orexin administration across treatment and age

In addition to using intranasal [Alal!,D-Leul®]-OxB administration in young animals, we
have combined intranasal OxA administration and immunoperoxidase staining for c-Fos in
aged animals. To compare the effects aging and intranasal orexin administration (i.e. OXA or
[Alall D-Leul®]-OxB) in multiple brain regions, we constructed a heatmap using c-Fos
expression ratios that were normalized to intranasal saline treated controls (Fig. 2). The
range of ratios that we observed fell between 0.4 and 3.8, with lower scores lighter in color
and higher scores darker in color. Scores above 1 indicate higher c-Fos expression when
compared to saline treated controls and vice-versa for scores below 1. Accordingly,
YOA/YS and YOB/YS groups qualitatively suggest that intranasal OxA and intranasal
[Alall D-Leul®]-OxB administration increases c-Fos expression in young animals. Further
statistical analysis on these differences from prior intranasal OXA studies and from our data
presented above (Fig. 2) show that significant differences in c-Fos expression are localized
to specific brain regions. Specifically, in the cortex of young animals, intranasal OxA
significantly increased c-Fos expression in the piriform, agranular insular, prelimbic, and
ventral orbital cortices (Calva et al., 2017). Significant increases in cortical c-Fos expression
after intranasal [Alall,D-Leul®]-OxB were limited to the piriform and agranular insular
cortices. In addition, the higher ratios present in the AS/Y'S group suggests that aged animals
exhibit higher basal levels of activation. This is confirmed with one-way ANOVA analysis of
c-Fos expression in basal forebrain (BF) cholinergic neurons of young and aged animals
treated with intranasal OXA (F3 g = 27.67, p< 0.0001). Further analysis with Tukey’s
multiple comparisons test revealed that intranasal OxA increased c-Fos expression in BF
ChAT+ neurons of young (g»g = 6.339, p=0.0006) and aged animals (gog = 7.532, p
<0.0001). Finally, when compared to young animals, aged animals showed higher basal (¢g
=5.281, p=0.0045) and intranasal OXA induced (g,g = 6.474, p=0.0005) levels of c-Fos
expression (Fig. 3).
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3. Discussion

These studies, combined with our previous studies using intranasal OxA administration in
young animals highlight that intranasal orexins selectively increase neuronal activation in
distinct cortical, basal forebrain, and brainstem regions. While intranasal [Alall,D-Leul%]-
OxB selectively activates the piriform and agranular insular cortices, intranasal OxA
activates a broader range of cortical regions including the prelimbic and ventral orbital
cortices. These studies also demonstrate that intranasal OxA activates basal forebrain
cholinergic neurons in young and aged animals, which suggest a capacity for intranasal OxA
to modulate cholinergic neurotransmission across the lifespan. Our understanding of the
effects of intranasal orexin administration on neurotransmission and cognition will continue
to evolve with continuing studies in young animals treated with intranasal [Alall,D-Leul%]-
OxB and aged animals treated with intranasal OxA.

3.1 Effects of intranasal orexin administration on cortical activation

Orexin neurons send widespread projections to the cortex that modulate various aspects of
cognition, especially those related to attentional function. Correspondingly, intranasal
[Alall,D-Leul®]-OxB and intranasal OxA (Calva et al., 2017) increased c-Fos expression in
the agranular insular cortex, a brain region that facilitates interoceptive attention to an
organism’s physiological status (Avery et al., 2017; Craig and Craig, 2002; Hassanpour et
al., 2017). Orexin’s actions in the insular cortex may help promote appropriate behavioral
responses to homeostatic challenges, consistent with orexin’s role as a physiological
integrator. Indeed, we have previously shown that modulation of orexin expression alters
both behavioral and insular cortical cholinergic responses to food-paired stimuli in food-
restricted animals (Hagar et al., 2017).

