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Chapter 1
Transnasal Induction of Therapeutic 
Hypothermia for Neuroprotection

Raghuram Chava and Harikrishna Tandri

Abstract Effective control of core body temperature and producing hypothermia is 
the standard of care for comatose patients with cardiac arrest and also in neurogenic 
fevers. Nasopharyngeal space has been a region of great interest to induce therapeu-
tic hypothermia for a long time. This is primarily due to the favorable location of the 
nasal heat exchanger directly beneath the brain, the main target for hypothermia. 
This chapter focuses on achieving therapeutic hypothermia of the brain and core 
body temperature by using transnasal dry air.

Keywords Therapeutic hypothermia · Selective cerebral cooling · Transnasal 
cooling

Nasopharyngeal space has been a region of great interest to induce therapeutic hypo-
thermia for a long time. This is primarily due to the favorable location of the nasal heat 
exchanger directly beneath the brain, the main target for hypothermia. Nasal heat 
exchanger is a highly evolved system and has undergone significant evolutionary 
changes. The architecture of the nasal passages, the size of the turbinates (primary site 
for heat exchange) vary significantly among species and within the same species 
based on the environment. In human beings, people inhabiting the polar zones often 
have long nasal passages and complex nasal turbinate morphology that enables opti-
mal conditioning of the inspired air, a prerequisite for the health of the lower respira-
tory tract. People in the tropical climates typically have shorter and wider nasal 
passages as conditioning is less of a burden in hot humid climates. The nasal mucosa 
is also highly evolved and is supplied by a rich plexus of venous channels which form 
submucosal sinusoidal spaces that are optimal for heat exchange [1]. Both the internal 
and external carotid arteries supply the nasal cavity. The anterior and posterior eth-
moid arteries, both branches of the internal carotid artery system supply the upper 
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nasal septum and nasal sidewalls. The superior labial branch of the facial artery sup-
plies the front part of the nose. The sphenopalatine artery, a branch of the external 
carotid system supplies most of the back of the nasal cavity.

The nasal turbinates have high capacity to engorge and increase significantly in 
surface area to promote heat exchange. Nasal mucosa also has a rich submucosal 
goblet cell layer that secretes nasal mucus. Evaporation of nasal mucus is the pri-
mary mechanism that drives the heat exchange function of the nose. Nasal mucosal 
glands are capable of secreting up to 1 mL/min of mucus fluid. An average person 
breathing 6–7 L/min consumes evaporates up to 600 mL of water in the nasal cavity. 
Ninety percent of this evaporated water condenses back on to the nasal mucosa dur-
ing expiration as the expired air is colder than the mucosal surface. Thus, the nasal 
mucosa conserves water loss. Mucus production is significantly increased on expo-
sure to irritants, dry air, increased nasal osmolarity and cold weather, thus increas-
ing humidification in such settings. The cranial sinuses such as the maxillary and 
ethmoid sinus also participate in heat exchange. The internal carotid artery enters 
the spend air sinus and traverses the venous sinusoidal space in this region. In ani-
mals with “carotid rate” an intricate network of connections between the venous 
sinuses and the carotid artery, this arrangement favors significant exchange of heat 
from the cerebral arteries to the venous sinuses resulting in selective cerebral cool-
ing. This has not been demonstrated in mammals without carotid rate, which 
includes humans. However, it is undeniable that the proximity of the nasal heat 
exchanger does favor local conductive cooling to critical deep brain structures and 
makes it enticing to exploit this for inducing hypothermia.

Several investigators have explored the possibility of inducing hypothermia 
through the nasopharynx. Most of the methods relied on instilling cold fluids in to 
the nasal cavities to cool the nasal mucosa which will in turn cool the paranasal 
space. Covaciu et al. used cold saline irrigated through a series of thin walled bal-
loons deployed in the nasal cavities of awake volunteers [2]. Balloons were inserted 
under local anesthesia. Saline at 4 °C was circulated through the balloons. Volunteers 
underwent MR thermography to assess changes in brain temperature. Over a period 
of 2 h, up to 2 °C reduction in brain temperature was noted. Except for nasal ery-
thema and discomfort there were no adverse events. No changes were noted in core 
rectal temperatures in the volunteers suggesting that this was selective cerebral 
cooling. This was the first study to use MR thermography to assess regional brain 
temperatures during nasopharyngeal cooling.

Andrews and Harris et al. [3] used flow of ambient air twice the patients minute 
ventilation in brain injured patients and noted a small decline in brain temperature. 
The authors used nitric oxide (NO) to promote vasodilation of the nasal mucosa. The 
temperature of the air was 23 °C with a relative humidity of ~30–35%. Brain tempera-
ture was measured using a Camino catheter placed in the prefrontal cortex. Core tem-
perature was measured using an esophageal probe. The intervention lasted for 5 min 
and the mean airflow was 17.7 LPM. A small but clinically insignificant of 0.2 °C 
decline in cerebral temperature was note by the investigators which led them to con-
clude that selective cerebral cooling does not occur. It will be clear in the later part of 
this report as to why this study failed to show changes in brain temperature.

R. Chava and H. Tandri
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1.1  Rhinochill

The most promising technology to date that has been studied well in acute brain 
injury is “Rhinochill” which uses a coolant spray delivered to the nasal cavity that 
is evaporated by high flow of oxygen [4]. The Rhinochill device (Fig. 1.1) consists 
of a control unit, a source of compressed oxygen and the coolant bottle which is a 
proprietary perflurocarbon (PFC). A pair of elongated nasal tubes that are inserted 
in to the nostrils delivers PFC directly to the turbinates. High flow of oxygen deliv-
ered through the tubing set evaporates the PFC that is sprayed in to the nostrils. 
Rhinochill device has been tested in cardiac arrest [4–7] and in the neurocritical 
care [8] (NCCU) settings and shows promise in reducing brain temperatures selec-
tively at least in the NCCU cohort. The coolant, a perflurocarbon, has a very low 
boiling point and belongs to a class of chemicals that are biologically non-reactive. 
Latent heat of vaporization of the coolant is approximately 85 kJ/kg which is the 
dominant mechanism behind the heat loss by evaporative cooling in the nasophar-
ynx. In a randomized large out of hospital cardiac arrest study in 200 patients, 
Rhinochill showed the ability to initiate cooling during resuscitation prior to return 
of spontaneous circulation, and showed small but significant lowering of tympanic 
and core temperature in the cooled subjects. No significant adverse effects were 
observed except for a “white nose” due to excessive cooling which returned to base-
line with discontinuation of cooling. In a study in the neurocritical care setting 
where brain temperature monitoring was feasible, Rhinochill demonstrated a gradi-
ent of cooling with maximal cooling occurring in the brain tissue followed by the 
core body temperature measured in the bladder with a difference of up to 
0.5 °C. Further there was also a favorable reduction in the intracranial pressure in 
brain cooled patients.

Despite positive encouraging studies, and the feasibility studies some concerns 
with the use of PFC remain a hindrance to its widespread use. PFC chemicals are 
among the least acutely toxic compounds known, although they are known to be 

Fig. 1.1 Rhinochill device
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potent immunomodulators and inhibit white blood cell chemotaxis at femtogram 
concentrations [9–11]. PFC has also been linked to carcinogenicity in smaller stud-
ies and the EPA considers PFC as a toxic substance with detrimental biologic effects 
[12]. Other than the biologic effects, the PFC has resulted in inadvertent freezing 
injury of the nasal mucosa which does not completely resolve in all patients with 
cessation of cooling [6]. Other complications include direct injury of the nasal 
mucosa by the long nasal cannula and pneumocephalus as the cannulas are inserted 
by non-specialized medical personnel [13].

Finally, the cost of PFC is prohibitive for use in the ambulance, which is gener-
ally a low resource setting. Duration of nasopharyngeal cooling in their clinical trial 
has been 60 min, and the amount of refrigerant per-patient used was approximately 
3.5 L [5]. This would amount to at least $2000 for the consumables alone per hour 
of use which poses significant strain on the EMS. Rhinochill device is currently not 
approved for use in the United States.

1.2  Transnasal Evaporative Cooling Using Dry Air: 
(CoolStat Device)

Evaporative heat loss is a very well understood thermodynamic phenomenon and 
the human body is uniquely designed to exploit this mechanism for thermoregula-
tion. Evaporation of nasal mucus is fundamental to the humidification of the inspired 
air by the nasal turbinates and this process can be harnessed to promote heat loss. 
The latent heat of evaporation of water is 2257 kJ/kg which is among the highest in 
all known fluids. Einer-Jensen et al. [14] were the first to demonstrate cerebral cool-
ing in intubated pigs by flushing the nostrils with air at high flow rates. However, the 
authors concluded that this was due to the presence unique vascular plexus in the 
pigs (“rete mirabile”) and the underlying determinants of the cooling were not 
appreciated. We performed similar experiments in intubated porcine animals and 
showed that the primary mechanism behind heat loss is the evaporation of nasal 
mucosal water [15]. The determinants of water evaporation by a dry gas such as the 
air flow rate and the air humidity govern the cooling response. We not only showed 
that uniform cerebral cooling occurs (Fig. 1.2), but also systemic cooling ensues 
with continued exposure to dry air. Humidification of the inspired air abolished the 
cooling response thus proving that water evaporation is key to this process. Rates of 
cerebral and systemic cooling in pigs using dry air are comparable to the published 
perflurocarbon based cooling results. Based on the success of cooling in animals, 
we performed a human proof of concept study using a prototype device (CoolStat, 
Fig. 1.3) in 16 intubated subjects in the peri-operative setting (unpublished data) 
which showed 0.7 °C of reduction in core esophageal temperature over a 1-h period 
which is comparable to the human data published using the PFC based cooling 
device. A clinical trial in patients is currently underway to validate this method in 
the setting of fevers in the neurocritical care unit using this novel device.

R. Chava and H. Tandri



5

Fig. 1.2 Uniform cooling of a porcine brain using high flow dry air. Shown in the panel in the left 
top corner is an MRI image of a pig brain in the black circle. On the right is shown the same image 
over 10 min of dry air flow at 60 LPM through the nostrils. The brain gradually and uniformly 
cools (black arrows) and note the cooling of the oral nasal cavity. In the bottom left corner is direct 
measurements of temperature via thermocouples placed in frontal, parietal and temporal cortex 
showing uniform and rapid brain cooling

Fig. 1.3 CoolStat Device

1 Transnasal Induction of Therapeutic Hypothermia for Neuroprotection
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In conclusion, transnasal cooling has gained significant interest and acceptance 
mainly due to emergence of PFC based cooling in the recent years. This has the 
potential to induce hypothermia in an out of hospital setting that is particularly 
attractive in conditions such as cardiac arrest and traumatic brain injury where early 
intervention has shown significant neuroprotection at least in animal studies. Large 
scale clinical trials are needed to evaluate the impact of these new devices on sur-
vival and neuroprotection in threatened brain injury.
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Chapter 2
Hypoxia-Primed Stem Cell 
Transplantation in Stroke

Zheng Zachory Wei, James Ya Zhang, and Ling Wei

Abstract Spanning the past decade, stem cell research has made rapid progress, 
and stem cell transplantation in stroke has emerged as a promising treatment. 
Clinical applications of the cell-based therapy can benefit from the protective mech-
anisms of ischemic/hypoxic preconditioning. Genetic engineering techniques have 
been applied to the development of novel stem cell lines and augmenting the dif-
ferentiation potency of different stem cells, which may ultimately provide far- 
reaching applications for translational studies, as well as developmental and 
pathological models.

Keywords Mesenchymal stromal cells · Neural progenitor cells · Pluripotent stem 
cells · HIF-1α · Hypoxic preconditioning

Spanning the past decade, stem cell research has made rapid progress, and stem cell 
transplantation in stroke has emerged as a promising treatment. Clinical applica-
tions of the cell-based therapy can benefit from the protective mechanisms of isch-
emic/hypoxic preconditioning. Genetic engineering techniques have been applied 
to the development of novel stem cell lines and augmenting the differentiation 
potency of different stem cells, which may ultimately provide far-reaching applica-
tions for translational studies, as well as developmental and pathological models.

Hypoxic and ischemic models are widely used in the research and develop-
ment of new drugs and clinical therapy. Hypoxic and ischemic conditioning 
induced by a sublethal stimulus is an adaptive effect that confers enhanced 

Z. Z. Wei · J. Y. Zhang 
Department of Anesthesiology, Emory University School of Medicine, Atlanta, GA, USA 

L. Wei (*) 
Department of Anesthesiology, Emory University School of Medicine, Atlanta, GA, USA 

Department of Neurology, Emory University School of Medicine, Atlanta, GA, USA
e-mail: lwei7@emory.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16715-8_2&domain=pdf
mailto:lwei7@emory.edu


10

resistance to subsequent injuries that would have otherwise been lethal. 
Conditioning treatments on remote tissues or organs (remote conditioning) 
demonstrate great therapeutic  efficacy with high translational potential. 
Transplantation of hypoxia-preconditioned cells is one of the feasible strategies 
that incorporate hypoxic tolerance in clinical applications. Hypoxic precondi-
tioning and stem cell therapy display tremendous synergistic benefits in pre-
clinical and clinical studies [1].

Ischemic/hypoxic preconditioning involves many endogenous defense mecha-
nisms to induce cellular tolerance and therapeutic potentials. Preconditioning trig-
gers include hypoxia/anoxia or exposure to agents such as apelin, carbon monoxide, 
cobalt protoporphyrin, diazoxide, erythropoietin (EPO), hydrogen dioxide (H2O2), 
heat shock protein (Hsp), hydrogen sulfide (H2S), insulin-like growth factor-1 (IGF- 
1), isoflurane, lipopolysaccharide, and stromal-derived factor-1 (SDF-1).

After an effective preconditioning strategy, intranasal delivery of stem cells 
following ischemic stroke can be delivered into the brain within 24 h of stroke 
onset. Cells are able to reach the ischemic cortex and deposit outside of blood 
vessels as early as 1.5 h after administration. In hypoxia-primed stem cell trans-
plantation for stroke, the transplanted preconditioned cells have a multitude of 
superior attributes, including: (a) enhanced survival and migration to replace 
damaged tissue, (b) suppression of inflammatory cytokines and downregulation of 
host immune responses against the allograft, (c) increased trophic factors and 
stimulation of regenerative healing to promote recovery. Notably, transplantation 
of preconditioned cells improved homing and integration to the lesion site. There 
is also greater integration of stem cells due to enhanced maturation and differen-
tiation and the potential ability to promote host angiogenesis, arteriogenesis, neu-
rogenesis, and synaptogenesis.

Stem cell and progenitor cell-based therapies using mesenchymal stem/stromal 
cells (MSC), endothelial progenitor cells (EPC), hematopoietic stem cells (HSC), 
oligodendrocyte progenitor cells (OPC), pluripotent stem cells (PSC) and c-kit+ 
cell population have been under extensive pre-clinical and clinical investigations for 
a variety of disorders.

Pluripotent  stem cells PSCs, such as embryonic stem cells (ESC), are able to 
make cells from all three germ layers and have the potential to generate any cell/
tissue for regeneration. Regardless of their cell source, PSC are capable of self- 
renewal and give rise to multiple specialized cell types in vitro and after transplanta-
tion. Human cell lines derived from ESC, as well as the creation of adult-induced 
pluripotent stem cells (iPSC) that allow for autologous applications for disease 
treatments, are most promising in stem cell therapy [2].

This chapter mainly discusses the potential applications of ESCs derived from 
the inner mass of blastocysts, iPSC reprogrammed from somatic cells, and adult 
MSCs available for intranasal treatment delivery. Generally, preconditioning of 
these cell types enhances cell adhesion and increased differentiation into vascula-
ture. Hypoxia may promote neural differentiation of the above stem/progenitor 
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cells. In addition, ESCs and iPSC are being combined with gene-editing tech-
niques, which enable not only enhanced cell replacement, trophic support, drug 
delivery, immunomodulatory and anti-inflammatory effects, but also checkpoints 
and quality control functions for many on-going clinical trials. Genome editing 
greatly expands the understanding of pathological processes by studying cellular/
disease models, as well as human cells and tissue, in which the programmable 
nucleases can directly correct or introduce genetic mutations. Compared to tradi-
tional drug therapy, therapeutic genome editing strategies provide an alternative 
method to treat both genetic diseases and acquired diseases that have genetic 
associations.

Strokes are devastating disorders that have complex pathophysiology that 
arise from a primary hypoxic insult. The initial insult causes a dysfunction of 
energy metabolism followed by massive cell death, glutamate excitotoxicity, 
free radical damage, reactive gliosis, activation of apoptotic cascades, acute and 
chronic inflammation, and other pathological pathways [3]. Hypoxia precondi-
tioning applied to stem cells have been shown to enhance resistance to those 
injurious insults. The hypoxia-primed stem cells can increase pro-survival and 
anti-inflammatory signals, hypoxia-inducible factor (HIF)-1, trophic/growth 
factors, protein kinase B (Akt), extracellular signal-regulated kinase, glycogen 
synthase kinase-3β, matrix metalloproteinase- 2, survivin, and B-cell lymphoma 
2 (Bcl-2). HIF-1α and HIF-1β are nuclear factors with central roles in hypoxic/
ischemic preconditioning and neuroprotection against ischemic injury. As a 
low-oxygen sensor, its translocation and activation in the nucleus results in pro-
duction of several downstream genes such as CC chemokine receptor-7 (CCR-
7), C-X-C chemokine receptor type 4 (CXCR-4), EPO, lactate dehydrogenase 
A, c-Met, matrix metalloproteinase-9 (MMP-9), pyruvate dehydrogenase 
kinase-1, sodium-calcium exchanger-1, uncoupling protein-2, and vascular 
endothelial growth factor (VEGF). HIF-1α stabilization also induces activation 
of protein kinase C (PKC) through mitochondrial mechanisms. PKC activates 
nuclear factor-kappa B (NF-κB) signaling, further enhances antioxidant and 
anti-apoptotic genes such as manganese superoxide dismutase (MnSOD) and 
Bcl-2, and promotes secretion of brain-derived neurotrophic factor (BDNF), 
FGF, and VEGF [4].

In adult animals after fetal tracheal occlusion, the blood pressure drops to an 
extremely low level within several minutes, triggering severe physiological 
responses. During these conditions, respiratory rate and cardiovascular activity 
enter an adaptive state. In many moderate to severe ischemic events, oxygen balance 
and collateral blood flow are controlled to be compensatory responses and the pro-
tective mechanisms are activated. Preconditioning harnesses these physiological 
responses in order to artificially provide equal and sometimes greater benefits than 
these organic controls. Sublethal ischemic events enhance tolerance to lethal isch-
emia in the brain and other organs. After preconditioning, neuroplasticity and 
hypoxic/ischemic adaptation can be induced, which involves changes in physiology, 
neurochemical, and neuroelectrophysiological properties [5].