Increased c-Fos expression, after intranasal OxA or [Alall,D-Leul®]-OxB, was also
observed in the piriform cortex, suggesting that activation of this brain region is primarily
mediated through the OX5 receptor. This is consistent with OX receptor mMRNA expression
patterns in the rat piriform cortex that indicate the selective presence of the OXj receptor
(Marcus et al., 2001). The piriform cortex plays an important role in olfactory discrimination
(Bekkers and Suzuki, 2013; Stettler and Axel, 2009). Interestingly, olfactory dysfunction
occurs during aging and age-related cognitive disorders (Enwere, 2004; Kovacs, 2004;
Mobley et al., 2014), and may serve as an early predictor for Alzheimer’s disease
(Djordjevic et al., 2008; Hittenbrink et al., 2013; Sohrabi et al., 2012). Orexin modulation of
olfactory function has been demonstrated by studies that show i.c.v. administration of OxA
enhances olfactory sensitivity to odors (Julliard et al., 2007; Prud’homme et al., 2009).
Together, these findings suggest that OX» receptor mediated activation of the piriform cortex
by OxA or [Alall,D-Leul®]-OxB may serve to enhance odor discrimination and olfactory
function within the piriform cortex.

Orexin neurons also densely innervate the PFC where they modulate neurotransmission
related to attentional processing (Fadel et al., 2005; Huang et al., 2006; Vittoz and Berridge,
2006; Zajo et al., 2016). Our prior intranasal studies indicate that intranasal OXA increases
glutamatergic and cholinergic neurotransmission within the PFC of young rats (Calva et al.,
2017), suggesting that intranasal OXA enhances attentional processing in the PFC. Though
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we observed a strong trend for increased c-Fos expression in the prelimbic PFC after
intranasal [Alall,D-Leul®]-OxB administration, our overall observations indicate that
orexin-mediated enhancement of attentional function may primarily occur via the OX4
receptor. The extent to which intranasal orexin administration modulates neurotransmission
and cognitive function in aged animals remains unknown.

3.2 Effects of intranasal orexin administration on basal forebrain neurotransmission

3.2.1 Effects of intranasal orexin administration on GABAergic transmission
in the basal forebrain—Our previous observ ations indicate that intranasal OxA
administration decreases activation of fast-spiking PV+ GABAergic interneurons in the PFC
(Calvaetal., 2017). These cells are the principal interneuron phenotype within the cortex
and function to gate the firing of cortical pyramidal neurons (Hu et al., 2014; Kawaguchi and
Kubota, 1997; Kelsom and Lu, 2013; Kim et al., 2015; Sohal et al., 2009; Xu et al., 2010).
While the mechanisms driving this inhibition remain unknown, one possibility is through
inhibition from basal forebrain P+ projection neurons that preferentially synapse onto PV+
cortical interneurons (Freund and Meskenaite, 1992; Henny and Jones, 2008). Anatomical
evidence suggests that the large majority of these P+ basal forebrain neurons are
GABAergic (Gritti et al., 2003; Mckenna et al., 2013). Functionally, these PV+ basal
forebrain projection neurons regulate cortical gamma band oscillations (Kim et al., 2015), a
putative electrophysiological correlate of attention and feature binding (Gray and Singer,
1989; Tiitinen et al., 1997). Behavioral and electrophysiological evidence suggests that
activation of basal forebrain PV+ neurons is mediated primarily through the OX5 receptor
(Mieda et al., 2011; Wu et al., 2002). Given the prominent role of the orexin system
modulating arousal/wakefulness (Jones, 2008; Sakurai, 2002), intranasal orexins may
ultimately regulate cortical activation through modulation of these PV+ neurons in the basal
forebrain.

3.2.2 Effects of intranasal orexin administration on cholinergic transmission
in the basal forebrain—Orexin neurons are anatomically and functionally positioned to
modulate cholinergic neurotransmission. Specifically, orexin neurons modulate the basal
forebrain cholinergic system (BFCS), the primary source of cholinergic neurotransmission
to the cortex (Fadel and Burk, 2010; Villano et al., 2017). Several studies illustrate
interactions between OXA and the basal forebrain. In particular, infusion of OxA directly
into the basal forebrain modulates cholinergic-dependent attentional processing and potently
increases cortical ACh release (Fadel et al., 2005; Zajo et al., 2016). Furthermore, intranasal
OXA activates cholinergic neurons of the ventral pallidum/substantia innominata and vertical
limb of the diagonal band, and increases cholinergic transmission in the PFC (Calva et al.,
2017). In contrast, intranasal administration of [Alall,D-Leul5]-OxB selectively activates
cholinergic neurons of the medial septum (Fig. 1B). This pattern of activation is consistent
with /n-situ evidence in rats that describes the selective presence of the OX, receptor in the
medial septum (Marcus et al., 2001). As described above, intranasal OxA administration
also enhances activation of cholinergic neurons in the basal forebrain of aged animals,
indicating that intranasal OxA may be a viable therapeutic for treating age-related deficits in
neurotransmission. Accordingly, we are investigating the effects of intranasal OxA
administration on neurotransmission in aged animals.