2 Hypoxia-Primed Stem Cell Transplantation in Stroke
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2.1  Stem Cells for Intranasal Cell Therapy

Some recent improvements include: (a) Transplantation of lineage-committed, 
fully-differentiated cells. Generation of pure and differentiated specific type of cells 
are still needed. To eliminate the risk of tumorigenesis, quality control has been 
applied to the genetic properties of transplanted cells. Suicidal gene knock-in cells 
are ready for the elimination of potentially tumorigenic cells. (b) Development for 
high-quality stable cell lines. Standard operating procedures are developed to detect 
genetically-unstable cells and cancer stem cells. (c) Continuous control of trans-
planted cells. Technological advances and increasing corroboration from human 
studies allow the continuous monitoring of the exogenous cells and preventing 
tumor formation. (d) Reducing transplant rejection. The concern is that the cells 
after transplantation might trigger delayed transplant rejection. This concern is par-
tially resolved now by utilizing autologous MSCs from the host’s bone marrow, 
adipose tissue, and others, and differentiating iPSC reprogrammed from the host’s 
own somatic cells. Alternatively, MSCs are low immunogenicity cells and show 
immunosuppressive effects after transplantation.

Ischemia/hypoxia and reactive oxygen species (ROS) are common players in 
tumorigenesis, stemness of cancer stem cells, and tumor progression [6]. The niche 
of cancer stem cells identified within many types of tumors or hematological can-
cers demonstrates hypoxic environment and low ROS conditions. Enforced tumoral 
expression of CD24, CD133, erythropoietin (EPO), HIF-1/MMPs, Janus kinase 
(JAK)/signal transducer and activator of transcription (STAT), Kruppel-like factor 4 
(KLF-4), NANOG, nestin, Notch signaling, octamer-binding transcription factor 4 
(OCT-4), SNAIL1, sodium calcium exchangers, transforming growth factor-1 
(TGF-1), mothers against decapentaplegic homolog-4 (SMAD-4), and VEGF are 
found under the hypoxic lower-ROS conditions. HIF-1 and VEGF are two anti- 
tumoral angiogenic targets (e.g. anthracycline chemotherapy), which facilitate 
mobilization of circulating progenitors to the tumor angiogenesis. Hypoxia also 
induces stemness via reprogramming. The involved molecules in MSCs are fibro-
blast growth factor-2 (FGF-2), miRNA-302, NANOG, Notch-1, and OCT-4.

Stem cells provide developmental and pathological models. Based on cell 
potency and cell types, stem cells are classified as totipotent cells, naïve pluripotent 
stem cells, primed pluripotent cells, and tissue-specific multipotent stem cells. (a) 
Totipotent cells. Characteristic of the zygote, early blastomeres, and further repro-
grammed/extended PSCs develop into all tissues, including extra-embryonic tissue. 
(b) Naïve stem cells. In a ground state, they harbor the prerequisite potential to dif-
ferentiate into all embryonic lineages and develop into chimeric blastocysts. They 
possess high clonogenicity and do not carry specification markers. Naïve stem cells 
display greater levels of pluripotency marker proteins, including OCT-4, NANOG, 
SOX-2, KLF-2, and KLF-4. (c) Primed pluripotent cells. e.g. human ESC. They do 
not produce chimeras, express an FGF-5 specification marker and have low clono-
genicity. Primed pluripotent cells lose KLF-2 and KLF-4 expression. (d) Tissue- 
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specific multipotent stem cells. They have the least differentiating potency among 
all stem cell types, with the ability to form tissue-specific cell types.

Cell sources in stem cell therapy may include: (a) ESC. They are a useful tool for 
exploring early embryonic development, modeling pathological processes of dis-
eases, and developing therapeutics through drug discovery and potential regenera-
tive medical treatments. ESC have very high differentiation efficiency into various 
transplantable progenitors/precursors and terminally differentiated neuronal and 
glial cell types, including cortical glutamatergic, striatal ƴ-aminobutyric acid 
gamma aminobutyric acid (GABA)-ergic, forebrain cholinergic, midbrain dopami-
nergic, serotonergic, and spinal motor neurons, as well as astrocytes and oligoden-
drocytes. (b) iPSC. They are pluripotent cells that are artificially de-differentiated 
from adult somatic cells by several transcription factors or small-molecule com-
pounds, which are obtained from patients, and then banked and stored. They harbor 
much less ethical concern and opposition, and they minimize the risk of immune 
system rejection [7]. They are amenable as donor cells for cell replacement therapy, 
disease modeling, and drug screening. (c) MSC. They are from the bone marrow, 
adipose tissue and some other tissues. In stroke therapy, they show immunomodula-
tory and anti-inflammatory effects. Clinical trials demonstrate safety and feasibility 
of MSC transplantation in acute and chronic stroke with no tumorigenicity reported 
following cellular transplantation [8, 9]. (d) Fetal NPC. They differentiate into func-
tional neurons and multiple types of neuroglia, allowing for the identification of 
specific neurodevelopmental processes related to the pathophysiology of develop-
mental disorders. Fetal hNPC were investigated in clinical trials for the treatment of 
spinal cord injury (SCI) and age-related macular degeneration (AMD), but the 
safety has not yet been verified.

2.2  Conditioning Medicine and Cell Survival Mechanisms

Hypoxia, ischemia, or limited oxygen levels in different parts of the body all 
induce systemic changes under some microenvironmental conditions. For exam-
ple, individuals in mountainous regions show adaptation to a lower oxygen level 
to maintain normal physiological functions for plateau residents at higher eleva-
tions. Neuronal activities consume a large amount of oxygen and glucose for 
maintenance of normal brain activities. Ischemic/hypoxic insults are more likely 
to have a greater deleterious effect within the brain. They are also more likely to 
cause a greater extent of damage in adult brains, as compared with embryos and 
newborns. In the body, the bone marrow cells survive well in the physiologically 
hypoxic conditions (1–6% O2 in the bone marrow) and are potentially homing to 
the ischemic/hypoxic regions.

HIF-1 is a critical mediator in ischemia/hypoxia and ROS-induced responses. 
Under hypoxia, HIF-1 is involved in the activation of cytokines/chemokines, tran-
scription factors and microRNAs (e.g. miRNAs-34a, 210, 214) for cell survival, 
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metabolic adaptation, mitophagy, and mitochondrial biogenesis, and regulation of 
neurotrophic/angiogenic factors. HIF-1 isoforms upregulate β-catenin transcrip-
tion and activate multiple proteins, including the activator protein 1, aryl hydro-
carbon receptor (AhR), AhR nuclear translocator, bone morphogenetic protein 
(Bmp), cAMP response element-binding protein (CREB), cystathionine ƴ-lyase, 
cAMP- 1- activated exchange protein Epac-1, forkhead box O3 (Foxo3), and eleva-
tion in hypoxia response element, MMPs, and sex-determining region Y box 
(SOX)-1. They also increase the expression of glucose-6-phosphate transporter, 
glucose transporter 1/3. HIF isoforms are coactivator of cell growth and autoph-
agy regulator mechanistic target of rapamycin (mTOR), parkinsonism associated 
deglycase PARK7, multifunctional protein pyruvate kinase isozymes M1/M2 
(PKM1/2).

2.3  Mitochondrial Mechanisms in Stem Cell and Stroke 
Treatment

Preconditioning results in better survival of bone marrow mesenchymal stromal 
cells and neural progenitor cells in vitro and/or after transplantation. This is particu-
larly relevant for cell therapy because the survivability of transplanted cells is the 
primary issue after the cells are transplanted into the ischemic brain. Mitochondrial 
adaptation is one of the important protective mechanisms in preconditioned stem 
cells and stroke treatment [10, 11].

Mitochondrial ROS production triggered by H2O2, H2S, and/or CO in ischemic 
brains and transplanted MSCs can induce ischemic/hypoxic tolerance mechanisms. 
Heme oxygenase-1 inducer cobalt protoporphyrin IX (CoPP) induces generation of 
endogenous CO and increases H2O2 to trigger the tolerance. Other antioxidant gene 
mediators include COX-2, Nrf2, and stanniocalcin-1. These protein/enzymes in the 
transplanted cells, as well as in the surrounding tissue, can retain survival signals, 
maintain cellular ion homeostasis, and regulate the balance between oxidative stress 
and glycolytic metabolism in mitochondria.

Decreased energy demands prevail under hypoxic and ischemic conditions as a 
compensatory response. However, severe ischemia-induced massive neuronal cell 
death, and endothelial/extracellular matrix (ECM) damage causes disruption of the 
blood-brain barrier. Ischemia/hypoxia-upregulated heat shock proteins (Hsp) includ-
ing Hsp70 and Hsp90 can inhibit the mitochondrial release of second mitochondria- 
derived activator of caspase and prevent activation of caspase-9 and caspase-3. 
Hsp90 and Hsp70 may form a complex with Cx43 and facilitate the translocase of 
the outer membrane 20 (TOM20)-mediated translocation of Cx43 onto inner mito-
chondrial membranes. Hypoxic conditioning-induced HIF-1α stabilization reduces 
oxidative phosphorylation, leads to the opening of mitochondrial KATP channels and 
activates PKC.
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2.4  Post-ischemic Flow Recovery

Reduction of blood oxygen and glucose levels, or an ischemic event caused by 
occlusion of blood vessels in the brain impact neuronal cell survival and neural 
function. Conditioning shows great benefits of neuroprotection and local cerebral 
blood flow recovery. Manipulation of hypoxic preconditioning, perconditioning, 
and postconditioning within the sublethal range in physiological and pathological 
conditions all show priming effects of improving the tolerance of cells, tissues, and 
the whole body from recent, on-going, and future insults.

Paracrine release of VEGF and EPO stimulate endogenous arteriogenesis, angio-
genesis, and neurogenesis after ischemic stroke. HO-1/CO and SIRT1/eNOS/NO 
that regulate the cerebral vasodilation may also contribute to collateral circulation 
and flow recovery. Many genes of angiogenesis and arteriogenesis may be involved 
in the stem cell benefits and post-ischemic flow recovery (Table 2.1).

Hypoxic conditions induce the mobilization of endogenous stem cells. An isch-
emic insult to the cortex markedly increases SDF-1 in the ischemic region, a che-
moattractant for directional migration of neuroblasts expressing CXCR-4. Hypoxia 
can also induce migration in various types of cells, including BMSC, cardiac SCA- 
1+ progenitors, ESCs/iPSC, NSC, and some tumor cells. The SDF-1/CXCR-4 axis 
and hypoxia are mediators for MSCs/EPC migration in the bone marrow, the periph-
eral blood, and many other organs. Activated SDF-1/CXCR-4 axis and monocyte 
chemoattractant protein 1 (MCP-1)/C-C chemokine receptor type 2 (CCR2) play 
important roles in migration of NPC and EPC after ischemic stroke, which direct 
the migrating neuroblasts to the infarct region for regeneration of the neurovascular 
network. Similarly, as treatment for myocardial infarction, hypoxia-induced upreg-
ulation of CXCR-4 in CD34+ stem/progenitor cells facilitated recruitment of donor 
CD34+ cells to the heart to protect against ischemia-reperfusion injury.

Mobilization of stem cells from the bone marrow demonstrates great therapeutic 
potentials. Bmp, EPO, granulocyte colony stimulating factor (G-CSF), and interleu-
kin- 10 (IL-10) mobilize endogenous bone marrow cells from the bone marrow, 
increase the homing and differentiation of NSC (originated from the neurogenic 
niches within the brain) and MSCs into the peri-infarct regions, and exert neuropro-
tective effects to promote stroke recovery and mitigate stroke damage. G-CSF 
mobilizes CD34+ hematopoietic stem cells and reduces microglial activation. 
Fasudil, an inhibitor of Rho kinase, is used to increase the G-CSF level for mobili-
zation. In chronic hypoxia secondary to pulmonary hypertension, when migratory 
adaptation to SDF-1 and cell adhesion are significantly inhibited, hypoxic EPCs 
with both upregulated VEGFR-2+ and CXCR-4+ are insufficient for vascular 
remodeling. Enhancement of EPO/EPOR is demonstrated to attenuate hypoxia- 
induced pulmonary hypertension, while EPOR (−/−) mice display failed mobiliza-
tion of EPCs to pulmonary endothelium for repair [12]. MMPs and natural MMP 
inhibitors are involved in ECM stabilization, glial activation, and regulation of 
migratory factors for stem cells and some other cells.
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Preconditioning with growth factors including FGF-2, glial cell line-derived 
neurotrophic factor (GDNF), IGF-1, SDF-1, and transforming growth factor-alpha 
(TGF-α), enhances paracrine effects. Upregulated factors may include angiopoi-
etin- 1, BDNF, EPO, FGF-2, GDNF, hepatocyte growth factor, MMP-2, placental 
growth factor, SDF-1, and VEGF. Treatment effects include: reduction of neurotox-
icity and cell apoptosis, promotion of angiogenesis, neurogenesis, and synaptogen-
esis, and attenuation of functional and pathophysiological decline. Secreted factors 
also benefit the engraftment of stem/progenitor cells by enhancing cell survival, 
differentiation, and integration.

Enhancement of migration and homing of transplanted cells are relevant to the 
efficacy of cell-based therapy. Homing and promoted paracrine activity of endoge-
nous stem cells as well as transplanted cells greatly contribute to flow recovery [13]. 
Plasma levels of SDF-1α and VEGF significantly increase during the subacute 
phases of ischemic stroke. Increased VEGF and SDF-1  in peripheral blood are 
involved in recruitment of EPC.

SDF-1/CXCR-4/CXCR-7 axis are well-known players in many cellular, physi-
ological, and pathological processes, such as cell proliferation, migration, chemo-
taxis, inflammation, neurogenesis, angiogenesis, and hematopoiesis. In the 
peri-infarct regions of ischemic stroke, SDF-1 increases and interacts with 
CXCR-4/CXCR-7+ cells, leading to neurogenesis and neurovascular repairs. 
Upregulation of CXCR-4 and hepatocyte growth factor receptor, and activation of 
extracellular signal- regulated kinase (ERK), PI3 kinase-AKT, or PLCγ-PKC, 
MMP-2, and MMP-9 in MSCs by preconditioning insults enhances the migration 
and homing.

Circulating VEGF, TNF-α, and IL-8 also impact the recruitment of c-Kit+/
Tie- 2+ EPCs, CD34+ HSCs and MSCs towards the infarcted area. VEGF-A is 
an apoptosis inhibitor of vascular smooth muscle cells controlled by TGF-β/
SMAD-3 signaling [14]. TGF-β signaling and TGF-β family genes such as 
Bmp4, Nodal, and Tgfb2 promote proliferation of endothelial cells and vascular 
smooth muscle cells for angiogenesis and arteriogenesis. VEGFR-1/Flt1 and 
VEGFR-2/Flk1 are essential for the mobilization and sprouting angiogenesis. 
Many chemokine and angiogenic genes are upregulated after hypoxic induction 
on bone marrow-derived hemangioblasts, which promote differentiation toward 
endothelial lineage and promote neovascularization. These include: Sonic 
Hedgehog (SHH), miRNA-31, miRNA-132 and miRNA-720 may be involved in 
EPC-mediated angiogenesis and neovascularization induced by angiopoietin-1, 
Eph family receptor-interacting protein B2 (ephrin B2), HIF-1ɑ, methyl-CpG-
binding protein 2, Ras-GTPase-activating protein, SDF-1, and VEGF. Angiotensin 
II pretreatment activated the AT1R/HIF-1ɑ/ACE axis in rat BMSC and pro-
moted VEGF production and the angiogenic response. Some negative regulators 
include: adhesion G protein-coupled receptors, angiopoietin- 2/4, miRNA-377, 
Krueppel-like factor 4, leukemia inhibitory factor, Rho- associated protein 
kinases, semaphorins, and many others.
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2.5  Stem Cells and Neuroplasticity

During the long-term period following ischemic stroke, there are neurodegenerative 
processes with gradual losses of neurons and neural connections. These include the 
interactions between neurons, astrocytes, microglial cells, oligodendrocytes, and 
stem/progenitor cells. To achieve the goal for cell-based repairs, cell type-specific 
commitment and differentiation protocols are developed [15].

Enhanced migration of endogenous NPC from the lateral ventricle subventricu-
lar zone (SVZ) towards the lesion sites increased the potential for cortical regenera-
tion and repair. Wnt signaling players such as Wnt-3a, Wnt-5a, and Wnt-7a/b 
promote the neuroblast migration and differentiation contributing to neurogenesis, 
angiogenesis and neurovascular coupling. For example, intranasal delivery of 
Wnt-3a to the ischemic brain shows neuroprotection and greatly enhances neuro-
genesis, angiogenesis, and flow recovery [16, 17]. Another related factor in hypoxia 
preconditioned MSCs is Wnt-4, which modulates axonal growth. NSC and NPC in 
the adult brain proliferate and migrate from the two regenerative niches, the fore-
brain SVZ and the subgranular zone (SGZ) of the dentate gyrus in the hippocampus. 
Some other molecules that are shown to promote angiogenesis and arteriogenesis 
may also activate neural stem cells and neural progenitor cells stimulate regenera-
tive processes such as endogenous neurogenesis. These genes include but are not 
limited to: Ackr3, Atf2, Bmp4, Ccr2, Ctnnb1, Mapk14, Nfe2l2, Fgfr1, Fgfr2, 
Hmga2, Id3, Jag1, Notch1, Nr2e1, Runx1, Runx2, Shc1, Shh, Smad1, and Stat3.

Regenerative neuronal circuits after stroke in rodent models include: (a) the 
interneurons originating from migrating neuroblasts along the SVZ and rostral 
migratory stream, toward the peri-infarct regions, striatum and the olfactory bulb; 
(b) the SGZ neuroblasts differentiate and integrate within the hippocampus. Lipid 
accumulation, perturbation of the microenvironmental fatty acid metabolism, and 
inhibition of Wnt signaling and VEGFR signaling, have been shown to suppress the 
homeostatic and regenerative functions of NSC and NPC.  Inhibitor of CXCR-4 
such as Plerixafor (also known as age-related macular degeneration, AMD-3100) 
significantly increases VEGFR-2-positive cells in the peripheral blood, elevates 
SDF-1 levels, and promotes blood vessel formation in an ischemic flap model. 
Co-culture of neurons with SDF-1-secreting olfactory ensheathing cells after 
oxygen- glucose deprivation (OGD) treatment, an in vitro method of hypoxic/isch-
emic preconditioning, showed enhanced neurite outgrowth. In addition, SDF-1- 
overexpressed NPC derived from iPSC show enhanced axonal and synaptic growth, 
and increased numbers of NeuN/BrdU and Glut-1/BrdU co-labeled cells in peri- 
infarct regions after transplantation.

Hypoxia affects the NSC phenotype, cell differentiation, and regenerative repair 
activity. The proliferation and self-renewal of NSC are maintained under hypoxic 
conditions. HIF-1ɑ overexpression promotes NSC proliferation and differentiation 
after intracerebral hemorrhage and hypoxic/ischemic injury. Other related factors 
include: angiotensin II (Ang II), angiotensin-converting enzyme (ACE), Ang II 
receptor Type 1 (AT1R), EPO/EPOR, Leukemia inhibitory factor (LIF)/pSTAT-3, 
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LIF receptor (LIFR)/glycoprotein (gp130), Neurogenin-1/BMP-4, Notch-1, atypi-
cal protein kinase C/CREB-binding protein pathway, SOX-2, and VEGF/
VEGFR.  HIF-1α  is also required for neural stem cell maintenance in the adult 
mouse SVZ as well as for mouse embryonic stem cells toward a neural lineage.

Glial progenitor cells in the SVZ and the white matter proliferate and differenti-
ate after ischemia, which is further augmented by exogenous treatments, including 
epidermal growth factor (EGF), EPO, GDNF, memantine, and uridine diphospho-
glucose glucose, and by the enhancement of BDNF, SHH, VEGF, and Wnt signaling 
in the SVZ or in transplanted cells. MSCs may produce some other factors includ-
ing Ang-2, FGF, GDF-5, HGF, IGF-1, LIF, MCP-1, SCF, TGF-β, TIMP-1, TIMP-2, 
and TSP-1 [18].

Enhanced neuronal maturation, oligogenesis, and synaptogenesis by precondi-
tioning is an effective approach that is logically related to the regenerative efficacy 
of stem cell-based therapies. Hypoxic preconditioning increases secretion of growth 
factors and upregulation of their cognate receptors, such as CXCR-4, as well as 
greater expression of neuregulin-1 isotype β-1/ErbB4, neurofilament, stem cell anti-
gen 1, and synaptophysin. Neuregulin-1 isotype β-1/ErbB4 signaling protects OPCs 
during and after a hypoxic event in the white matter.

2.6  Inflammation, Immune Responses, and Regeneration

The increased inducible nitric oxide synthase (iNOS), an antioxidant genes, are 
involved in the regulation of cell fate in the inflammatory microenvironment. 
Preconditioned cells show inhibitory effects on cyclooxygenase production, and 
they reduce inflammation by releasing anti-inflammatory factors. In MSCs, down-
regulated expression of pro-inflammatory cytokines/chemokines and receptors 
include CC3, CC5, CC17, CCL4, CXCR3, CXCL10, IL-1β, IL-6, TNF-α, IFN-γ, 
and OX-42. Hypoxia-preconditioned MSCs suppress microglial activation and glio-
sis in the ischemic brain. MSCs inhibit T-cells and natural killer (NK) cells, and 
they reduce immune responses by decreasing proliferation of immunocytes. 
Activation of the transplanted cells may further suppress inflammatory and immune 
responses in host tissues.

Intranasal delivery of preconditioned stem cells improves motor recovery and 
promotes regenerative activities, which contribute to greater improvement in coor-
dination skills, neuropsychiatric, and cognitive functions. In the investigations on 
ischemic stroke models, there are significantly more NeuN-positive and NeuN/
BrdU-colabeled neurons, MBP myelination, and Glut1-positive and Glut1/BrdU- 
colabeled cells in the ischemic core and peri-infarct regions. Co-transplanting stem 
cells may promote revascularization via paracrine effects. Advanced methods are 
bringing new approaches for enhanced cell quality/adaptability and improved trans-
plantation therapy for human diseases.

Stem cell transplantation after ischemic stroke stimulates angiogenesis, amelio-
rates ischemia-hypoxia, and provides nutrient support. Intranasal delivery of BMSC 
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in the acute phase exerts neuroprotective benefits after ischemia. Hypoxic- 
preconditioned BMSC and neural progenitors showed significant increases in the 
survival of transplanted cells, homing to the lesion sites, neuronal differentiation, 
and functional benefits after stroke. Hypoxia-treated hMSC contain a secretive 
enrichment of trophic factors that provide a suitable preconditioning strategy for 
enhanced differentiation of endogenous NPC after transplantation.

Disease modeling and drug screening studies using iPSC allow for greater exper-
imental interrogation and convenience compared to transgenic animal models [19, 
20]. iPSC provide for the potential use of reprogrammed somatic cells from the 
patient to establish disease-relevant phenotypes in vitro and to simulate and reca-
pitulate the molecular signatures of pathogenesis during an early stage [21]. A 
 combination therapy with iPSC and genome editing is proposed as a new therapeu-
tic paradigm to introduce protective mutations, to correct deleterious mutations, to 
eliminate the antigenic/immunogenic signals in the iPSC, or to destroy foreign viral 
DNAs in the human body. Genome editing of iPSC uses programmable nucleases 
including (a) transcription activator-like effector nucleases (TALENs). In the 
absence of exogenous template DNA, the programmable nucleases create a double 
strand break (DSB) in desired regions, but due to the error-prone no homologous 
end joining (NHEJ) mechanism of re-ligation, an insertion/deletion (indel) mutation 
is frequently created at the DSB site. (b) Clustered regularly interspaced short pal-
indromic repeats (CRISPR)/Cas9 technology. To ablate the triple repeats, a pair of 
single-guide RNAs was applied to target both sides during the expansion. Other 
than NHEJ, the high-fidelity homology-directed repair (HDR)-based mechanism of 
genome editing is studied to treat deleterious loss-of-function mutations. HDR- 
based genome editing provides an exogenous repair template of a single-stranded 
oligodeoxynucleotide and a donor plasmid to correct a mutated allele to be wild 
type. It could also integrate therapeutic transgenes into a genomic safe harbor site.

Modified iPSC and its derived multiple cell types will be another useful cell 
source for treating stroke and many other neurological disorders. Here are unmet 
translational gaps that warrant further investigation: (a) Identification of MSC 
derived from iPSC. (b) Intranasal delivery of hypoxia-preconditioned MSC derived 
from iPSC. (c) Angiogenesis and arteriogenesis after transplantation. (d) Blood 
flow recovery. (e) Neuroplasticity after transplantation.
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Chapter 3
Therapeutic Potential of Intranasal Drug 
Delivery in Preclinical Studies of Ischemic 
Stroke and Intracerebral Hemorrhage

Qian Li, Claire F. Levine, and Jian Wang

Abstract Stroke is the leading cause of death in the United States. Both ischemic 
stroke and hemorrhagic stroke cause high mortality and morbidity, but few effective 
treatments are available clinically. The lack of therapeutics stems partially from the 
severe nature of stroke, which causes a cascade of events from low blood flow to 
neuronal death, to inflammation that can last for weeks. However, the biggest obsta-
cle to treatment is the blood-brain barrier (BBB), which blocks passage of most 
systemically delivered drugs into the brain. Noninvasive intranasal (IN) delivery 
enables drugs to rapidly bypass the BBB and minimizes exposure to the peripheral 
system. Thus, IN is a promising delivery route for treating central nervous system 
disorders, including stroke. In this chapter, we introduce the mechanism of neuro-
logic damage after stroke and describe the advantages and disadvantages of IN 
delivery. Additionally, we systematically review preclinical animal studies that have 
used IN to treat ischemic and hemorrhagic stroke and briefly discuss the status of IN 
delivery in clinical trials for stroke.

Keywords Intranasal delivery · Ischemic stroke · Intracerebral hemorrhagic stroke

3.1  Introduction

Stroke is the second leading cause of death worldwide and is thought to have 
affected approximately 6.7 million people in 2012 (http://www.who.int/mediacen-
tre/factsheets/fs310/en/). The most common type is ischemic stroke, which accounts 
for 85% of all stroke cases [1]. It occurs when a blood vessel in the brain is blocked 
by a clot or by severe narrowing. The result is critically reduced blood flow. 
Hemorrhagic stroke, which accounts for 15–20% of stroke cases, is caused by arter-
ies leaking blood or rupturing in the brain [2]. The resulting hematoma puts pressure 
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on brain cells and causes cell death. Hypertension, trauma, blood-thinning medica-
tions, and aneurysms increase the chances of hemorrhage. The third type of stroke 
is the transient ischemic attack (TIA), which is caused by a clot or debris that tem-
porarily interrupts arterial blood flow [3]. According to the Centers for Disease 
Control and Prevention (CDC), over a third of people who experience a TIA will 
experience a major stroke within a year if not treated (https://www.cdc.gov/stroke/
types_of_stroke.htm).

The gold standard for treating ischemic stroke is tissue plasminogen activator 
(tPA) [4], which dissolves clots and improves blood flow to the brain. Another treat-
ment option is mechanical thrombectomy, in which large clots are removed by a 
stent retriever [5]. For hemorrhagic stroke, the only option is to stop the bleeding 
surgically [5]. Not only are treatment options limited, the treatment window for 
stroke is also very short. For instance, tPA works for patients only within 3 h of 
onset [5], and inclusion criteria for tPA treatment are very strict (e.g., 18 years or 
older; clinical diagnosis of ischemic stroke with a measurable neurologic deficit; 
and <3 h since time of onset) [6]. Thus, more effective treatment methods and drugs 
are urgently needed.

Although stroke has been researched in preclinical studies for decades, and a 
variety of chemical, peptide, and genetic therapies have shown promise in animal 
models, few therapies have had success clinically. The obstacle to translating pre-
clinical success into clinical success is not just a matter of species differences. It is 
also a physiologic obstacle known as the blood-brain barrier (BBB), which prevents 
passage of toxic materials and infectious microbes, but also blocks entry of poten-
tially therapeutic drugs. Translational science needs a way to bypass the BBB and 
effectively deliver drugs to the brain [7]. Intranasal (IN) delivery is a promising new 
delivery route that was developed by Frey in 1989 [98]. With this approach, drug is 
delivered directly from the nasal cavity into the central nervous system (CNS) and 
bypasses the BBB [8]. IN delivery reduces systemic exposure, which thereby 
reduces side effects and boosts delivery efficiency. Even more important, it is rapid 
and noninvasive compared with other routes of delivery [8]. In this chapter, we 
introduce and review IN delivery and its application to translational and clinical 
stroke studies.

3.2  Mechanisms of Neurologic Damage after Stroke

When blood flow in the brain is critically reduced, ischemic neurons start to die 
from oxygen and glucose deprivation [7]. ATP shortage disturbs the function of 
energy-dependent membrane ion pumps (sodium, calcium, and potassium), leading 
to an influx of calcium ions [7]. The overload of intracellular calcium triggers the 
release of excitatory neurotransmitter glutamate, and leads to neuronal swelling. 
Excess calcium also generates free radicals and reactive oxygen species (ROS) and 
activates calcium-dependent enzymes (calpain, endonucleases, ATPases, etc.) caus-
ing apoptotic and/or necrotic cell death [7]. The acute damage to neuronal cells lasts 
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several hours. In the sub-acute and chronic phases, immune cells (microglia and 
other infiltrating cells) are recruited to the infarcted region and initiate inflammatory 
reactions. Pro-inflammatory cytokines are upregulated and induce cell death for the 
next several days to weeks, gradually increasing the infarct volume [7]. Therapeutic 
strategies can include removing glutamate, reducing ROS, decreasing inflamma-
tion, and modifying the polarization of microglia/macrophages [7, 9, 10].

In the case of hemorrhagic stroke, cells begin to die immediately after bleeding 
begins because of hematoma expansion and the consequent increase in intracranial 
pressure [11]. Secondary damage after intracerebral hemorrhage (ICH) results 
mainly from the leaked blood components and immune cell reactions [12–14]. 
Plasma-derived thrombin induces expression of prostaglandin E2 EP3 receptor and 
contributes to a pro-inflammatory response via RhoA [12], while blood degradation 
product hemoglobin releases free iron and causes neuronal cell death by increasing 
ROS. Activated resident microglia and astrocytes, as well as infiltrating leukocytes 
and macrophages, release cytokines, chemokines, prostaglandins, proteases, ferrous 
iron, and other immunoactive molecules that cause inflammation and secondary 
neuronal death [11, 15]. Neurons undergo cell death from mechanisms such as 
apoptosis, necrosis, and autophagy in the acute and sub-acute phases after ICH 
(until 7  days), but the inflammatory response lasts for over 2  weeks and subse-
quently increases brain edema, BBB damage, and lesion volume [11]. Therapeutic 
strategies include decreasing neuronal ROS and iron toxicity, reducing inflamma-
tion, and modifying the polarization of microglia/macrophages [12–14, 16, 17].

3.3  Intranasal Drug Delivery

Three structural components separate brain and blood flow: the BBB, the blood- 
cerebrospinal- fluid barrier (BCSFB), and the arachnoid membrane [7]. Considering 
that the surface area of the BBB is more than 1000-fold greater than that of the 
BCSFB or arachnoid membrane, the BBB is the primary barrier to delivery of drugs 
to the CNS [7]. The BBB separates circulating blood from the brain’s extracellular 
fluid with a layered structure—endothelial cells, capillary basement membrane, 
pericytes, and astrocyte endfeet tightly surround the capillaries and form a sheath 
[18]. The permeability of this barrier is highly selective. Small lipophilic com-
pounds, such as O2 and CO2, can diffuse freely across the BBB along their concen-
tration gradients via tight junctions between the cells [18, 19]; larger molecules 
require active transport and carrier-mediated transport, such as efflux pumps, endo-
cytosis, paracellular transport, transcellular passive diffusion, and receptor- mediated 
transport [18, 20].

Owing to the highly selective nature of the BBB, classic drug delivery methods 
such as intravenous (IV), intraperitoneal (IP), and intra-arterial (IA) injections are 
quite inefficient. Most of the administered drug is excreted or metabolized in the 
kidneys, lungs, and liver. Indeed, <1% of drug administered through an IV injection 
reaches the CNS [21]. Moreover, these systemic routes of administration expose the 
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circulation and healthy tissue to the drug, thereby increasing the risk of adverse 
effects [8, 18]. Another option is to bypass the BBB entirely by using intracranial or 
intracerebroventricular injection. However these routes are invasive and costly, 
require hospitalization, are inherently risky, and cannot be used for long-term treat-
ment [18]. IN, in contrast, provides a safe, rapid, and convenient delivery method 
that is also low-cost and noninvasive. By bypassing the systemic circulation, IN 
delivery also reduces the risk of side effects.

IN-administered therapeutics may reach the CNS via direct and indirect path-
ways. With indirect transport, molecules first enter the lymphatic and vascular cir-
culation, after which they must cross the BBB to reach the brain [22]. Given the 
rapid speed with which drugs enter the brain after IN delivery (within minutes), 
increasing evidence indicates that drugs may actually be absorbed via the direct 
pathway, specifically through the olfactory and trigeminal pathways [8, 22]. Those 
nerves connect nasal mucosa and the brain directly. Substrates may gain entry into 
the CNS by leaking between the nasal epithelium cells through the intercellular 
spaces; alternatively, they may need to be transported across the nasal epithelium by 
channels or pores. Lipid-soluble and smaller molecules may enter via energy- 
independent membrane diffusion (Fig. 3.1) [8, 22].

Drugs, peptides, proteins, solid nanoparticles, and even cells can be delivered 
intranasally [22, 23]. Certain reagents known as adsorption enhancing compounds 
can be used to increase the intranasal bioavailability of protein and peptide drugs. 
Cyclodextrins and albumin are most commonly used for this purpose [22]. Several 
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Fig. 3.1 Anatomical overview of nasal cavity and olfactory tissue in a rodent, illustrating the 
intranasal route. Proteins, peptides, and cells delivered intranasally enter the brain and perihema-
toma area via the olfactory bulb. Delivered substrates pass through nasal epithelial cells by paracel-
lular or transcellular pathways, depending on their size and physiochemical properties
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forms of cyclodextrin can be used, including α (six glucose residues), β (seven glu-
cose residues), and γ (eight glucose residues). Interestingly, each of these cyclodex-
trins has a different contribution pattern: The α-cyclodextrin increases uptake by the 
olfactory bulb and decreases uptake by the occipital cortex, striatum, and whole 
brain; the β-cyclodextrin increases uptake by all brain regions except the striatum 
and olfactory bulb; and hydro-β-cyclodextrin increases uptake by the thalamus and 
decreases uptake by the striatum [24]. Albumin was also able to help target peptides 
to various regions of the brain in a study of IN leptin delivery. Co-administration of 
albumin with leptin decreased serum levels of leptin, possibly by reducing its clear-
ance from the brain. Albumin also increased leptin uptake into the hypothalamus, a 
region that would enhance its effect on feeding and cognition, but decreased leptin 
uptake into non-target regions, such as the cerebellum [25]. Using these reagents to 
target different brain regions would greatly benefit the efficiency and decrease 
potential side effects.

3.4  IN Treatment for Ischemic Stroke

Various proteins and genes have been investigated as therapeutic agents in experi-
mental animal models of ischemic stroke. We review several of the most studied 
therapies here.

3.4.1  Insulin-Like Growth Factor-1 (IGF-1)

IGF-1, a hormone similar in molecular structure to insulin, plays an important role 
in growth during development and continues to have anabolic effects during adult-
hood [26]. Some investigators have reported that serum IGF-1 level can be used as 
a potential predictor of ischemic stroke outcome clinically [27–32]. Moreover, sev-
eral studies have shown that IGF-1 protects against stroke in experimental animal 
models when delivered by invasive methods [33–35]. Additionally, in a clinical 
study, Donath et al. [36] found that administering IGF-1 intravenously to patients 
with chronic heart failure is safe and improves cardiac performance by afterload 
reduction and possibly by positive inotropic effects. Taken together, these data sug-
gest that IGF-1 therapy may hold promise for ischemic stroke in future clinical 
trials.

Translational researchers have been attempting to deliver IGF-1 intranasally 
since 2001 [37–40]. Liu et  al. [39] showed that 150  μg of IGF-1 delivered IN 
reduced infarct volume and improved motor, sensory, reflex, and vestibulomotor 
functions in rats after 2 h of middle cerebral artery occlusion (MCAO). In a later 
study, they showed that even 75 μg of IGF-1 (225 μg total IGF-1 over 48 h) was 
sufficient to reduce infarct volume, hemispheric swelling, and neurologic deficits 
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[40]. They also showed that the neuroprotection of IN-delivered IGF-1 was effective 
up to 6 h post-MCAO, and that pretreating (1 h before MCAO) or post-treating (2 h 
after MCAO) was beneficial when infusing IGF-1 intracerebroventricularly [38, 41, 
42].

Another promising drug, erythropoietin, has been shown to have protective 
effects when delivered IN together with IGF-1 [37]. Fletcher et al. [37] showed that 
IN administration of erythropoietin plus IGF-1 reduced stroke volume within 24 h 
and improved neurologic function in mice up to 90 days after MCAO. More impor-
tantly, they labeled IGF-1 and erythropoietin with 125I and found that concentrations 
of each peaked at 60–120 min after IN delivery versus 240–360 min for the other 
delivery systems (subcutaneous, IV, and IP) [37]. Moreover, brain concentrations of 
erythropoietin were significantly higher after IN delivery than after other delivery 
methods, and the ischemic brain had higher concentrations than did normal brain 
[37].

3.4.2  Erythropoietin

Systemic erythropoietin is a hematopoietic growth factor that regulates red blood 
cell production and inhibits erythrocytic progenitor apoptosis [43]. Independent of 
its hematopoietic actions, erythropoietin and its variants are directly neuroprotec-
tive in various ischemic models [44]. IV administration of human recombinant 
erythropoietin (rHu-EPO) was shown to significantly reduce infarct volume and 
provide notable neurologic and clinical improvement after ischemia in patients; 
however, systemic exposure caused side effects by elevating hematocrit [45]. 
Bypassing the periphery with IN delivery could reduce or potentially eliminate such 
side effects.

Merelli et al. [46, 47] showed that IN delivery of rHu-EPO had a positive effect 
in a CoCl2-induced focal brain hypoxia rat model. They found that IN rHu-EPO 
improved spontaneous motor activity of hypoxic rats significantly in the open field 
and rotarod tests. Additionally, Gao et al. [48] showed that in Mongolian gerbils 
with brain injury induced by unilateral permanent ischemia, IN-delivered recombi-
nant human neuronal erythropoietin (Neuro-EPO) decreased mortality by reducing 
delayed neuronal death.