Brain Res. Author manuscript; available in PMC 2020 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calva and Fadel Page 8

3.3 Mechanisms of intranasal orexin administration

The OxA neuropeptide exerts equal affinity for both orexin receptor subtypes; therefore, the
neurochemical and behavioral observations surrounding this neuropeptide cannot be
attributed to one specific receptor. In addition, because of caveats surrounding the use of G-
protein-coupled receptor agonists (e.g., differences in penetrance, unknown brain
concentrations with systemic administration, etc.) it is difficult to say definitively what the
receptor mechanisms are that mediate single-dose in vivo responses. However, the available
evidence suggests that our effects following intranasal orexin are primarily mediated via the
OX; receptor, particularly those involving the basal forebrain cholinergic system. For
example, systemic or intrabasalis administration of the specific OX4 receptor antagonist
SB-334867 attenuates ACh release that is induced during feeding (Frederick-Duus et al.,
2007). Additionally, OxA administration into the basal forebrain results in greater ACh
release in the somatosensory cortex compared to OxB (Dong et al., 2006). Furthermore, the
observations described above indicate that intranasal administration of the OX5 receptor
agonist [Alall,D-Leul®]-OxB results in the activation of fewer brain regions than intranasal
OxA. Nevertheless, the OX, receptor likely plays an important role in various aspects of
orexin mediated neurotransmission. For example, we observed that medial septal cholinergic
neurons were selectively activated by [Alall,D-Leul®]-OxB (Fig. 1B). Furthermore,
previous evidence indicates that orexins likely mediate activation of BF PV+ neurons
through the OX, receptor (Mieda et al., 2011; Wu et al., 2002). Intriguingly, /n-vitro
evidence indicates that BF cholinergic neurons potently excite BF PV+ and other
GABAergic neurons (Yang et al., 2014), suggesting that cholinergic and GABAergic
systems in the BF work in tandem to modulate cortical activity. Because intranasal OxA and
[Alall D-Leul®]-OxB affect distinct cholinergic and GABAergic systems, these evidence
indicate that intranasal orexins facilitate cognition, in part, through coordinated activation of
cholinergic and GABAergic neurotransmission in the basal forebrain. These putative
mechanisms that underlie the behavioral and neurochemical correlates of intranasal orexin
administration are outlined in a summary figure (Fig. 4).

3.4 Therapeutic implications of intranasal orexin administration

Accumulating behavioral evidence from both animals and humans suggests that intranasal
OxA administration may be useful in treating a variety of cognitive disorders. Recent rodent
studies have demonstrated that intranasal OxA administration increases locomotion and food
intake (Dhuria et al., 2016). Additionally, intranasal OxA administration in sleep deprived
rhesus macaque monkeys improves performance in a short-term memory task and alters
local cerebral glucose metabolism (Deadwyler et al., 2007). Of clinical significance,
intranasal OxA administration in patients with narcolepsy has been shown to decrease the
number of spontaneous wake-REM sleep transitions, improve deficits in olfactory acuity,
and enhance divided attention (Baier et al., 2011, 2008; S L Weinhold et al., 2014). The
subtle similarities in the cognitive deficits between narcolepsy and some forms of age-
related cognitive decline, especially deficits in attention, hint at the involvement of the
orexin system (Huttenbrink et al., 2013; Perry and Hodges, 1999; Sarter and Turchi, 2002;
Wesson et al., 2010). Indeed, aged animal models are associated with a reduction in orexin
neurons and/or neuropeptide expression (Kessler et al., 2011; Porkka-Heiskanen et al., 2004;
Terao et al., 2002). Furthermore, post-mortem examination of brains of patients with
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Alzheimer’s disease or dementia with Lewy bodies reveals a reduced number of orexin
neurons (Fronczek et al., 2012; Kasanuki et al., 2014).