To enhance the translational possibility of rHu-EPO and Neuro-EPO, investiga-
tors have tested different dosages and frequencies in normal brain (mouse, 
Mongolian gerbil, and nonhuman primate) and in ischemic brain (mouse, rat, and 
Mongolian gerbil) for safety and efficacy [44]. Total administration of 4800  IU 
erythropoietin was safe for rodents, and 5750 IU/kg was safe for nonhuman pri-
mates; even one dose of 12 IU was effective in a focal ischemic stroke model, and 
4 days’ treatment with 249.4 IU was effective in a global ischemic stroke model 
[44].

Q. Li et al.



33

3.4.3  Osteopontin

Osteopontin is a large secreted glycoprotein with an arginine, glycine, and aspartate 
(RGD) motif that is expressed in brain neurons and microglia [49]. By binding to 
and signaling through cellular integrin receptors expressed on most CNS cells, it 
regulates adhesion, migration, differentiation, survival, and repair [49]. Studies 
have shown that osteopontin provides neuroprotection in animal models of ischemic 
stroke through integrin receptor signaling [50]. Doyle et al. [49] investigated the 
effects of IN osteopontin as well as thrombin-cleaved osteopontin in a mouse 
MCAO model. Thrombin cleavage helps to expose the RGD sequence and likely 
increases the specificity of integrin binding. The investigators found that thrombin- 
cleaved osteopontin provided significantly more effective neuroprotection than did 
native osteopontin. Moreover, they found that IN administration of osteopontin, 
thrombin-treated osteopontin, or osteopontin peptides successfully targeted isch-
emic brain and decreased infarct volume compared to vehicle treatment. Jin et al. 
[51] showed that RGD-containing osteopontin icosamer peptide (OPNpt20) offered 
a robust neuroprotective effect by suppressing the upregulation of inducible nitric 
oxide synthase (iNOS) and other inflammatory markers. Endogenous αvβ3 integrin 
appeared to play a critical role in suppressing iNOS. Notably, peptide containing a 
mutated RGD motif failed to decrease infarct volume [51]. The same group also 
showed that using gelatin nanoparticles to carry osteopontin extended the treatment 
window to 6 h post-MCAO from 3 h when osteopontin was used alone [52].

3.4.4  Transforming Growth Factor (TGF)

The TGF family consists of two classes: TGF-α and TGF-β. TGF-α is the ligand of 
epidermal growth factor receptor, which activates a signaling pathway for cell pro-
liferation, differentiation, and development. TGF-α is believed to be a prognostic 
biomarker in various tumors [53, 54]. It also has been shown to reduce infarct vol-
ume [55, 56], improve memory function [57], and enhance neurogenesis and angio-
genesis [58] in animal models of ischemic stroke. However, TGF-α can be delivered 
only by invasive means because it does not cross the BBB. Therefore, Guerra- 
Crespo et  al. [59] bound the TGF-α molecule to polyethylene glycol (PEG) to 
increase its stability and delivered it intranasally in a rat MCAO model. They found 
that the IN-delivered PEGylated TGF-α reduced behavioral deficits by inducing 
proliferation of neural progenitors and their migration to the damaged striatum.

The cytokine TGF-β1 modulates multiple functions, such as cell growth and dif-
ferentiation, inflammation, and cell repair [60–62], and was shown to protect neu-
rons from hypoxic/ischemic injuries [63, 64]. Ma et  al. [65] showed that among 
mice subjected to transient MCAO, those treated with IN TGF-β1 had significantly 
better neurologic function and smaller infarct volume than did those in a saline- 
treated control group. TGF-β1 treatment suppressed apoptosis in the ipsilateral 
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striatum and increased BrdU+ cells in the subventricular zone and ipsilateral stria-
tum. Importantly, IN delivery of TGF-β1 increased the neuronal commitment of 
neural progenitor cells [65].

3.4.5  Mesenchymal Stem Cells (MSCs)

Stem cell therapy holds promise for treating conditions such as cancer, spinal cord 
injury, and stroke [66]. Other than embryonic stem cells, bone marrow-derived 
MSCs (BMSCs) are the most studied stem cell type. Populations can be expanded 
extensively through cloning, and they have the capacity to differentiate into osteo-
cytes, adipocytes, and chondrocytes under specific in vitro stimuli. These character-
istics, plus their natural ability to migrate toward wound tissue and tumors, make 
them a perfect candidate for delivery of therapeutic reagents [66, 67].

IN delivery of one million BMSCs to neonatal rats or adult mice that had under-
gone stroke significantly improved neurologic, sensory, and social functions; 
reduced infarct volume; rescued neuronal death; and promoted angiogenesis, neuro-
genesis, and neurovascular repair [23, 68]. Additionally, preconditioning of BMSCs 
with hypoxia (HP-BMSCs) enhanced tolerance and regenerative properties [68]. 
Wei et al. [23] showed that preconditioned cells reached ischemic cortex and accu-
mulated outside of the vasculature as early as 1.5 h after administration. Furthermore, 
administered HP-BMSCs boosted expression of proteins associated with migration, 
including CXC chemokine receptor type 4, matrix metalloproteinase (MMP)-2, and 
MMP-9 [23]. In another set of experiments, van Velthoven et al. [69] showed that 
MSCs that overexpress brain-derived neurotrophic factor (BDNF) reduced infarct 
volume, gray matter loss, and white matter loss with no significant difference from 
unaltered MSCs; however, MSC-BDNF further reduced rat pup motor deficits 
14 days after MCAO compared to those in the MSC-treated group.

3.4.6  Other Factors and Reagents

Other well-studied reagents for treating ischemic stroke also have been shown to be 
safe and effective when delivered intranasally. For instance, 600  μg of IN tPA 
pushed the treatment window for ischemic stroke in rats to 7 days post-MCAO [70], 
and IN deferoxamine decreased infarct size in rats after MCAO without signifi-
cantly changing blood pressure or heart rate [71]. Also of note, brain concentrations 
of deferoxamine in rats were significantly higher after 6-mg IN delivery (0.9–
18.5  μM) than after 6-mg IV delivery (0.1–0.5  μM). Nerve growth factor was 
reported to accumulate in the hippocampus after IN delivery, improve  vestibular 
function, and decrease infarct volume in rats with MCAO [72]. 
N6-cyclopentyladenosine, basic fibroblast growth factor, granulocyte 
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colony- stimulating factor, exendin-4, interleukin-1 receptor antagonist, ginsenoside 
Rb1, progesterone, apelin, Xingnaojing microemulsion, caspase-9 inhibitor, and 
high- mobility group box 1 binding heptamer peptide have also shown beneficial 
effects toward ischemic injury [73–83].

3.5  IN Treatment for Intracerebral Hemorrhagic Stroke

Although ICH has been less well studied than ischemic stroke, some investigators 
have explored using IN delivery of therapeutics in ICH models. Sun et  al. [84] 
investigated the use of IN-delivered rat HP-BMSCs in a mouse model of collagenase- 
induced ICH. They administered the HP-BMSCs at 3 and 7 days after ICH and 
found that the cells arrived at the ipsilateral cortex, perivascular spaces, and perihe-
matoma region at 6 h after transplantation. Protein levels of glial cell-derived neu-
rotrophic factor, vascular endothelial growth factor, and BDNF increased, as did the 
number of NeuN+/BrdU+ co-labeled cells in the perihematoma region, at 14 days 
post-ICH. Neurologic function of injured mice was significantly improved at days 
14 and 21 post-ICH [84].

Quinpirole is another reagent that has been tested in an ICH model [85]. 
Quinpirole is a dopamine D2 receptor agonist that has been shown to play an impor-
tant role in controlling innate immunity and inflammatory response after stroke [86, 
87]. Zhang et al. [85] found that IN quinpirole (both 3 and 15 mg/kg), delivered at 
1 h after ICH induced by autologous blood injection, improved modified Garcia 
score, improved forelimb placing score, and reduced brain water content at 1 day.

In a study conducted by Tsuchiyama et al. [88], nicotinamide adenine dinucleo-
tide (NAD+; 10 or 20 mg/kg) administered intranasally to mice with collagenase- 
induced ICH failed to show neuroprotection at 24 h, although IN NAD+ did reduce 
infarct volume and improve neurologic function in a rat MCAO model [89].

3.6  Clinical Trials of IN Drug Delivery for Stroke

Belokoskova and colleagues conducted a series of clinical trials on IN delivery of 
V2 vasopressin receptor agonist 1-desamino-8-D-arginine vasopressin (DDAVP) in 
stroke patients. In two studies of 26 and 64 patients with different forms of stroke- 
induced aphasia, they found that IN delivery of DDAVP improved speech function 
in 79% of cases [90, 91]. The effects persisted during a 2-year follow-up period, and 
the neuropeptide optimized the activity of both the right and left cerebral hemi-
spheres [92]. In another study of 40 stroke patients who were administered IN 
DDAVP for 1.5–2 months, patients experienced decreases in both dysthymia and 
major depressive disorder for 0.5–1 year after the first course of therapy [93].

3 Therapeutic Potential of Intranasal Drug Delivery in Preclinical Studies of Ischemic…



36

Currently in the US, three open clinical trials are in preparation or recruiting 
patients to study IN delivery of therapies for stroke. These include (1) a pilot study 
to investigate the role of IN insulin on post-stroke cognitive impairment 
(ClinicalTrials.gov identifier: NCT02810392); (2) a phase Ι/phase ΙΙ study of IN 
bioactive factors (BFs) produced by autologous M2 macrophages in patients with 
organic brain syndrome, including brain ischemia (ClinicalTrials.gov identifier: 
NCT02957123); and (3) a phase Ι study to determine if IN E-selectin can prevent a 
second stroke in patients who have already experienced a stroke or TIA 
(ClinicalTrials.gov identifier: NCT00069069).

3.7  Future Directions and Conclusion

The use of intranasal delivery systems for proteins, peptides, and stem cells holds 
promise for treating CNS disorders. IN delivery has several advantages. First, it 
allows substrates to access the CNS directly without negotiating the BBB [94]. 
Consequently, the concentration of the substrate is much greater than it would be if 
administered through a systemic route. Second, it greatly minimizes exposure of 
peripheral organs to the substrates, thereby significantly decreasing potential circu-
latory toxicity and side effects [22]. Third, substrates arrive at the CNS much more 
rapidly when they are administered IN than when they are administered peripher-
ally, usually within minutes. This advantage allows the use of some drugs that are 
degraded rapidly and might not otherwise be an option [95]. Finally, IN delivery is 
noninvasive, does not require hospitalization, and is very suitable for long-term 
treatment [22].

Of course, IN delivery has some disadvantages as well. For example it can 
induce a nasal reaction and may cause irritation of the cells and nerves in the 
nasal cavity [96]. Second, absorption across the nasal epithelium may be limited 
in patients with degradation of the nasal mucosa or if the surface area for absorp-
tion is small [22, 94, 96]. The distance a substrate must traverse to reach the 
target brain region can also be a limitation [94, 97]. In the future, modified 
molecules or molecular analogs should be studied as a means to increase deliv-
ery efficiency and specific brain region targeting. Finding ways to decrease irri-
tation of the nasal cavity and increase drug penetration of the nasal mucosa 
represent additional study directions. Furthermore, animal studies are needed to 
explore the mechanism by which proteins and peptides are transported from the 
nasal cavity to the brain. An understanding of this process will enable scientists 
to search for ways to improve transport and increase targeting efficiency [22]. 
As the study of IN delivery increases in preclinical translational stroke research, 
it has the potential to revolutionize the approach for treatment of patients with 
stroke and other brain disorders.
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Chapter 4
Intranasal Drug Delivery After 
Intracerebral Hemorrhage

Jing Chen-Roetling and Raymond F. Regan

Abstract Intracerebral hemorrhage (ICH) accounts for 10–15% of strokes and is 
associated with high mortality and disability rates. Studies in animal models sug-
gest a complex pathophysiology mediated by multiple injury cascades that are initi-
ated in the hours after hemorrhage. Effective neuroprotection will therefore likely 
require rapid delivery of a combination of therapies to perihematomal tissue at risk 
while minimizing adverse systemic effects. These aims are unlikely to be accom-
plished by exclusive reliance on intravenous drug administration due to delays in 
blood-brain barrier penetration and the additive toxicities of multiple agents. In the 
prehospital and emergency department settings, intranasal drug delivery is the only 
method currently available that may offer any selective brain targeting. Intranasal 
administration of recombinant proteins, small molecules and mesenchymal stem 
cells has improved outcome in both collagenase and blood injection ICH models. 
These results and the potential utility of intranasal therapies after ICH are reviewed 
and discussed in this chapter.

Keywords Intracerebral hemorrhage · Neuroprotection · Stroke · Subarachnoid 
hemorrhage

Spontaneous intracerebral hemorrhage (ICH) is the initial event in 10–15% of 
strokes. The annual incidence varies from 10 to 30 per 100,000 population, account-
ing for approximately two million strokes worldwide [1–3]. A number of modifiable 
ICH risk factors have been identified, including hypertension, alcohol consumption, 
diabetes, and elevated body mass index, but this information has not yet translated 
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into a reduction in incidence [4]. Prognosis is grim, and despite advances in diagno-
sis and neurointensive care, has not appreciably improved over the past two decades 
[1]. The mortality rate at 1 month approaches 50%, and only ~20% of survivors 
have recovered sufficient function to live independently at this time point [5, 6]. 
Surgical reduction or removal of the hematoma has been found to benefit only a 
small subset of patients, and medical management remains largely supportive [7]. 
Compared with ischemic stroke, fewer pharmacotherapies have progressed to clini-
cal trials, likely a consequence of less intensive preclinical research. To date, none 
have been found to improve outcome.

4.1  Pathophysiology

Experimental models have delineated a complex series of events that mediates peri-
hematomal cell injury. In the two most commonly used animal models, ICH is pro-
duced by stereotactic injection of autologous blood or collagenase into the brain 
parenchyma. These models emphasize different aspects of ICH, and together pro-
vide complementary information that may inform the development of a therapeutic 
strategy. The primary event of spontaneous ICH is vessel rupture, which immedi-
ately delivers blood under arterial pressure to surrounding tissue. This produces 
tissue deformity and decreases blood flow as microvessels are compressed by tissue 
pressures that exceed their intralumenal pressures. Classically, all perihematomal 
injury was attributed to ischemia produced by this mass effect. In support of this 
hypothesis, rapid and transient inflation of a balloon in the basal ganglia was suffi-
cient per se to produce tissue injury [8]. However, the perihematomal edema char-
acteristic of ICH was not observed in this model, suggesting the participation of 
additional injury cascades that may be more amenable to therapeutic intervention. 
Subsequent animal studies indicated that any ischemia produced by the mass effect 
of the hematoma is at most transient. After injection of a large volume of blood into 
the dog striatum, perihematomal blood flow was greater than that needed to produce 
ischemia within 5 h [9]. Perfusion imaging in the acute or subacute phase after clini-
cal ICH was consistent with these experimental observations, since reduction in 
blood flow was found to be due to decreased metabolic demand rather than to isch-
emia [10].

Animal studies have demonstrated that secondary injury to perihematomal tissue 
is characterized by severe blood-brain barrier disruption, edema, migration and acti-
vation of inflammatory cells, and cytotoxicity. A considerable and growing body of 
experimental evidence indicates that this process is initiated at least in part by the 
release of toxins from the evolving hematoma. Identification of therapies that antag-
onize the activity of these toxins is a longstanding and active focus of preclinical 
research. Evidence to date supports the sequential and interactive participation of 
the following:
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4.1.1  Excitotoxicity

Any compressive ischemia is likely associated with rapid release of glutamate and 
other excitatory neurotransmitters to produce an excitotoxic injury, mediated by 
excessive activation of NMDA and AMPA receptors. Although the initial insult is 
rapid and likely not a feasible therapeutic target, it is generally not appreciated that 
parenchymal blood is a potential source of ongoing excitotoxic stress. Serum has a 
glutamate concentration of ~40–70 μM [11], increasing towards the upper limit 
with aging; these concentrations are more than sufficient to kill primary cultured 
neurons [12]. Even after clearance of serum glutamate, ongoing lysis of erythro-
cytes may produce continuous excitotoxic stress due to their high micromolar con-
centrations of glutamate and aspartate [13, 14]. Antagonists of NMDA and AMPA 
glutamate receptors have been moderately protective alone in ICH models, but are 
more effective as a component of combinatorial therapy [15–18].

4.1.2  Thrombin

Thrombin is a serine protease that may produce early injury (within 24 h in rodent 
models) after experimental ICH [19]. Direct injection of activated thrombin into the 
CNS produces very rapid blood-brain barrier breakdown, edema, and inflammation. 
Its toxicity may be due in part to interaction with protease-activated receptors 
(PAR’s), particularly PAR-1, which in turn activate Src kinases [20]. The latter 
phosphorylate and enhance the function of matrix metalloproteinases and NMDA 
receptors, which in excess may contribute to peri-hematomal edema and cell loss. 
Thrombin also promotes microglial survival [21], activates the complement cascade 
[22], and may directly increase oxidative stress by upregulating neuronal NADPH 
oxidase [23]. Thrombin inhibitors have been protective after experimental ICH [24, 
25], but their potent anticoagulant effect will likely contraindicate systemic therapy 
early after acute ICH.

4.1.3  Hemoglobin and Iron

In the blood injection ICH model, Perls’ staining suggested a qualitative increase in 
iron in perihematomal neurons by 24 h, but a significant increase was not quantified 
until 3 days [26]. The heme groups of hemoglobin, present at a concentration of 
~20 mM in whole blood, are an obvious and frequently-cited source of this iron, 
since their breakdown by the heme oxygenase (HO) enzymes releases equimolar 
ferrous iron. In support of the hemoglobin toxicity hypothesis, HO inhibitors reduce 
edema and decrease injury after blood or hemoglobin infusion into the rodent or pig 
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brain [27, 28]. However, neural cells are initially protected from hemoglobin by the 
erythrocyte cell membrane. Hemolysis in the hematoma is delayed for 1–3 days in 
rodent models and in vitro, and perhaps for as long as 1 week in humans [17, 29, 
30], although a recent MRI study has challenged the latter assumption [31]. Another, 
often overlooked source of early iron toxicity is the transferrin-bound iron in plasma, 
which at physiological concentrations is toxic to cultured neurons [32]. A contribu-
tion of transferrin-bound iron to perihematomal cell injury is consistent with the 
12 h effective time window for the iron chelator deferoxamine after rodent ICH 
[33].

Mechanistic interactions likely lower the threshold for toxicity, and contribute to 
the overall complexity of secondary injury. For example, thrombin upregulates 
NMDA receptor responses [34], while hemoglobin increases the vulnerability of 
neurons to excessive AMPA receptor activation [35], potentiating excitotoxicity. 
Hemin, the oxidized form of heme, is released from extracellular hemoglobin after 
its spontaneous autoxidation and activates toll-like receptor-4 (Tlr4), synergizing 
with thrombin to compound the inflammatory response [36]. The multifaceted 
nature of secondary injury suggests that any therapy that selectively targets a single 
mechanism is unlikely to be effective in a variable clinical setting, even if protection 
is observed under highly-controlled laboratory conditions.

4.2  Neuroprotective Considerations

Implementation of a therapeutic strategy targeting the multiple secondary injury 
cascades identified in experimental models is unlikely to be successful unless it 
achieves three aims. First, drugs must be delivered rapidly at therapeutic concen-
trations to perihematomal tissue at risk. Injury pathways are likely to be estab-
lished within hours, particularly those initiated by thrombin and excitatory amino 
acids. Second, given the pathophysiological complexity, combinatorial approaches 
that target multiple parallel cascades will likely be needed. Third, dosing and 
route of administration must be designed to minimize adverse systemic effects 
while achieving therapeutic CNS drug concentrations. These aims are unlikely to 
be accomplished by reliance on the usual methods of emergency drug delivery, 
due to delays in crossing the blood-brain barrier and the additive toxicities of 
multiple agents.

4.3  Emergency Drug Administration

Two routes of drug administration, oral and intravenous, are commonly used in 
emergency settings to treat or prevent acute CNS disease. Both have significant 
drawbacks for the treatment of hemorrhagic stroke. The oral route is generally 

J. Chen-Roetling and R. F. Regan



47

impractical, since many acute ICH patients have profound nausea, vomiting, leth-
argy and swallowing dysfunction. Even if an oral drug could be safely administered 
and was tolerated, delayed and inconsistent absorption and the first pass hepatic 
metabolism would decrease the probability of attaining therapeutic serum drug lev-
els in a timely fashion. These limitations are avoided with intravenous drug admin-
istration. However, CNS delivery will be impeded by an intact blood-brain barrier, 
which excludes most hydrophilic and larger lipophilic compounds from the 
CNS. Delayed bioavailability after systemic drug administration will reduce and 
perhaps eliminate any neuroprotective benefit, particularly when targeting early 
injury mechanisms mediated by thrombin and excitotoxicity. Furthermore, the high 
serum levels needed to obtain therapeutic CNS concentrations increase the likeli-
hood of adverse hemodynamic consequences or off-target toxicity, particularly with 
rapid administration of multiple agents.

The most reliable method to therapeutically target tissue at risk after ICH is to 
inject the agent into the adjacent ventricle or directly into the hematoma. These 
invasive approaches are unavailable in the emergency department and require sev-
eral hours to mobilize the needed personnel and facilities. While unsuitable for 
rapid drug administration, intracerebral drug administration may be useful at later 
time points if it can be accomplished with acceptably low rates of hemorrhagic and 
infectious complications. However, delivery to the perihematomal region may be 
delayed and reduced by the slow and restricted diffusion of many drugs through 
CNS tissue and rapid CSF turnover [37].

Intranasal administration has been used to deliver a wide variety of small 
molecules and proteins to the CNS, and offers certain advantages over more 
traditional methods [37]. These include rapid delivery via cranial nerves and 
perhaps other pathways, reduced systemic exposure, and reduction in adverse 
effects. In the prehospital and emergency department settings, intranasal drug 
administration is the only method currently available that may offer any selec-
tive brain targeting. While this route is currently underutilized, recent introduc-
tion of intranasal naloxone for patients with opioid overdose and benzodiazepines 
for seizures highlights its utility for rapid delivery of therapeutic drug levels to 
the CNS [38].

4.4  Intranasal Therapeutics in Animal ICH Models

Investigation of intranasal drug delivery after ICH is currently in its infancy, with 
only eight animal trials published to date (Table 4.1). These studies have tested the 
efficacy of acute treatment with four recombinant proteins and two low molecular 
weight compounds, and delayed treatment with hypoxia-preconditioned bone 
marrow- derived mesenchymal stem cells to enhance recovery. All but one of these 
studies are from the same research group.
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4.4.1  Recombinant Proteins

Direct nose to brain protein transport was first reported over two decades ago [47]. 
In the absence of selective transport mechanisms, access of hydrophilic proteins to 
the CNS after parenteral administration is severely limited by an intact blood-brain 
barrier. Attaining therapeutic levels of most proteins by intravenous administration, 
if ever feasible, will be delayed by the several hours to days needed for barrier dis-
ruption. This interval will often exceed the therapeutic time window for a given 
injury mechanism. Intranasal administration of recombinant neurotrophic factors 
and other regulatory proteins may be their most feasible delivery route, and may be 
facilitated by their potency, with EC50 values at low nanomolar concentrations. 
Efficacy in an ICH model was first reported by Lekic et al. for insulin-like growth 
factor 1 (IGF-1), a neurotrophin with pleiotropic neuroprotective effects [39]. When 
administered acutely after collagenase-induced germinal matrix hemorrhage in neo-
natal rats, it reduced blood-brain barrier disruption, edema, and neurological defi-
cits at 3 days and cognitive deficits at 3 weeks. Similar results were reported in 
rodents treated at 1 h after hemorrhage induction with intranasal recombinant adro-
pin [41] or growth arrest-specific 6 (Gas6) [42] in adult striatal ICH models, and 
osteopontin in adult and neonatal ICH models [40, 43].

4.4.2  Small Molecules

The detailed preclinical investigation and recent clinical introduction of intranasal 
naloxone and benzodiazepines demonstrate the utility of this route for delivery of 
pharmacotherapies in emergency settings. However, despite a plethora of drug studies 
published in experimental ICH models, only two have utilized this approach to date. 
Zhang et al. reported that intranasal administration of the dopamine D2 receptor ago-
nist quinpirole at 1 h after striatal injection of autologous blood in a mouse model 
reduced edema and neurologicial deficits [45]. Intraperitoneal injection had a similar 
effect, which is not surprising since quinpirole readily crosses the blood- brain barrier 

Table 4.1 Published studies testing intranasal recombinant protein, small molecule and stem cell 
therapies in rodent blood injection or collagenase ICH models

Treatment Species Model Result Reference

IGF-1 Rat Pup Collagenase + Lekic et al. [39]
Osteopontin Rat Collagenase + Malaguit et al. [40]
Adropin Mouse Collagenase + Yu et al. [41]
Gas6 Mouse Blood Inj + Tong et al. [42]
Osteopontin Rat Collagenase + Gong et al. [43]
NAD Mouse Collagenase − Tsuchiyama et al. [44]
Quinpirole Mouse Both + Zhang et al. [45]
Mesenchymal stem cells Mouse Collagenase + Sun et al. [46]
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when given parenterally [48]. Quinpirole blood and brain levels were not quantified, 
so it is not clear if the efficacy of intranasal administration was due to direct nose to 
brain delivery or to vascular uptake. In the only other small molecule study, Tsuchiyama 
et al. reported nicotinamide adenine dinucleotide (NAD+) was successfully delivered 
to the mouse cerebral hemispheres by intranasal administration but had no effect on 
edema or brain water content after collagenase-induced ICH [44].

4.4.3  Stem Cells

Perhaps the most surprising observation in nose to brain delivery research is that 
intranasal stem cells enter the CNS in sufficient numbers to produce a therapeutic 
benefit [49]. In rodents, this transit occurs across the olfactory epithelium to the 
subarachnoid space at the cribiform plate, with subsequent migration to the site of 
injury [50]. Consistent with observations in rodent models of ischemic stroke, sub-
arachnoid hemorrhage and Parkinson’s disease [38, 51], Sun et al. reported promis-
ing results in a mouse collagenase ICH model [46]. Mesenchymal stem cells were 
harvested from rat bone marrow, cultured, subjected to hypoxic preconditioning, 
and administered intranasally at 3 and 7 days after ICH. These cells were observed 
in perihematomal tissue and were associated with significant increases in tissue 
neurotrophin levels, neurogenesis, and functional recovery. Intranasal stem cell 
delivery may therefore provide a novel approach to reparative therapy with a very 
long therapeutic window, while avoiding the adverse hemorrhagic, inflammatory 
and infectious complications of surgical stem cell transplantation.

These key trials clearly support the utility of the intranasal route in rodent mod-
els, and provide a compelling rationale for further investigation. However, two key 
issues remain to be addressed. First, the relevance of rodent models to clinical nose- 
to- brain drug delivery research should be addressed, due to the considerable ana-
tomical differences of rodents and humans. The olfactory epithelium, the primary 
site of nose-to-brain delivery, lines 50% of the rat nasal cavity but only 3% in 
humans, likely impacting uptake and CNS bioavailability [52]. Identification of 
appropriate large animal models and detailed drug trials using these models are 
prerequisites for any of clinical testing. Second, it is essential to determine by direct 
comparative trials if the intranasal route provides any benefit over intravenous 
administration. In addition to quantifying efficacy, blood, CSF and CNS tissue con-
centrations should be determined over time after both intranasal and intravenous 
administration. The CNS targeting ratio, defined as the ratio of brain to blood drug 
concentration after intranasal administration divided by this ratio after intravenous 
administration [53], should be calculated. Low ratios likely indicate vascular uptake 
via the nasal respiratory epithelium, which is rapid and efficient for many lipophilic 
drugs. However, drugs with low CNS targeting ratios are poor candidates for intra-
nasal delivery after ICH, since vascular access is rarely unavailable for these patients 
in a modern Emergency Department, and intranasal administration will not attenu-
ate any adverse effects of intravenous administration.
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4.5  Pitfalls of Systemic Therapy: The Case of Deferoxamine

Deferoxamine (DFO) is a metal chelator that was initially identified as a sidero-
phore produced by Streptomyces pilosus, and was subsequently synthesized for 
pharmaceutical use. It was the focus of a recent clinical trial that highlights the chal-
lenges of treating ICH with a pharmaceutical compound that is not targeted to the 
CNS. DFO has very high affinity for ferric iron (stability constant 1031} [54]) and as 
a hexadentate chelator it efficiently binds all six iron coordination sites, rendering it 
essentially unreactive. In aqueous solutions at neutral pH, DFO is a positively 
charged amine that penetrates cell membranes poorly. However, it is taken up by 
endocytosis and is fortuitously concentrated in lysosomes [55], a compartment con-
taining most of the cellular labile iron that may catalyze oxidative reactions [56]. Its 
protective effect against the oxidative toxicity of hemoglobin was first demonstrated 
in vitro [57, 58], providing the rationale for testing its effect in ICH models. Using 
a rat blood injection ICH model, Nakamura et al. reported that bolus injections of 
100 mg/kg i.p. twice daily reduced edema, behavioral deficits and oxidative injury 
markers when begun at 2–6 h after striatal blood injection [59]. Similar results were 
subsequently observed in aged rats and piglets [33, 60], but efficacy in the collage-
nase ICH model was inconsistent [61, 62].

Deferoxamine has a number of limitations as a systemic therapeutic agent that 
were recognized during decades of clinical use to treat acute iron poisoning, 
transfusion- related iron overload, and hemochromatosis. When given by bolus 
intravenous (i.v.) injection, it is rapidly eliminated via renal excretion, and has a 
plasma half life of only 5–15 min [63, 64]. Intravenous administration is occasion-
ally complicated by hypotension, and for that reason it is usually administered to 
patients by continuous subcutaneous or intramuscular (i.m.) infusion. As a polar 
hydrophilic compound with a relatively high molecular weight, it penetrates the 
intact blood-brain barrier poorly [55, 64], which may account in part for the high 
i.m. or i.p. doses required for neuroprotection after ICH in animal models (100–
200 mg/kg/day), which approach the LD50 for mice (300 mg/kg) [65]. With pro-
longed use, the toxicity of DFO is likely due to its ability to sequester iron and other 
metals in a form that is inaccessible to cells, resulting in iron starvation and metal-
loenzyme inhibition [66, 67]. It is tolerated at doses of up to 50  mg/kg/day in 
patients with systemic iron overload, but the dose must be rapidly reduced as iron 
concentrations decline [68]. ICH patients usually will not have systemic iron over-
load, and so toxic effects may be more rapidly manifested. In the initial multicenter 
trial (High-Dose Deferoxamine in Intracerebral Hemorrhage, HI-DEF [69]), 
patients receiving 62 mg/kg/day (maximum of 6 g/day) for 5 days had an increased 
incidence of ARDS, an known DFO adverse effect first reported in 1992 [70], lead-
ing to trial suspension. A second trial (iDEF Trial) using a lower dose (32 mg/kg/
day for 3 days) is currently active.

The adverse hemodynamic, pharmacokinetic, and toxicity profile of intravenous 
DFO provides a strong rationale for more specific targeting to the CNS to treat 
hemorrhagic stroke. Studies to date indicate that intranasal DFO rapidly produces 
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therapeutic DFO concentrations throughout the brain with relatively low blood lev-
els, at least in rodents. Hanson et  al. [53] reported that 30  min after intranasal 
administration of a high DFO dose (6 mg) to uninjured rats, brain tissue concentra-
tions ranged from 0.9 to 18.5 μM. The highest concentration was in the olfactory 
bulb and the lowest was in the cerebellum. Cortical DFO levels ranged from 1.5 to 
3.4 μM, and the striatal concentration was 1.7 μM; blood concentration at the same 
time point was 1.6 μM. After intravenous injection of the same dose, brain concen-
trations were very low (0.14–0.54 μM), with the highest concentration again in the 
olfactory bulb. Cortical DFO levels ranged from 0.25 to 0.35 μM, the striatal con-
centration was only 0.14 μM and blood concentration was 43.7 μM. The targeting 
ratios, as defined above, were 173–271 in the cortex and 332 in the striatum. In the 
same study, intranasal DFO at this dose reduced infarct volume after middle cere-
bral artery occlusion, without clinically significant alterations in blood pressure or 
heart rate.

The high intranasal DFO dose used in the Hanson et al. study may not be feasible 
for the multiple doses required after ICH due to its adverse irritant effects. More 
recent experiments indicate that the CNS bioavailability of intranasal DFO can be 
markedly enhanced by encapsulating it in solid microparticles constructed with 
spherical chitosan chloride or methyl-β-cyclodextrins [64]. These microparticles 
are mucoadhesive, thereby increasing retention time in the nasal cavity. When 
hydrated by local secretions, they swell and release their DFO content. Administration 
of only 200 μg encapsulated DFO to healthy rats, about 3% of the dose used in the 
Hanson et  al. study, produced CSF DFO concentrations of 3.83  ±  0.68  μg/mL 
(6.83  ±  1.21  μM) for chitosan microparticles and 14.37  ±  1.69  μg/mL 
(25.61 ± 3.01 μM) for methyl-β-cyclodextrin microparticles at 30 min. In contrast, 
peak plasma concentrations were only 0.19 ± 0.04 μg/mL (0.33 ± 0.07 μM) and 
0.36 ± 0.06 μg/mL (0.64 ± 0.11 μM), respectively, indicating minimal transport of 
encapsulated nasal DFO into the systemic circulation. At this low dose an aqueous 
solution of DFO did not produce significant CSF levels with either intravenous or 
intranasal administration. These results demonstrate that the CNS targeting and bio-
availability of a nasally administered drug is can vary significantly with the delivery 
vehicle.

4.6  Conclusions

An effective pharmacotherapy to attenuate secondary injury cascades after ICH will 
likely require rapid delivery of multiple agents to CNS tissue at risk. The need to 
bypass an intact blood-brain barrier while minimizing the additive toxicities of mul-
tiple agents creates a significant challenge, particularly during the early hours after 
hemorrhage. Invasive approaches are largely unavailable in the prehospital or emer-
gency department setting, and intranasal administration may be the only available 
option to selectively target small molecule or recombinant protein therapies to the 
brain. Published results to date provide a compelling rationale for further 
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investigation of intranasal drug delivery in appropriate ICH animal models. Future 
studies should focus on pharmacokinetics, direct comparison of efficacy with sys-
temic and intranasal administration, and optimal formulations to maximize brain 
uptake while minimizing blood levels of the compound of interest.
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Chapter 5
Intranasal Treatment in Subarachnoid 
Hemorrhage

Basak Caner

Abstract Aneurysmal subarachnoid hemorrhage is a devastating disease because 
of the initial mortality rate and delayed cerebral iscemia which can be caused by 
several pathological mechanisms not fully understood yet. To date there is no spe-
cific treatment for the delayed cerebral iscemia. One of the most important chal-
lenges in subarachnoid hemorrhage research area is the blood brain barrier. 
Intranasal treatment is a promising way of treatment to bypass the blood brain bar-
rier. In this chapter intranasal treatment options in subarachnoid hemorrhage will be 
discussed.

Keywords Subarachnoid hemorrhage · Vasospasm · Intranasal delivery · Early 
brain injury

Aneurysmal subarachnoid hemorrhage (aSAH) accounts for <5% of all strokes, but 
it is a devastating disease with an initial 30% mortality and rebleeding risk [1]. The 
main problem in managing aSAH remains delayed ischemic injury which was 
attributed to vasospasm for long years. But in the light of recent studies in animals 
as well as in humans, it has come out that treating vasospasm is not treating the 
patients outcome, therefore researchers have been seeking for new concepts in 
aSAH studies [2].

As a new emerging concept early or acute brain injury has taken the attention of 
aSAH reseachers. As a result of increased intracranial pressure and decreased cere-
bral blood flow after the initial bleeding, global ischemia initiates a cascade of path-
ological changes that occur before the onset of delayed vasospasm. These 
pathological changes promote blood brain barrier disruption (BBB) and increase 
neuronal cell death, through various mechanisms like inflammation, molecular 
alterations, microthrombosis and cortical depolarization [1].
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Although numerous agents can prevent arterial narrowing and or block the 
excitatory cascade of events leading to ischemic neuronal death in experimen-
tal conditions, attributed whether to vasospasm, delayed ischemic injury or 
early brain injury; there is still no proven treatment or pharmacologic agent 
that has been shown conclusively to improve the outcome in clinical 
practice.

To date the main therapeutic interventions used are limited to manipulation of 
systemic blood pressure, alteration of blood volume or viscosity and control of arte-
rial carbon dioxide tension [3, 4].

Given the fact that there is no proven treatment strategy in aSAH; the major 
handicap in the preclinical and clinical studies is still the blood brain barrier, like all 
the other CNS pathologies. Blood brain barrier as the physiologically protector of 
the brain with its unique nature of selective permeability presents the key challenge 
to pharmaceutical treatment of the central nervous system disorders [5].

Many drugs discovered for CNS disorders fail to enter the market because of 
their inability to cross the BBB. Intraventricular injection can deliver drugs 
directly to the brain; however it is highly invasive and not realistic for clinical 
applications.

To overwhelm the BBB problem several approaches like physiological transport 
mechanism, adsorptive-mediated transcytosis, active efflux transport, carrier medi-
ated transport, receptor mediated transport of drugs have been investigated; intrana-
sal delivery is one of the alternate strategies [6].

There are several advantages of administering drugs via the nasal route. The 
nasal cavity serves as a direct route for medications that can easily cross mucous 
membranes because of its rich vascular plexus. Moreover the direct absorption 
into the blood stream bypasses the gastrointestinal tract and hepatic first pass 
metabolism therefore allowing more drug to be bioavailable than administered 
orally [7].

Nasal delivery of drugs provides rapid delivery of molecules to the CNS via bulk 
flow along olfactory and trigeminal perivascular channels and additional slower 
delivery via olfactory bulb axonal transport. In the upper nasal passage the dendritic 
processes of the olfactory neurons are directly exposed. Therefore the uptake of the 
drugs happen either by endocytosis and transport by the olfactory nerves or by 
extracellular flow through intercellular clefts [8].

In many studies where the researchers compared the rates of absorption and 
plasma concentration the rates were similar to intravenous administration and even 
better than subcutaneous and intramuscular routes [7].