The neuronal and pharmacological mechanisms underlying the effect of orexins on cognitive
function remain to be fully elucidated. Advancements may include peptide or vehicle
modifications that enhance brain penetrance, such as inclusion of cyclodextrin compounds to
promote bioavailability of intranasally-administered proteins and peptides (Meredith et al.,
2015). Development of novel ligands such as the non-peptide OX, receptor agonist
YNT-185, which has recently shown promise in murine narcolepsy models (Irukayama-
Tomobe et al., 2017; Takenoshita et al., 2018), will also facilitate advancements in this field.
It will also be important to more fully examine and clarify potential negative effects of
intranasal orexin on disease processes such as amyloid plaque formation (Kang et al., 2009;
Liguori, 2017) prior to clinical implementation. Nonetheless, as described above intranasal
orexin administration rapidly enters the brain and targets brain regions and neurotransmitter
systems that mediate proper cognitive functioning. Ultimately these studies, combined with
our ongoing work in aged animals, may provide mechanistic evidence for the therapeutic
potential of intranasal orexin administration in treating cognitive dysfunction.

4. Experimental Procedures

4.1 Animals

Experimental methods, materials, and procedures were generally as described in our
previous work examining intranasal OxA administration in young animals (Calva et al.,
2017). Young (3—4 months, 250-300g) and aged (26—28 months, 450-550g) male Fisher
344/Brown Norway F1 hybrid rats (Harlan/NIA) were used for all experiments. This rat
strain is used extensively for aging studies due to their reduced susceptibility to several
peripheral age-related complications (e.g., intraperitoneal tumors) that are commonly
observed in other strains during late life (Lipman et al., 1996; Turturro et al., 1999).
Therefore, we utilized the Fisher 344/Brown Norway F1 hybrid strain in order to compare
the effects of intranasal orexin administration on the neurobiological systems, including
neurotransmission and neuronal activation, that change during aging. Furthermore, as a
proof of concept, this strain has previously been utilized in our lab to study orexin-aging
interactions (Hagar et al., 2017; Kessler et al., 2011; Stanley et al., 2012; Stanley and Fadel,
2011). Animals were kept on a 12:12 light: dark cycle (lights on at 07:00 hours) and
provided ad /ibitum access to standard rat chow and water. All experiments commenced
during the light phase of the light: dark cycle. Animal care and use practices were all
performed within protocols written under the guidelines of the National Institutes of Health
Guide for Care and Use of Laboratory Animals and approved by the Institutional Animal
Care and Use Committee at the University of South Carolina (Animal Use Protocol #2409).
All experiments were performed by the first author. In lieu of performing power analyses to
determine group sizes, prior studies from our lab using comparable numbers of animals were
referenced to obtain the appropriate sample sizes for each experiment. The experimenter
performing intranasal administration was not blinded to the treatment condition during
experimentation.
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Immunohistochemistry and imaging

Upon arrival, both young and aged animals were assigned to receive intranasal
administration of either vehicle (50uL of 0.9% saline) or OxA (50uL of a 100uM solution;
Enzo Life Sciences, Farmingdale, NY, USA). Each animal received several days of gentle
handling and habituation to intranasal saline administration prior to the test day. Briefly,
each animal was loosely blanketed with a small cloth and held in a supine position so that
only the animal’s snout was protruding from a small opening. No restraint or anesthesia was
used during intranasal habituation or treatment. On the test day, each rat was administered
50uL of saline or OxA. Intranasal administration of the total 50uL volume was delivered in
12.5uL increments into alternating nares over a total of 2—-3 minutes. All solutions were
administered in four 12.5 uL portions (a total of 25 L in each naris) over a 2-minute period.
A separate set of young animals were assigned to receive either vehicle or a modified OxB
peptide (50uL of a 100uM solution) serving as a potent and selective OX, receptor agonist
([Alall,D-Leul®]-OxB; Tocris Bioscience; Minneapolis, MN, USA). While rat-to-human
conversion of doses holds many caveats, based on conversion factors suggested by Nair and
Jacob (Nair and Jacob, 2016) our rat dose of 5 nmol would roughly equate to a human dose
of 200 nmol. While we are not aware of any papers describing intranasal administration of
[Alall,D-Leul®]-OxB in humans, Weinhold et al. (Weinhold et al., 2014) observed enhanced
wakefulness and attention in human narcoleptic patients following intranasal administration
of 435 nmol OXA. Thus, given the limited comparative information available, our orexin
doses seems reasonable.