For a variety of growth factors, hormones, neuropeptides and therapeutics includ-
ing insulin, oxytocin, orexin and even stem cells intranasal delivery is emerging as 
an efficient method of administration in CNS disorders [9]. Other CNS disorders 
will be discussed in other chapters of this book.
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5.1  Recombinant Osteopontin in Subarachnoid Hemorrhage

One of the mostly studied molecules intranasally administered in aSAH is recombi-
nant Osteopontin (rOPN). Osteopontin is an extracellular matrix protein, which by 
interacting with its cell surface integrin receptors plays a big role in cell prolifera-
tion and in reduction of apoptotic cell death. Intracerebroventricular administration 
of rOPN after experimental subarachnoid hemorrhage decreased brain edema and 
attenuated cerebral vasospasm [10].

Taking into consideration that the intracerebroventricular administration is not 
feasible in clinical treatment strategies rOPN was administered intranasally in an 
experimental rat subarachnoid hemorrhage model. rOPN was administered 30 min 
after subarachnoid hemorrhage over a period of 20 min and was detected within the 
CSF at 3 h after treatment. It has been shown that rOPN improved functional out-
come and reduced brain edema and neuronal apoptotic cell death. In this study 
rOPN exerts its effects over FAK activated PI3K-Akt pathway [11].

The duration between drug administration and its detection in the brain varies 
based on the molecular structure of the compound and also on the species of differ-
ent animal species. In one study where rOPN was administered in a mouse stroke 
model rOPN has been detected after 2 h of administration [12], while in the sub-
arachnoid hemorrhage rat model rOPN was detected after 3 h.

In another study where rOPN was administered inranasally after 3 h of subarachnoid 
hemorrhage, it prevented the changes of α-smooth muscle actin (a marker of vascular 
smooth muscle cells) and significantly alleviated neurobehavioral dysfunction, increased 
the cross-sectional area and lumen diameter of the cerebral arteries, reduced the brain 
water content and brain swelling, and improved the wall thickness of cerebral arteries.

To gain more insight in the results of rOPN in this study the concept of vascular 
neural network has to be explained. Vascular neural network emerged as a new con-
cept in subarachnoid hemorrhage studies to redefine the vascular pathophysiology 
for subarachnoid induced vasospasm and early/delayed brain injury. It is consisted 
of five compounds as large artery moderate vasospasm, small arterial vasospasm or 
dilatation, capillary occlusion and compression, venous vasospasm, compression 
and thrombus formation and large vein vasospasm [13].

This network includes vascular smooth muscle cells, which typically switch 
from contractile to synthetic type and functionally from contraction to repair and 
migration after injury, resulting in decreasing autoregulatory capacity and regional 
blood flow to enhance brain swelling and brain edema. Intranasal rOPN prevented 
this smooth muscle phenotypic transformation [14].

Since the high cost of rOPN treatment in clinical translation researchers seek for 
cost-effective treatment methods including osteopontin. It has been shown that 
Vitamin D upregulates endogenous OPN expression [15]. Pre and after SAH intra-
nasal administration of VitD3 significantly increased neurological function and 
decreased the brain edema formation, and was associated with upregulation of 
endogenous OPN-A and -C isomers. Thus intranasal administration would be a 
cost-effective way to upregulate OPN in SAH patients [16].
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5.2  Intranasal Administration of Recombinant Netrin-1

Netrin-1(NTN-1) is a laminin-related protein highly expressed in neurons and has 
been regarded as an anti-apoptotic molecule in various tissues. Xie et al. found that 
the level of endogenous NTN-1 is increasing in the left cerebral cortex after sub-
arachnoid hemorrhage. Moreover administration of exogenous rNTN-1 intranasally 
1  h after experimental SAH significantly improved neurological functions and 
attenuated neuronal apoptosis concomitant with upregulating APPL-1, pAkt  and 
BCL2 expressions and downregulating the apoptotic marker Cc-3 expression [17].

5.3  Intranasal Stem Cell Treatment in aSAH

Mesencymal stem cell (MSC) treatment showed promising effects after ischemic 
brain injury models like stroke and neonatal hypoxia-ischemia in improving func-
tional outcome and decreasing brain lesion volume [18, 19].

Intravenous and intraarterial administration of stem cells resulted in high accu-
mulation of the cells in peripheral organs where they were not needed [18, 20, 21].

In a recent study the authors have studied the effects of intranasal administered 
bone marrow-derived MSCs in a rat endovascular perforation model of subarach-
noid hemorrhage [22].

They administered MSCs in awake animals 6 days after SAH 30 min after two 
doses of Hyaluronidase administration. Hyaluronidase degrades hyaluronic acid, 
thereby increasing tissue permeability which is necessary for administration of 
larger particles like cells.

Intranasal administration improved the sensorimotor function and decreased the 
lesion size. Moreover neuroinflammation associated with SAH and astrocyte and 
microglia/macrophage activation was significantly reduced. Finally the depression 
like state of rats after SAH was reversed after intranasal MSC administration.

5.4  Promising Progress in Intranasal Treatment Research 
in aSAH

5.4.1  Nimodipine-Loaded Lipopluronics Micelles

To date nimodipine is known as the only FDA-approved drug for treating subarachnoid 
hemorrhage induced vasospasm. But in the latest evidence-based guidelines for sub-
arachnoid hemorrhage by American Heart Association/American Stroke Association, it 
is especially pointed out that oral nimodipine has been shown to improve neurological 
outcomes but not cerebral vasospasm and the value of other calcium antagonists, 
whether administered orally or intravenously remains uncertain [3].
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Nimodipine is a calcium channel blocker, which has been shown to dilate cere-
bral arterioles and increase cerebral blood flow. The guidelines recommend the 
administration of 60 mg oral Nimodipine every 6 h. But as a Class II drug according 
to the Biopharmaceutical Classification System nimodipine suffers from limited 
oral bioavailability and extensive first pass metabolism in the liver. On the other 
hand intravenous administration of NM has several problems like hypotension, bra-
dycardia and arrhythmias. In a recent study the authors were able to create 
nimodipine- loaded lipo-pluronic micelles. Micelles are spherical colloidal systems 
consisting of a hydrophobic core and hydrophilic surface [6]. Pluronic micelles 
have a core-shell structure with hydrophobic core acting as solubilization depot for 
non-polar drugs and hydrophilic corona preventing aggregation, protein absorption 
and recognition by reticulo-endothelial system which leads to longer blood circula-
tion time. The evaluation of intranasal delivery showed that NM brain peak concen-
tration after IN administration was significantly higher than the peak concentration 
following iv administration. Furtherfore the blood/brain ratios were significantly 
higher at all sampling intervals after IN administration [23]. It means that in nano- 
size prepared NM-loaded LPM can be a promising replacement for the NM iv injec-
tion resulting in high brain concentration without having any systemic side-effects.

5.4.2  Erythropoietin (EPO) for SAH

One of the most studied treatment strategies concerning neuroprotection in stroke is 
EPO. Human EPO is a glycoprotein growth factor that acts as the main regulator of 
erythropoiesis. After the human EPO gene was cloned in the early 1980s the recom-
binant form of EPO was rapidly developed and used excessively in clinical practice. 
First it was  used in the management of anemia in  patients with chronic renal 
failure.

Neuroprotective actions of recombinant human erythropoietin (rHu-EPO) have 
been evaluated both in vitro and in vivo demonstrating antiapoptotic, antioxidative, 
antiimflammatory, neurotrophic and angiogenic properties [24].

Beneficial effects of EPO in patients with SAH in a clinical trial could not be 
excluded or concluded on the basis of the study and larger scale trials were war-
ranted [25].

Another phase II randomized double blind placebo controlled trial on intrave-
nous EPO showed that EPO seemed to reduce delayed cerebral ischemia following 
aSAH via decreasing the severity vasospasm and shortening impaired autoregula-
tion [26].

Lately a phase 1 randomized, parallel, open label study was carried out in healthy 
volunteers to evaluate the adverse effects of intranasal NeuroEPO. Center for Drug 
Research and Development (CIDEM, in Spanish) developed a nasal formulation 
containing EPO with non-hematopoietic activity produced by the Center of 
Molecular Immunology (CIM, in Spanish). This formulation named NeuroEPO 
incorporates bioadhesive polymers and other ingredients which increase the 
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residence time in the nasal cavity to enhance its therapeutic effect. This product did 
not stimulate erytropoesis when it was administered through nasal root [27].

Twenty five volunteers received either the highest dose or half of it. Most of the 
events were mild, did not require treatment and were completely resolved. No 
severe adverse events were reported. As a conclusion of this mini trial the authors 
suggested that the neuroprotective candidate NeuroEpo is a safe product, well toler-
ated in the nasal mucosa and did not stimulate erythropoiesis in healthy volunteers 
[28].

5.4.3  Insulin and Insulin Liked Growth Factor-1 (IGF-1)

Insulin and Insulin like Growth Factor (IGF-1) have been shown to be active AKT 
activators and to be neuroprotective in several stroke models. In preclinical studies 
insulin has shown promising effects in early brain injury after subarachnoid hemor-
rhage. Given the fact that intranasal insulin treatment is under study in other CNS 
disorders, there is no doubt that it can be tested also as a neuroprotective agent in 
subarachnoid hemorrhage in the future [29, 30].

In conclusion, to date there has been no clinical translation in intranasal treat-
ment after subarachnoid hemorrhage. But given the fact that aSAH is a subgroup of 
stroke in which cerebral ischemia occurs in a delayed time frame it is likely in the 
future that promising results in ischemic stroke trials with intranasal treatment of 
various drugs will be duplicatable in subarachnoid hemorrhage research. Also the 
aforementioned preclinical studies in aSAH may serve as proof-of-concept data 
prior to testing the agents in clinical trials.
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Chapter 6
Intranasal Delivery of Therapeutic 
Peptides for Treatment of Ischemic Brain 
Injury

Tingting Huang, Amanda Smith, Jun Chen, and Peiying Li

Abstract There is an unmet need in the treatment of cerebral ischemic stroke to 
enhance post-stroke functional recovery. Intranasal delivery of therapeutic peptides 
has been emerging as an important strategy to improve stroke recovery. In this chap-
ter, we introduce the definition and mechanisms of intranasal delivery of therapeutic 
peptides. We also discuss its advantages and disadvantages in the treatment of 
stroke. A variety of peptides and the administration regimens that have been tested 
in stroke animal models are listed. We believe that further investigation in this 
regard can deepen our understanding of intranasal delivery and may promote its 
clinical translation in the pursuit of better stroke recovery.

Keywords Intranasal delivery · Therapeutic peptides · Ischemic stroke · Brain 
recovery

6.1  Introduction

Stroke is the second leading cause of death and third main reason for severe disabili-
ties worldwide [1, 2]. Over 80% of stroke cases present as ischemic stroke [3]. 
Targeting the highly dynamic events that occur during ischemic stroke in the rela-
tively inaccessible brain microenvironment remains a challenge.

After decades of research, a variety of peptides, including erythropoietin 
(EPO), interleukin 4 (IL-4), and transforming growth factor (TGF)-β1, have 
emerged as effective therapeutic agents to treat brain diseases, such as neurode-
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generation, pain, psychiatric disorders and stroke [4]. However, some peptides 
cannot pass the blood brain barrier due to their high molecular weight, thereby 
requiring some form of invasive delivery to access the brain [5]. Recently, intra-
nasal delivery has gained attention as a novel non-invasive drug delivery route. In 
this chapter, we will define intranasal delivery, describe its possible mechanisms, 
and discuss its advantages and disadvantages as a delivery method of therapeutic 
peptides. Some peptides that have shown protection against stroke through intra-
nasal delivery along with the regimens that have been used, will also be covered 
in this chapter.

6.2  Definition and Mechanisms of Intranasal Delivery 
of Therapeutic Peptides

Intranasal delivery is an alternative drug delivery strategy used to treat brain inju-
ries, such as stroke [6]. Intranasal administration circumvents the blood brain bar-
rier (BBB) and provides a direct and rapid route for drugs to enter the brain and 
cerebrospinal fluid (CSF) through the olfactory epithelium [7]. Because of the large 
absorptive surface area of the nasal cavity (~160 cm2) [8], along with its high vas-
cularization and porous epithelium, drugs or treatment agents delivered through the 
intranasal route can enter the brain within minutes [9]. Chemicals, peptides, genes, 
and cells have been successfully delivered to the brain by intranasal delivery to 
achieve neuroprotection [10].

After intranasal administration of [125I]-labeled proteins to rats and monkeys, 
radiolabeling has been shown to extend from the olfactory and trigeminal nerve 
components in the nasal epithelium to the olfactory bulb and brainstem, respec-
tively. The signals from these [125I]-labeled proteins can spread to other central ner-
vous system (CNS) areas from these initial sites [11, 12]. The olfactory region is 
adjacent to the CSF flow tracts around the olfactory lobe [13]. Therefore, intranasal 
administration could lead to direct delivery into the CSF.

Two possible mechanistic routes have been suggested to underlie direct brain 
delivery after intranasal administration: (1) extracellular routes and (2) intracel-
lular routes [7]. The extracellular route is a rapid pathway by which the drug is 
absorbed across olfactory epithelial cells, either by transcellular or paracellular 
mechanisms. Then the agent can be taken up into the CNS directly [7], which 
explains why the delivery of intranasal drugs to the brain occurs within minutes 
[14]. On the other hand, during the intracellular route, drugs are internalized into 
primary neurons of the olfactory epithelium by endocytosis, which includes pino-
cytotic mechanisms, followed by intracellular axonal transport to the olfactory 
bulb [7]. This intracellular pathway may take hours for drugs to be dispersed 
within the brain [15]. The delivery route and mechanisms of intranasal drug 
absorption is illustrated in Fig. 6.1.
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6.3  Advantages of Intranasal Delivery of Therapeutic 
Peptides

Compared to conventional delivery methods, intranasal delivery of therapeutic pep-
tides possesses the following advantages; (1) Safe and less invasive [16] compared 
to local delivery into the brain, which usually requires intraventricular and paren-
chymal injections [17, 18]; (2) easier passage into the brain [16]; (3) less require-
ment for the high diffusibility of therapeutic agents [16]; (4) lower dosage can be 
used with more reliable pharmacological profiles due to less drug metabolism and 
degradation along the delivery routes [19, 20]; (5) faster onset of action [21]; (6) 
less systemic side effects due to the absence of intestinal absorption and degradation 
by the enterohepatic cycle as well as general distribution [9, 22]; (7) large molecules 
can gain entry into the brain which is not easily attainable via the oral route [23]; 
and (8) less requirement for sterile preparation [24].

Fig. 6.1 Intranasal delivery pathways across the olfactory epithelium are depicted. Potential trans-
port routes are shown in red. Some agents may be delivered via an intracellular pathway from the 
olfactory epithelium to the olfactory bulb by olfactory sensory neurons by endocytic, including 
pinocytotic, mechanisms, followed by intracellular axonal transport to the olfactory bulb. Others 
agents may pass the olfactory epithelial barrier by paracellular or transcellular transport to reach 
the lamina propria, and then distribute to the brain in multiple ways: (1) via entry into olfactory 
blood vessels and the systemic circulation; (2) by absorption into olfactory lymphatic vessels, 
which leads to the deep cervical lymph nodes of the neck; (3) by diffusion to the subarachnoid 
space with CSF, or. (4) entry into channels created by olfactory enshreathing cells surrounding the 
olfactory nerves, where they can access the olfactory bulbs. Subsequently, intranasally delivered 
drugs are transported from the olfactory bulb to the CSF surrounding the whole brain
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6.4  Peptides that Have Been Administered Intranasally 
to Treat Stroke

Recently, there has been increased focus on specific peptides as neuroprotective 
agents in experimental models of cerebral ischemic stroke. For example, numerous 
studies have shown that EPO administered subcutaneously, intraperitoneally, or 
through intra-cerebroventricular (ICV) injection, is effective against ischemic stroke 
[25–27]. Subsequently, intranasal administration of EPO, as well as other peptides, 
has shown efficacy in experimental models of ischemic stroke. The protective 
effects of these peptides mainly fall into four categories: (1) inhibition of neuronal 
apoptosis, as observed with EPO treatment [28]; (2) amelioration of inflammatory 
responses, as observed with Tat-NEMO-binding domain (Tat-NBD), a stable- 
mutant form of plasminogen activator inhibitor-I (CAPI) [20, 29]; (3) promotion of 
progenitor cell proliferation and brain repair mechanisms, as detected with insulin- 
like growth factor-I (IGF-1), TGF-β1, and TGF-α; [30–33] and (4) improvement in 
white matter function by preventing demyelination and promoting axon sprouting, 
as observed with tissue plasminogen activator (tPA) and Apo-transferrin (aTf) [31, 
34]. Table 6.1 summarizes the neuroprotective effects of intranasal administration 
of these peptides against cerebral ischemic stroke.

In addition to the above-mentioned peptides, there are numerous peptides that 
have shown to be effective regulators of ischemic brain injury through ICV or sub-
cutaneous administration, such as IL-4 and IL-33 [41, 42]. The efficacy of intranasal 
delivery of these peptides against ischemic stroke has not been examined. However, 
they are promising candidates for this new route of administration. Thus further 
studies investigating the efficacy of intranasal delivery of these two peptides against 
ischemic stroke is warranted.

6.5  Administration Regimens of Intranasal Delivery 
in the Treatment of Stroke

One of the advantages of intranasal delivery is that it reduces the effective dosage 
compared to systemic administration. However, there are still tremendous differ-
ences regarding the dosages reported by different studies for different peptides. In 
addition, some studies also report multiple intranasal peptide administrations or 
combination of different peptides. In Table 6.2, we summarize the intranasal infu-
sion protocols used to administer various peptides and their corresponding experi-
mental ischemic animal model.