Treatment group assignment for all immunohistochemistry experiments was
pseudorandomized for each batch of animals such that treatment order (i.e. intranasal saline
or intranasal orexin) was counterbalanced and equally represented for each batch. All
animals were habituated to intranasal saline for at least 7 days prior to the treatment day.
Starting on day 8, animals received their designated treatment and subsequently sacrificed
under heavy isoflurane anesthesia and perfused with phosphate buffered saline and 4%
paraformaldehyde 2 hours post-administration to observe optimal c-Fos expression
(Kaczmarek, 1992). After 24-hour post-fixation, the brains were sectioned on a vibratome
coronally at a 50 pm thickness using a 1:4 serial sectioning method. Sections not
immediately used for immunohistochemistry were stored in 30% sucrose/30% ethylene
glycol anti-freezing solution at —20°C until use. Single and dual-label
immunohistochemistry followed similar protocols, where free-floating sections were
incubated with a rabbit anti-c-Fos primary antibody (1:5000; Millipore, Billerica, MA, USA,;
catalog No. ABE457; RRID AB_2631318) followed by a biotinylated donkey anti-rabbit
secondary antibody (1:1000; Jackson ImmunoResearch Laboratories Inc.; West Grove, PA,
USA,; code No. 711-065-152; RRID AB_2340593) and a horseradish peroxidase conjugated
streptavidin tertiary antibody (1:1600; Jackson ImmunoResearch Laboratories Inc.; code No.
016-030-084; RRID AB_2337238). Staining for c-Fos was developed with 0.3% hydrogen
peroxide and nickel-cobalt enhanced diaminobenzidine (DAB) to yield blue-black
immunopositive nuclei. Dual-label staining for either choline acetyltransferase (ChAT) or
parvalbumin (PV) used c-Fos stained sections that were subsequently incubated in either a
goat anti-ChAT (1:3000; Millipore, Temecula, CA, USA; catalog No. AB144; RRID
AB_90650) or a mouse anti-PV (1:4000; Sigma, St. Louis, MO, USA, catalog No. P3088;
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RRID AB_477329) primary antibody. Secondary and tertiary steps followed with
incubations in either an unlabeled donkey anti-goat (1:200; Jackson ImmunoResearch
Laboratories Inc.; code No. 705-005-003; RRID AB_2340384) or an unlabeled donkey anti-
mouse (1:200; Jackson ImmunoResearch Laboratories Inc.; code No. 715-005-150; RRID
AB_2340759) secondary antibody, followed by incubations in either a goat peroxidase anti-
peroxidase (1:500; Jackson ImmunoResearch Laboratories Inc.; code No. 123-005-024;
RRID AB_2338953) or a mouse peroxidase anti-peroxidase (1:500; Jackson
ImmunoResearch Laboratories Inc.; code No. 223-005-024; RRID AB_2339261) tertiary
antibody. Immunostaining for ChAT or PV were developed with 3% hydrogen peroxide and
DAB to yield brown immunopositive cell bodies. Using a 0.15% gelatin solution, sections
were mounted onto slides and allowed to dry overnight before dehydration, delipidation, and
cover-slipping with DEPEX mounting medium. Histological imaging for the single-label (c-
Fos) and dual-label (c-Fos + ChAT/PV) immunoperoxidase experiments were visualized
using a Nikon E600 microscope fitted with a CoolSNAP digital camera (Roper Scientific,
Trenton, NJ, USA) and IP Lab software (Scanalytics, Trenton, NJ, USA). During
quantitative analysis of immunoperoxidase staining, experimenters were unaware of the
treatment group of each animal. Images were imported into Adobe Photoshop 6.0 (Adobe
Systems, San Jose, CA, USA) for minor alterations to contrast and brightness. Brain regions
where photomicrographs were obtained are indicated through modified illustrations from the
third edition of The Rat Brain Atlas (Paxinos and Watson, 1998).

4.3 c-Fos heatmap

A comparative heat map (Fig. 2) was generated utilizing single-label c-Fos data in order to
visualize differences in region-specific neuronal activation between intranasal treatment
groups (i.e. saline, OxA, or [Alall D-Leul®]-OxB) across young and aged animals. The
treatment groups used for producing the heat map were as follows: 1) Young saline (YS), 2)
Young-OxA (YOA), 3) Young [Alall,D-Leul5]-OxB (YOB), 4) Aged saline (AS), and 5)
Aged OxA (AOA). For each brain region mapped, the data were computed across the total
number of animals for each group with a minimum of n=7 animals per treatment group. The
scaled colorimetric data within the heat map is represented as the ratio of average c-Fos
densities for each brain region between the different treatment groups. All treatment groups
were normalized to saline groups to yield the resulting heat map conditions: 1) YOA/YS, 2)
YOB/YS, 3) AOA/AS, 4) AS/YS. The YOA and YOB experiments were performed at
different time points; therefore, these groups were normalized using the corresponding YS
group. In contrast, the AS/Y'S ratios was calculated using the from the average c-Fos
densities pooled across both YS groups. Data calculations and analyses for the heat map
were performed using Microsoft Excel 2016 for Macintosh (Microsoft Corporation,
Redmond, WA, USA). The data was then imported into MATLAB R2018a (MathWorks
Inc., Natick, MA, USA) for generation of the colorimetric heat map.

4.4 Statistics and data analysis

For all immunohistochemistry experiments, single-labeled (c-Fos) and double-labeled (c-Fos
+ ChAT) positive cells were counted within the confines of a reticle fixed into the eyepiece
of the microscope. Counts for each brain region was determined by the total number of
immunopositive nuclei/cells from two representative sections at different levels of the rostro-
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caudal gradient. Single-label c-Fos data were expressed as the density of immunopositive
nuclei counted within the reticle area (c-Fos nuclei/mm?). Statistical analyses of these data
were analyzed by two-tailed unpaired #tests (GraphPad Prism 7; GraphPad Software for
Macintosh, La Jolla, CA, USA). Double-labeled neurons were expressed as the percentage
of the total number of ChAT neurons positive for c-Fos within the reticle area (i.e. % Double
Labeled Neurons). Dual-label immunoperoxidase data were analyzed by two-tailed unpaired
ttests. Significant effects of treatment condition (i.e., OXA or saline) across age were
determined by one-way ANOVA followed by Tukey’s multiple comparisons test. A
significance cutoff of p < 0.05 was used for all statistical measures.
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Deficient orexin signaling has been implicated in several neuropsychiatric
conditions, including age-related cognitive decline and narcolepsy

Intranasal orexin rapidly targets and activates brain regions and
neurotransmitter systems implicated in cognitive function

These effects appear to be predominantly, but not exclusively, mediated by the
orexin-1 receptor

Intranasal orexin may represent an effective, non-invasive means of enhancing
cognitive function
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Fig. 1.

Nguronal activation (c-Fos expression density) in cortical and basal forebrain regions
following intranasal [Alall,D-Leul®]-OxB administration in young rats. (A) Single-labeled
c-Fos densities in brain regions of animals treated with intranasal vehicle (saline; PirC, AIC,
PrLC, B/SI, n=7rats) or intranasal [Alall,D-Leul®]-OxB (50 L, 100 uM; PirC, AIC, PrLC,
B/SI, n=7rats). Intranasal [Alall,D-Leul®]-OxB administration significantly increased c-Fos
expression within the PirC, AIC, and B/SI regions compared to vehicle treated controls.
There was a strong trend for increased c-Fos expression within the PrLC after intranasal
[Alall D-Leul®]-OxB administration. Percentage of ChAT-positive neurons with c-Fos-
positive nuclei within the MS, VDBB, HDBB, VP/SI, and B/SI after intranasal [Alall,D-
Leul5]-OxB (all brain regions, 7=7) or intranasal vehicle (all brain regions, 7=7)
administration. Treatment with intranasal [Alall,D-Leul®]-OxB significantly increased c-
Fos expression within ChAT-positive neurons of the MS compared to intranasal vehicle
administration. Abbreviations: Ala, Alanine; D-Leu, D-Leucine; OxB, orexin-B; PirC,
piriform cortex; AIC, agranular insular cortex; B/SI, nucleus basalis/substantia innominata;
PrLC, prelimbic prefrontal cortex; ChAT, choline acetyltransferase; MS, medial septum;
VDBB, vertical limb of the diagonal band of Broca; HDBB, horizontal limb of the diagonal
band of Broca; VP/SI, ventral pallidum/substantia innominata. Error bars represent SEM.
**p<0.01, *p<0.05
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Fig. 2.