T. Huang et al.



69

6.6  Disadvantages and Limitations of Intranasal Delivery 
of Therapeutic Drugs

Despite the well-known advantages of intranasal drug delivery as described above, 
intranasal delivery of therapeutic drugs also carries some disadvantages: (1) 
Potentially rapid degradation of the drug due to active mucociliary clearance and 
the presence of nasal cytochrome P450/peptidases/proteases. This disadvantage can 

Table 6.1 Neuroprotective effect of intranasal delivery of various peptides against stroke

Peptide Therapeutic effects and possible mechanisms References

EPO Increased cell viability and decreased the number of non-viable cells [28]
Tat-NBD Attenuated NF-κB signaling, microglia activation and brain damage [20]
IGF-1 Reduced infarct volume, hemispheric swelling, and promoted 

proliferation of neuronal progenitor cells
[30, 31]

tPA Rescued long-term spatial memory, prevented demyelination, and loss 
of axonal conduction

[34]

TGF-β1 Decreased infarct volume, improved functional recovery, and enhanced 
neurogenesis

[32]

CAPI Reduced acute LPS/HI-triggered NF-κB activity, pro-inflammatory 
IL-6 production, and brain tissue loss

[29]

TGF-α Triggered the proliferation of neuronal progenitor cells and 
significantly improved behavioral response

[33]

aTf Reduced white matter damage and accelerated remyelination [31]
Apelin-13 Reduced microglia activation, attenuated inflammatory cytokines/

chemokines levels, and decreased apoptotic cell death. Suppressed 
caspase-3 activation and increased the survival gene Bcl-2 after stroke

[35]

CART Upregulated BDNF expression. Enhanced survival, proliferation and 
migration of NPCs in SVZ. Improved neurological function and 
facilitated neural regeneration

[36]

HBHP Reduced NCM-mediated aggravation of neuronal death induced by 
sublethal concentrations of NMDA or zinc. Improved motor 
impairment and neurological deficits

[37]

bFGF Improved the three key clinical indicators of cerebral I/R injury 
severity: The neurologic deficit score, locomotor activity and infarct 
volume

[38]

Exendin-4 Reduced neurological deficit scores and infarct volume [39]
G-CSF Decreased infarct volume and improved neurological functional 

recovery. Upregulated HO-1 and reduced calcium overload following 
ischemia. Increased cerebrovascular density and newborn cell numbers 
after brain ischemia

[40]

EPO erythropoietin, Tat-NBD Tat-NEMO-binding domain, cell-penetrating anti-NF-κB peptides, 
IGF-1 insulin-like growth factor-I, CAPI a stable-mutant form of Plasminogen activator inhibitor-
 I, tPA tissue plasminogen activator, TGF transforming growth factor, CART cocaine-and 
amphetamine- regulated transcript peptide, HBHP HMGB1 binding heptamer peptide, bFGF basic 
fibroblast growth factor, G-CSF granulocyte colony-stimulating factor, HI hypoxic-ischemic, LPS 
lipopolysaccharide, IL-6 interleukin-6, BDNF brain derived neurotrophic factor, SVZ subventricu-
lar zone, NPC neural progenitor cells, HO-1 heme oxygenase-1, I/R ischemia-reperfusion, NMDA 
N-methyl-D-aspartate, NCM NMDA-conditioned medium, NF-κB nuclear factor-κB
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be overcome by covalently binding the drug to polyethylene glycol (PEG), also 
known as PEGylation [48]. PEGylation has been used to enhance drug delivery of 
BDNF into the brain, where it reduced systemic BDNF clearance and facilitated 
neuroprotection [49, 50]. Intranasal delivery of PEGylated-TGF-α induced similar 
effects to intracranial delivery of TGF-α, such as inducing neural stem cells in the 
ependymal layer and progeny in the subventricular zone to proliferate, migrate to 
the lesion area, and differentiate into context-appropriate neurons [51]. However, 
intranasal infusion of un-PEGylated TGF-α failed to produce similar effects, which 
may be attributed to its vulnerability to degradation [33]. (2) Although intranasal 
delivery can bypass the BBB, the major disadvantage of this route is the limited 
absorption across the nasal epithelium. This has restricted its application to particu-
larly potent substances. Hyaluronidase, an enzyme that binds to hyaluronic acid, 
can reduce the viscosity of hyaluronic acid or tissue [52]. Therefore, application of 
hyaluronidase has become a routine procedure used to facilitate intranasal drug 
delivery. Using 100  U hyaluronidase 30  min before apelin-13 administration 

Table 6.2 Administration regimens of intranasal delivery of therapeutic peptides

Peptide Dosage

Single /
Multiple 
(Times)

Combination 
peptide

Testing 
model Effects Reference

rhEPO 1.2 U S / Rat MCAO Not 
significant

[43]

4.8 U S / Most 
effective

12 U S / Most 
effective

24 U S / Weaker 
effects

Neuro- 
EPO

249.4 UI/10 μL M / Gerbil 
MCAO

Effective [44]

Tat- 
NBD

1.4 mg/kg S / Pup HI Marked 
effects

[20]

5.6 mg/kg S / Little 
protection

tPA 300 μg M (4) / Mice 
MCAO

Significant [45]

600 μg S / Rat MCAO Significant [46]
0.065 μg/mL S / Cultured 

cortical 
neurons

Significant [45]
0.65 μg/mL S / Significant
2 μg/mL S / Significant
6.5 μg/mL S / Peak
13 μg/mL S / Reduce

IGF-1 12 μL S EPO Mice 
MCAO

Significant [47]

rhEPO recombinant human erythropoietin, Tat-NBD cell-penetrating anti-NF-κB peptides, tPA 
tissue plasminogen activator, IGF-1 insulin-like growth factor-I, MCAO middle cerebral artery 
occlusion, HI hypoxic-ischemic
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increased its tissue permeability. It helped to reduce microglia activation, decreased 
the levels of inflammatory cytokines or chemokines and inhibited neuronal apopto-
sis [35]. However, there is also evidence that without hyaluronidase, apelin-13 alone 
can produce similar protective effects [53–55]. Therefore, further studies should be 
carried out to determine whether there is actual benefit to applying hyaluronidase. 
(3) Because of the size of the nasal cavity, there is a limit to the drug volume that 
can be delivered, which ranges from 25 to 200 μL. Indeed, in order to avoid discom-
fort, 2 μL drops are typically infused into one nasal cavity at a time, alternating 
between nostrils every 2  min, which takes over 20  min to complete drug 
administration.

6.7  Future Directions and Concluding Remarks

As a non-invasive approach, intranasal delivery of therapeutic peptides has numerous 
advantages, including easier passage to the brain, reduced dosage, and faster onset of 
action. Thus it is emerging as a promising alternative route for drug administration in 
the treatment of cerebral ischemic stroke. Multiple therapeutic peptides, including 
EPO, tPA, TGF-β1 have been shown to protect against stroke when administered 
intranasally. However, there are a lot of unknowns pertaining to the delivery details, 
such as the concentration that is needed, the number of injections required, and the 
times at which the drug should be delivered. Further investigation into intranasal 
delivery of therapeutic peptides as a neuroprotective strategy may lead to an easily 
accessible stroke treatment strategy, and hence better recovery after stroke.
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Chapter 7
Intranasal Delivering Method 
in the Treatment of Ischemic Stroke

Chunhua Chen, Mengqin Zhang, Yejun Wu, Changman Zhou, 
and Renyu Liu

Abstract Ischemic stroke is a leading cause of death and disability worldwide. 
Advances in early recognition of stroke symptoms and the transport of patients to 
specialized stroke centers has been a major step in improvement of mortality and 
morbidity. Speed is essential since current intravenous thrombolytic treatments can 
only be delivered in a very narrow therapeutic window. Intravenous therapy requires 
specialized skills, subjects the medication to first pass metabolism, and the issue of 
blood to brain transport is a major problem.

An alternate approach, the intranasal route, could deliver medication to the target 
in a quick manner and overcome the blood brain barrier to the central nervous sys-
tem while avoiding first pass metabolism. Intranasal medication also requires mini-
mal skill to administer in a hospital or in the field.

This chapter will address the pathway through which substances travel from the 
nasal epithelium to various regions of the central nervous system. This includes 
multiple substances for intranasal administration for the potential treatment of isch-
emic stroke, such as proteins and peptides, stem cells, gene vectors and nanoparti-
cles. The chapter will conclude with the merits and potential issues of intranasal 
administration, as well as future directions.
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Ischemic stroke is still one of the leading causes of death across the world. 
Thrombolytic therapy is available for ischemic stroke management, which can only 
be delivered in a very narrow therapeutic window within 4.5 h [1]. Neuroprotective 
agents have been tested effective in various animal models, however, none of them 
was able to achieve to be a clinical neuroprotectant. One of the potential causes is 
that these agents can only be delivered to the stroke patients after the arrival to the 
hospital, losing the opportunity to be delivered in a quicker manner. To develop an 
intranasal approach could potentially overcome some of the barriers to deliver the 
medication to the target in a quick manner especially when there is no intravenous 
route available. Another major benefit to develop the intranasal formulation is that 
it could potentially overcome the blood brain barrier (BBB) to deliver the macro-
molecules to the central nervous system (CNS) when the traditional intravenous 
approach will not work at all. It may also bypass the first pass effect from intranasal 
administration. To avoid intravenous administration disadvantages, intranasal 
administration has other critical benefits including lack or reduction of systemic 
side effects and increasing the efficacy by avoiding metabolism or hydrolysis in the 
blood for certain medications.

7.1  Pathways for Intranasal Administration

The pathway through which substances travel from the nasal epithelium to various 
regions of the CNS has not been fully investigated. However, previous studies 
reported that intranasally delivered macromolecules could bypass the BBB to elicit 
biological and pharmacological effects rapidly in the brain and spinal cord in rats 
and monkeys [2, 3]. There are at least three sequential transport steps as described 
as follows.

7.1.1  Transport Across the Olfactory or Respiratory Epithelial 
Barriers

Substances intranasally administered initially crossed the olfactory or respiratory 
epithelium either by intracellular or extracellular pathways. Intracellular pathways 
across the olfactory or respiratory epithelium include endocytosis into olfactory 
sensory neuron (OSN) or trigeminal neuron processes and subsequent intracellular 
transport to the olfactory bulb or the brainstem [4–12]. As for the extracellular path-
ways, substances cross the epithelium to assess the underlying lamina propria 
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potentially by paracellular diffusion. Horseradish peroxidase (HRP) has been shown 
to reach the olfactory bulb not only through intracellular uptake by OSN, but also 
by passing through open intercellular clefts [13]. The expression of the tight junc-
tion (TJ) proteins in the epithelium significantly determines the paracellular perme-
ability [14, 15].

7.1.2  Transport from the Nasal Lamina Propria to Sites 
of Brain Entry

After entering the nasal laminal propria across the olfactory and respiratory epithe-
lium via intracellular and extracellular pathways mentioned above, substances are 
to reach the brain entry sites (olfactory bulbs and brainstem) through both olfactory 
and trigeminal nerves. This transport may via intracellular pathways and extracel-
lular pathways. The former is endocytosis and intraneuronal transport with OSN or 
trigeminal ganglion cells, while the latter happens when substances diffuse within 
perineural, perivascular or lymphatic channels associated with olfactory and tri-
geminal nerve bundles extending from the lamina propria to the olfactory bulbs and 
brainstem, respectively [5–7]. Fates of substances reaching the extracellular envi-
ronment in the lamina propria are different and includes: (a) absorption into blood 
vessels and entry to systemic circulation; (b) absorption into lymphatic vessels and 
entry to deep cervical lymphatic nodes; (c) diffusion around nerve bundles and 
entry to brain. However, the travel time of different mechanisms varies. Some 
researchers have simulated and estimated the travel time of these mechanisms. It 
seems that the extracellular bulk convection is the most plausible mechanism for the 
rapid transport [16]. It takes at most 30 min, which fits the experimental results 
well.

7.1.3  Transport from the Brain Entry Sites to Widespread Sites 
Within the CNS

Substances may be distributed to widespread sites of CNS from the entry sites 
through the bulk flow in the perivascular spaces of cerebral blood vessels [17, 18]. 
Many studies attempted to elucidate the flow’s direction and characteristics. 
However, different groups get different results [17–19]. It has been shown that rats 
with high blood pressure and heart rate displayed a larger distribution of adeno- 
associated virus 2, fluorescent liposomes, and bovine serum albumin, which sug-
gests that fluid circulation within the CNS through the perivascular space is the 
primary mechanism [20]. What’s more, following intranasal administration, uptake 
of [125I]-calcitonin and [125I]-erythropoietin (EPO) are abolished with surgical tran-
section of the rostral migratory stream (RMS), the pathway along which neuronal 
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precursors migrate to the olfactory bulb. This provides evidence of the vital role of 
the RMS in the CNS delivery of intranasally administered agents [21]. In addition, 
some of the substances could be lost in the nasal-associated lymphoid tissues [22]. 
Another study indicates that oxytocin (OT) reached the CSF within 1 h after intra-
nasal administration [23]. Following tracer application, substances rapidly enter 
into the CSF along perivascular spaces [24, 25] while limited distribution along 
perivascular spaces [26, 27]. The mechanism about the perivascular distribution fol-
lowing intranasal administration to target requires further research.

7.2  Multiple Substances for Intranasal Administration 
for Ischemic Stroke

Studies have demonstrated that intranasal delivery of multiple substances can effec-
tively prevent the ischemic brain injury in animal models. The substances can be 
divided into four types, which were listed in Table 7.1: (1) proteins and peptides; (2) 
stem cells; (3) gene vectors; (4) nanoparticles.

7.2.1  Proteins and Peptides

Numerous proteins and peptides have been suggested to have a robust neuroprotec-
tive effect in focal cerebral ischemia via intranasal administration.

Administration of insulin-like factors (IGF-1) by the intranasal approach has 
shown significantly reduced infarct volume and improved motor-sensory and 
somatosensory functions in rats. Also, intranasal IGF-1 after middle cerebral artery 
occlusion (MCAO) decreased neuronal apoptosis in the ischemic ipsilateral hemi-
sphere [28]. Intranasal delivery of granulocyte colony-stimulating factor (G-CSF) 
also decreased infarct volume, increased recovery of neurological function and pro-
moted angiogenesis and neurogenesis following ischemia in rats [31]. What’s more, 
study has provided evidence that intranasal administration of exendin-4 exerted a 
neuroprotective effect mediated by anti-apoptotic mechanism in MCAO mice and 
protected neurons against ischemic injury through the glucagon-like peptide 1 
receptor (GLP-1R) pathway [32]. In addition, high mobility group box 1 (HMGB1) 
binding heptamer peptide [33], tissue plasminogen activator (tPA) [34, 35], exoge-
nous recombinant human erythropoietin (rHu-Epo) [36], Neuro-erythropoietin 
(Neuro-EPO) [38, 39], transforming growth factor-beta1 [40], Wnt-3a [41], 
Apelin-13 [42], nerve growth factor [43] also have a positive impact on ischemic 
stroke through the intranasal administration.
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Table 7.1 The intranasal delivery of multiple substances on animal models of ischemic stroke

Catalog Substances Functions
Animal 
model References

Peptide and 
protein

IGF-1 and insulin Reduced infarct volume
Decreased apoptosis
Improved neurologic functions

Rats and 
mice MCAO

[28–30]

G-CSF Reduced neuronal damage
Promoted angiogenesis and 
neurogenesis

Rats MCAO [31]

Exendin-4 Exerted neuroprotective 
efforts by anti-apoptotic 
mechanism

Mice MCAO [32]

HBHP Inhibit HMGB1 to reduce 
damages

Rats MCAO [33]

Recombinant tPA Improved nervous functions
Reduced the cortical 
stimulation threshold
Enhanced neurogenesis 
increased the level of mature 
brain-derived neurotrophic 
factors

Rats TBI and 
MCAO

[34, 35]

rHu-Epo Promoted neuroprotection Rats chronic 
hypoxia

[36, 37]

Neuro-EPO Reduced delayed neuronal 
death

Mongolian 
gerbil CCAO

[38, 39]

TGF-beta1 Reduced infarct volume
Improved functional recovery
Enhanced neurogenesis

Mice MCAO [40]

Wnt-3a Reduced infarct volume by 
enhancing the cerebral blood 
flow
Enhanced neurogenesis

Mice MCAO [41]

Apelin-13 Reduced inflammation
Decreased cell death
Increased angiogenesis

Mice MCAO [42]

NGF Reduced infarct volume
Improved neurologic function

Rats MCAO [43]

PAI-1 Reduced the extravascular 
toxicity of tPA
Reduced brain atrophy
Attenuated neuroinflammation

Rat pups HI [44]

Caspase-9 inhibitor Reduced neuron death Rats MCAO [45]
IL-1RA Promoted neuroprotection Rats MCAO [46]
OPN Reduced infarct volume

Reduced inflammation
Ameliorated neurological 
deficits

Rats MCAO [47, 48]

(continued)
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7.2.2  Stem Cells

Stem cell intranasal delivery is a promising treatment possibility for ischemic stroke 
due to their potential ability to deliver neurotrophic factors to damaged cells. 
Intranasal bone marrow mesenchymal stem cells (BMSCs) transplantation after 
neonatal stroke in rats has neuroprotection and great potential as a regenerative 
therapy to enhance neurovascular regeneration and improve functional recovery 

Table 7.1 (continued)

Catalog Substances Functions
Animal 
model References

Stem cells BMSC Reduced infarct volume
Induced long-lasting cell 
proliferation

Rats; Mice 
[49] MCAO

[49–51]

Gene vector HMGB1 siRNA Inhibited HMGB1 to reduce 
damages

Rats MCAO [52]

iNOS siRNA Reduced infarct volume
Reduced neurologic deficits

Rats MCAO [53]

Small 
molecule 
and others

Salvinorin A Protected the brain and 
improved neurological 
outcome

Mice MCAO [54]

Polycation-shielded 
Ca(2+)/nucleotide 
nanocomplexes

Reduced infarct volume Rat MCAO [55]

bFGF nanoliposomal Improved accumulation of 
bFGF

Rats MCAO [56]

Progesterone Decreased the mortality rate
Improved motor function
Reduced infarct volume
Decreased the early BBB 
disruptions

Mice MCAO [57]

GRb1 Reduced infarct volume Rats MCAO [58]
DFO Reduced infarct volume Rats MCAO [59]
CPA Decreased ischemic damages Rats MCAO [60]
Z-LIG Enhanced protection against 

ischemic injury
Rats MCAO [61]

Xingnaojing 
mPEG2000-PLA 
modified 
microemulsion

Used for ischemic treatment Mice MCAO [62]

IGF-1 insulin-like growth factor 1, G-CSF granulocyte colony-stimulating factor, HBHP HMGB1 
binding heptamer peptide, HMGB1 high mobility group box 1, tPA tissue plasminogen activator, 
rHu-EPO recombinant human erythropoietin, TGF-beta1 transforming growth factor-beta1, NGF 
nerve growth factor, PAI-1 plasminogen activator inhibitor-I, IL-1RA interleukin-1 receptor antag-
onist, BMSCs bone marrow mesenchymal stem cells, OPN osteopontin, bFGF basic fibroblast 
growth factors, GRb1 Ginsenoside Rb1, DFO deferoxamine, CPA N(6)-cyclopentyladenosine, 
Z-LIG Z-Ligustilide, XNJ-M xingnaojing microemulsion, TBI traumatic brain injury, CCAO com-
mon carotid artery occlusion, HI hypoxia and ischemia
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observed at the juvenile stage of development [50]. Meanwhile, mesenchymal stem 
cells (MSCs) and MSC over-expressing brain-derived neurotrophic factor (MSC- 
BDNF) significantly reduced infarct size and gray matter loss and induced long- 
lasting cell proliferation in the ischemic hemisphere in rats [51]. Furthermore, 
delayed intranasal delivery of hypoxic-preconditioned BMSCs significantly 
enhanced cell’s homing to the ischemic region, optimized the therapeutic efficacy, 
decreased cell death in the peri-infarct region and reduced infarct volume in mice. 
All of these results provide promising therapeutic strategy for stroke.

7.2.3  Gene Vectors

Intranasal delivery of HMGB1 siRNA markedly reduced infarct volume in the post- 
ischemic rat brain (maximal reduction to 42.8 ± 5.6% at 48 h after 60 min MCAO). 
In addition, this protective effect was manifested by recoveries from neurological 
and behavioral deficits, which indicated that intranasal delivery of HMGB1 siRNA 
confers robust neuroprotection in the post-ischemic brain [52].