Heatmap of c-Fos expression ratios between treatment groups and age compared to young
saline treated animals. The treatment groups represented in the heat map are as follows: 1)
YOA/YS (YOA and YS, n=8rats), 2) YOB/YS (YOB and YS, n=7rats), 3) AOA/AS (AOA
and AS, n=8rats), and 4) AS/YS (AS, n=8rats; YS, n=15rats). The YOA/YS and AOA/AS
treatment comparisons largely showed similar patterns of c-Fos expression ratios. On
average, the effects of OXA treatment in aged animals were more robust than the OxA
treatment in young animals. Aged animals also exhibited higher ‘basal’ c-Fos expression in
most brain regions compared to young animals, as indicated by the AS/YS treatment
comparison. When comparing the effects between the OxA and [Alall,D-Leul®]-OxB
treatments (i.e. YOA/Y'S vs. YOB/YS), the YOA/Y'S group shows higher c-Fos expression
ratios in most brain regions. Abbreviations: YOA/YS, young-orexin-A vs. young saline;
YOB/YS, young-[Alall,D-Leul®]-orexin-B vs. young saline; AOA/AS, aged-orexin-A vs
aged saline; AS/YS, aged saline vs. young saline; OxA, orexin-A; [Alall,D-Leul®]-OxB,
[Alall D-Leul®]-orexin-B; PirC, piriform cortex; AIC, agranular insular cortex; PrLC,
prelimbic cortex; ILC, infralimbic cortex; VOC, ventral orbital cortex; Cl, claustrum; MS,
medial septum; VDBB, vertical limb of the diagonal band of Broca; HDBB, horizontal limb
of the diabonal band of Broca; VP/SI, ventral pallidum/substantia innominata; DG, dentate
gyrus; CA3, cornu ammonis 3; CA1, cornu ammonis 1; PPTg, pedunculopontine
tegmentum; DR, dorsal raphe; LC, locus coeruleus.
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Fig. 3.

Nguronal activation (c-Fos expression density) in cholinergic neurons across all basal
forebrain regions in young and aged rats administered intranasal OxA (n=8rats) or
intranasal vehicle (saline; n=8rats). Data are represented as the percentage of double-labeled
(c-Fos/ChAT) neurons relative to the total number of ChAT-positive neurons within the basal
forebrain. In both young and aged animals, intranasal OxA significantly increased activation
of ChAT-positive neurons of the basal forebrain. Aged animals treated with intranasal
vehicle exhibited a significantly higher percentage of double-labeled neurons (c-Fos/ChAT)
in the basal forebrain compared to young animals treated with vehicle. Aged animals treated
with intranasal OxA exhibited a significantly higher percentage of double-labeled neurons
(c-Fos/ChAT) in the basal forebrain compared to young animals treated with intranasal OxA.
Treatment comparisons: ***=YS vs. YOA, **=YS vs. AS, ****=YS vs. AOA, $$$= YOA
vs. AOA, &&&&= AS vs. AOA. Abbreviations: OxA, orexin-A; ChAT, choline
acetyltransferase; YS, young saline; YOA, young-orexin-A; AS, aged saline; AOA, aged-
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orexin-A. Error bars represent SEM. **** and &&&&= p <0.0001, *** and $$$= p <
0.001, **= p<0.01
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Fig. 4.

Pugtative mechanisms underlying intranasal orexin entry and action within the brain. Orexins
administered via the intranasal route are hypothesized to enter the brain via two main
mechanisms: 1) diffusion across the olfactory epithelium into olfactory and rostral brain
areas and 2) extra-axonal diffusion along trigeminal sensory pathways into brainstem
regions. After accessing the CNS, our data suggests that orexins activate basal forebrain
cholinergic neurons via the orexin-1 or orexin-2 receptor. Excitation of these neurons by
orexins ultimately increases acetylcholine efflux within the prefrontal cortex, a putative
neurochemical correlate of attention. We also observed that intranasal orexin-A
administration increases neuronal activation of excitatory pyramidal neurons and decreases
neuronal activation of inhibitory parvalbumin-positive GABAergic interneurons within the
prefrontal cortex. This dichotomy may ultimately arise from orexin-2 receptor mediated
excitation of parvalbumin-positive GABAergic neurons within the basal forebrain. These
inhibitory projections neurons of the basal forebrain preferentially synapse onto cortical
GABAergic interneurons. Finally, we observed that intranasal orexin-A administration can
activate brainstem neurons of the pedunculopontine tegmental nucleus, which may also
modulate activity within the basal forebrain and/or cortex.
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