7.2.4  Small Molecules and Others

Our recent study showed that salvinorin A, a kappa opioid receptor (KOR) agonist, 
could potentially protect the brain and improve neurological outcome via blood 
brain barrier protection, apoptosis reduction and inflammation inhibition in a mouse 
MCAO (Middle Cerebral Artery Occlusion) model [54]. Importantly, as a non- 
invasive and quick method for treatment compared with other methods such as the 
intravenous or intramuscular injection, we demonstrated that intranasally applied 
molecules may bypass the blood–brain barrier and the viability of the nasal pathway 
to the CNS along olfactory or trigeminal associated extracellular pathways. A total 
volume of 10 μL of the SA solution (25% DMSO as the solvent) was administered 
intranasally over approximately 5 min using pipette tips. The tip was inserted into 
each naris so that the solution was administered to the upper nasal passage in the 
general area of the olfactory epithelium. However, further study was needed to show 
the delivery efficiency or use the absorption enhancers to improve the efficiency. 
Furthermore, novel drug formulations for effective brain targeting and clinical 
usage have to be developed.

Opioids are commonly used in critically ill patients. However, the role of opioid 
in modulating brain ischemia was not clear and has to be elucidated. In our study, 
we found that intranasal administration of Salvinorin A could reduce the infarct 
volume and improve the neurological outcome via inhibiting the apoptosis and the 
inflammation. Unlike other KOR agonists, salvinorin A does not belong to the opi-
oid family, which produces dysphoric effects. Many intrinsic characters of the com-
pound, i.e. naturally available from abundant plant, quick onset, lipid soluble, easy 
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to pass blood brain barrier, sedative and antinociceptive effect, negative pathologi-
cal finding in vital organs with high dose or prolonged exposure (non-toxic) and no 
respiratory depression, make it a potential therapeutic medication as a non-opioid 
KOR agonist for various neurological conditions.

Besides, in order to further improve the therapeutic effect of substances, studies 
have been conducted with using of gelatin nanoparticles (GNPs). One group showed 
that the use of GNPs as a carrier for intranasal delivery of osteopontin (OPN) pep-
tide allowed for a 71.57% reduction in the infarct volume and extended the thera-
peutic window to at least 6  h post-MCAO [63]. Also, the treatment efficacy of 
intranasal iNOS siRNA encapsulated in GNPs delivery was investigated. Suppressed 
infarct volume and reductions in neurological and behavioral deficits were observed. 
Importantly, therapeutic potency of iNOS siRNA/GNPs was greater and sustained 
longer than that of bare siRNA [53]. Another group designs polycation-shielded 
Ca2+/nucleotide nanocomplexes with simple mixing, which produce 10–25  nm 
sized particles. The nanocomplexes release nucleotides in response to acidic pH, 
which enhance cell survival rates under unfavorable conditions such as low tem-
perature or hypoxia. Critically, the nanocomplexes reduce cerebral infarct volume 
in a post-ischemic rat model [55]. Previous study supported that compared with free 
basic fibroblast growth factor (bFGF), nano liposomal therapy was able to improve 
the accumulation of bFGF in brain tissues including the most affected penumbra 
regions which could be rescued [43].

7.3  Merits and Issues of Intranasal Administration in Stroke

Intranasal administration is a useful method to deliver drugs to the brain of ischemic 
stroke. We have mentioned many substances above with intranasal administration, 
which are potent in the treatment of ischemic stroke. Here we conclude the merits 
and potential issues of intranasal administration, as well as the future direction.

7.3.1  Merits

First, intranasal administration provides a direct route into the brain, which could 
bypass the BBB and first-past effect of liver and gastrointestinal degradation. This 
increases the bioavailability of drugs, especially for peptides and substances of large 
mass weight, if with the help of absorption enhancers [64–67]. Large surface area 
for absorption (human ~160 cm2) also promotes the absorption of the drug [68].

Besides, as the drugs directly entering the brain, systemic side effects like gastro-
intestinal irritation will be minimized [64, 67] and the substances will stay in higher 
concentration (100-fold for IGF-1 [29]) with less time to reach the targeted area 
(about 30 min or less [67]), compared with systemic administration [69].
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What’s more, from clinical prospect, intranasal administration also has its own 
advantages. It can:

 1. Expand window for thrombolytic therapy. There is only 3- or 4.5-h time window 
for robust thrombolytic therapy [70]. Current stroke therapy usually fails to 
reach patients because of delays following stroke onset, which limits the recov-
ery of patients. However, owing to its operability, intranasal administration could 
be easily deployed at home or in the ambulance to extend the time window for 
thrombolytic treatment. Dodecafluoropentane emulsion (DDFPe) has been used 
to extend time window for tPA therapy in a rabbit stroke model [71]. Extended 
time window is crucial for the rescue of stroke, which may allow more patients 
more complete stroke recovery.

 2. Be effective and convenient in the chronic treatment and recovery. Since pep-
tides, proteins and other macromolecules could be transported to the brain 
directly through intranasal administration, substances such as PEG-TFG-alpha 
[21] could improve neurogenesis and the behavioral deficit in a chronic stroke 
model, which may be also effective in human. Additionally, as a non-invasive 
and painless method for treatment, intranasal administration will increase 
patients’ compliance. When compared with other parenteral medications, its 
convenience makes self-medicine and quick dose adjustment possible, which is 
important for the treatment of chronic phase and recovery of the patients [32, 
72]. Intranasal administration also reduced risk of disease transmission from 
application due to its non-invasiveness [68].

7.3.2  Potential Issues

Though intranasal administration is promising, potential issues still remain to be 
solved before its use in clinic. We will discuss the issues in the following three 
parts: (1) factors affecting delivery, (2) mechanism and anatomy, (3) local side 
effect.

7.3.2.1  Factors Affecting Delivery

Physiochemical properties of drugs, nasal environmental factors and formulation 
factor affect the permeation of drugs through intranasal route. Physiochemical prop-
erties of drugs include the molecular weight (MW), solubility, lipophilic- hydrophilic 
balance and pKa [64, 72]. Previous study observed that absorption was the highest 
for the compound of least molecular weight and least lipophilicity [72]. Nasal 
absorption also depends on the pKa of the drug and the pH of the nasal cavity, which 
may determine the partition of the drugs and thus affect the absorption. Modification 
will be needed for better and effective delivery.
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Nasal environmental factors such as drug degrading enzymes [73], mucociliary 
clearance (MCC) [74] and pathological conditions also affect the delivery effect. 
The first two factors are the self-cleaning mechanisms of respiratory tract to defend 
inhaled heterogeneous substances, which may also prevent drugs into the nasal 
laminal propria. It is about 30 min before substances depositing in the nasal cavity 
are removed [75]. Pathological conditions such as cold and rhinitis may change the 
MCC and affect the permeation of drugs by hyper-secretion of nasal mucosa.

Formulation factors involve pH, viscosity, osmolarity and type of dosage form. 
The pH (nasal mucosa pH is 4.5–6.5 [72]) and osmolarity (close to 308 mOsmol/L 
[76]) of the formulation should be modified well to improve the permeation and 
reduce mucosal irritation.  High viscosity may increase the permeation time for 
drugs but may also interfere with the function of normal mucosa. Dosage form may 
vary as different usage with different excipients to enhance absorption. Therefore, 
better design should be considered for the usage and purpose of drugs.

7.3.2.2  Anatomy Difference Between Rodents and Human

As we mentioned above, the mechanisms of substances delivering to brain have not 
been fully understood, which hurdles the further usage and modification of drugs. 
Besides, there are some anatomical differences between rodents and human [29, 
46], which may be the problem for human test. The nasal cavity in rodents is easier 
to access than in human. Moreover, while the olfactory tissue covers over 50% of 
the nasal cavities lining in rodents, human olfactory tissue is restricted to 3–5% 
[77]. Therefore, drug delivery  through the nasal cavity and olfactory tissue in 
rodents are likely to be more efficient than in human. In addition, the differences in 
CSF volume in rodents and human and the turnover time for CSF in these species 
also lead to reduced efficiency of intranasal delivery in human when compared with 
rodents. All of the anatomical differences might hurdle the translational research 
from animal to human and sophisticated models for experiment should be devel-
oped [29].

7.3.2.3  Local Side Effect

Local administration may cause local side effect, especially for prolonged medica-
tion. The histological toxicity of absorption enhancer and other excipients is not 
clearly demonstrated, which may be nasal irritation or disrupt the nasal membrane 
functions. Improper technique of administration may also deliver the drugs to other 
respiratory regions like lung [64], causing the loss of the dosage and irritating these 
regions. These restrictions will require better design of drugs and further investiga-
tion of delivery methods.
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7.3.3  Future Direction

Research now mainly concentrates on the absorption. Prodrugs are utilized to get 
higher hydrophilic character to enhance absorption. Various prodrug formulation of 
L-dopa was produced and the solubility increased significantly [78]. Co-solvent, 
enzymatic inhibitors, muco-adhesive agents and absorption enhancer can be added 
in the formulation to promote the absorption by either improving permeability or 
reducing degradation. The use of hyaluronidase has become a routine procedure in 
intranasal delivery of therapeutics to increase permeability [42].

Over the last few years, novel drug formulations for effective brain targeting 
have been developed to improve delivery. New formulations such as liposomes, 
nanoparticles, microsphere and nanoemulsions [72] are very encouraging. Liposome 
can improve permeation of various drugs and protect them from degeneration. 
Nanoparticles can easily permeate to nasal lamina propria owing to their small size. 
Microsphere and nanoemulsions also have advantages in intranasal administration. 
What’s more, some human experiments by intranasal administration have been 
done to explore the plausibility in human treatment. NeuroEPo was given to healthy 
volunteers by intranasal administration [79]. The side effects were well tolerated 
and the products may be effective in human as in rodents.

7.4  Conclusion

In brief, intranasal delivery is a potential strategy to overcome obstacles due to the 
BBB and is an attractive route for its non-invasiveness and quickness. Although the 
mechanisms involved in the delivery of different molecules from the nasal to the 
CNS are not yet completely understood, intranasal administration should be consid-
ered in the future for both pre-clinical and clinical studies for the treatment of isch-
emic stroke.
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Chapter 8
Intranasal Delivery of Drugs for Ischemic 
Stroke Treatment: Targeting IL-17A

Yun Lin, Jiancheng Zhang, and Jian Wang

Abstract Stroke is the second most common cause of death worldwide and a major 
cause of disability. However, uncertainty surrounds the efficacy and safety of 
peripheral or intracerebroventricular drug administration for stroke treatment. 
Intranasal delivery is emerging as a noninvasive option for delivering drugs to the 
central nervous system with minimal peripheral exposure. Use of the intranasal 
route could potentially reduce systemic exposure and side effects. Intranasal deliv-
ery provides rapid onset that occurs within minutes. Additionally, this method facili-
tates the delivery of large and/or charged molecules, which fail to effectively cross 
the blood-brain barrier. We have shown previously that intranasal delivery of exog-
enous interleukin-17A (IL-17A) promotes the survival, neuronal differentiation, 
and subsequent synaptogenesis of neural precursor cells in the subventricular zone 
during stroke recovery, as well as spontaneous recovery and angiogenesis. Therefore, 
although IL-17A is well-known for contributing to damage in acute ischemic stroke, 
it might also mediate neurorepair and spontaneous recovery after stroke when deliv-
ered intranasally.

Keywords Central nervous system · Interleukin-17 A · Intranasal delivery · 
Neurorepair · Stroke

Y. Lin 
Department of Anesthesia, Institute of Anesthesia and Critical Care Medicine, Union 
Hospital, Tongji Medical College Huazhong University of Science and Technology,  
Wuhan, China 

J. Zhang 
Department of Critical Care Medicine, Institute of Anesthesia and Critical Care Medicine, 
Union Hospital, Tongji Medical College Huazhong University of Science and Technology, 
Wuhan, China 

J. Wang (*) 
Department of Anesthesiology and Critical Care Medicine, The Johns Hopkins University 
School of Medicine, Baltimore, MD, USA
e-mail: jwang79@jhmi.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16715-8_8&domain=pdf
mailto:jwang79@jhmi.edu


92

8.1  Introduction

Stroke is the second most common cause of death and a major cause of permanent 
disability in adults worldwide [1, 2]. Tissue plasminogen activator (tPA) is the only 
drug approved by the U.S. Food and Drug Administration for thrombolytic therapy 
after ischemic stroke, but its efficacy and safety are limited by its narrow treatment 
time window and side effects [3]. In contrast, a broader window exists to promote 
repair and decrease stroke-associated disability in late phases. Under physiologic 
conditions, the normal adult brain contains two neurogenic regions: the subven-
tricular zone (SVZ) of the lateral ventricle and the dentate gyrus of the hippocampus 
[4]. Although stroke induces neurogenesis in the SVZ and the migration of neural 
precursor cells into the injured striatum [5, 6], the contribution of endogenous neu-
rogenesis to spontaneous recovery after stroke is exceptionally limited, leaving the 
affected individual with life-long neurologic deficits [7]. Angiogenesis has been 
shown to be coupled with neurogenesis in brain tissue repair and remodeling after 
stroke [8]. Therefore, therapeutic interventions are required to promote recovery 
after stroke by increasing SVZ neurogenesis and angiogenesis.

Traditionally, neurologic disorders, like many bodily disorders, have been treated 
through peripheral drug administration (predominantly oral administration). 
However, a variety of disadvantages are associated with using peripheral adminis-
tration to treat central nervous system (CNS) diseases. Systemic administration can 
lead to side effects and low bioavailability as a result of first-pass hepatic and intes-
tinal metabolism, plasma protein binding, and the ability of the blood-brain barrier 
(BBB) to severely restrict entry of all but small, nonpolar compounds. Substantial 
evidence has shown that intranasal administration represents the most promising, 
novel, noninvasive method for delivering therapeutic substances directly to the 
CNS. Here we discuss the advantages of using the intranasal route over peripheral 
or intracerebroventricular (ICV) routes for treating ischemic stroke. We also intro-
duce our recent study, which showed that intranasal delivery of interleukin-17A 
(IL-17A) promotes neurogenesis and functional recovery in the later phases of 
stroke.

8.2  Intranasal Delivery for the Treatment of Neurologic 
Disorders

The intranasal delivery method was first developed by Frey in 1989 for targeting 
neurotrophic factors (e.g., nerve growth factor and fibroblast growth factor-2) to the 
CNS [8]. This noninvasive delivery method targets therapeutics to the CNS, reduc-
ing systemic exposure and side effects. Thus, the intranasal route can be advanta-
geous for delivery of many CNS drugs, including those that can cross the BBB upon 
systemic administration. Intranasal delivery of therapeutics to the CNS is rapid, 
occurring within minutes.
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Routing drugs directly from the nasal cavity to the brain sidesteps the first-pass 
effect, during which metabolism in the liver, kidney filtration, and degradation 
greatly reduce the amount of active drug that eventually reaches the brain [9]. The 
duration and intensity of a drug’s actions can also be affected by the degree to 
which it binds to proteins within blood plasma. The more drug that binds to pro-
tein, the less efficiently it can transport across the BBB [10]. Another concern with 
systemic administration is adverse systemic or even toxic side effects. Although 
ICV injection can deliver drugs directly to the brain, it is a highly invasive and 
risky procedure [11]. Insufflation of drugs through the nose is noninvasive, associ-
ated with few complications, and directs compounds directly to the CNS [12–14]. 
Because the effect is often reached within 5 min, nasal administration can be used 
as an alternative to oral administration. A variety of growth factors, hormones, 
neuropeptides, and stem cells can be delivered intranasally. Even large and/or 
charged therapeutics, which do not effectively cross the BBB, can be delivered via 
the intranasal method. Therefore, this route holds promise for treatment of many 
CNS-related diseases, including stroke [14]. Nevertheless, each drug must be 
tested for effects on the nasal mucosa, sense of smell, and immune system, as 
drugs will likely enter the nasal- associated lymphatics and deep cervical lymph 
nodes.

8.3  Intranasal Administration of Growth Factor Confers 
Protective Effects Against Ischemic Stroke

Numerous experimental studies have shown that a wide variety of peptide and pro-
tein therapeutics delivered by the intranasal route have the potential to treat isch-
emic stroke. In a study by Liu et al. [15] intranasal administration of insulin-like 
growth factor-1 (IGF-1, MW = 7.65 kDa) significantly reduced infarct size by 54% 
when given at 2  h after ischemia induction and 39% when given at 4  h. It also 
improved neurologic function. Intranasal delivery of recombinant human erythro-
poietin (rHu-EPO) was shown to reduce neurologic and cognitive deficits, as well 
as histologic damage in gerbils exposed to experimentally induced focal cerebral 
ischemia [16]. Fletcher et al. [17] demonstrated that EPO (MW = 30–34 kDa) plus 
IGF-1 penetrated the brain more efficiently when delivered by the intranasal route 
than when delivered by intravenous, intraperitoneal, and or subcutaneous injections. 
The intranasal combination of EPO and IGF-1 delivered 1 h after middle cerebral 
artery occlusion (MCAO) significantly reduced infarct volumes 24  h later and 
improved neurologic function up to 90 days later. Intranasal nerve growth factor 
(MW = 26.5 kDa) enhanced neurogenesis in the striatum and improved functional 
recovery when administered 24 h after MCAO [18]. Intranasal delivery of recombi-
nant human VEGF (MW = 38.2 kDa) also reduced infarct volume, improved behav-
ioral recovery, and enhanced angiogenesis following MCAO in rats [19]. In mice 
subjected to MCAO, intranasal delivery of TGF-β1 (MW = 25 kDa) reduced infarct 
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volume, increased neurogenesis in the SVZ, and improved functional recovery [20]. 
Ma et al. [21] reported improved neurologic function and reduced infarct volume in 
rats when basic fibroblast growth factor was delivered intranasally after cerebral 
ischemia/reperfusion. Rats that received intranasal basic fibroblast growth factor 
daily for 6 days beginning 1 day after MCAO also showed enhanced neurogenesis 
[22].

8.4  Intranasal Delivery of IL-17A Promotes Neurogenesis 
and Functional Recovery After Ischemic Stroke

The IL-17A family consists of several cytokines that participate in both acute and 
chronic inflammatory responses [23]. IL-17A is the most widely investigated cyto-
kine of this family, and its production has been mainly attributed to T helper 17 
(Th17) cells [23]. Recent studies have revealed that IL-17A is mainly produced by 
gamma delta (γδ) T cells in the acute phase of ischemic stroke [24, 25]. As a linkage 
between innate and adaptive immunity, IL-17A secreted from γδ T cells plays det-
rimental roles in acute ischemic stroke [24, 26]. Evidence has shown that IFN-γ 
produced by CD4+ T cells induces TNF-α production in macrophages, whereas 
IL-17A secreted by γδ T cells triggers neutrophil recruitment to the infarcted hemi-
sphere. The synergistic effect of TNF-α and IL-17A on astrocytes enhanced secre-
tion of neutrophil-attracting chemokine CXCL-1 [25]. CXCL-1 binds to its receptor 
CXCR-2, resulting in the recruitment of neutrophils to the infarcted site, thus 
amplifying the inflammatory response and contributing to tissue damage [27]. 
Application of an IL-17A-blocking antibody after ischemic stroke induction 
decreases infarct size and improves neurologic outcome in the murine model. 
Additionally, IL-17A- positive lymphocytes were detected in postmortem brain tis-
sue of patients who had experienced a stroke, suggesting that this aspect of the 
inflammatory cascade also occurs in the human brain [24]. In our previous study, 
we found that IL-17A from reactive astrocytes maintained and augmented the sur-
vival and neuronal differentiation of neural precursor cells in the SVZ during stroke 
recovery and subsequent synaptogenesis and spontaneous recovery through the p38 
mitogen-activated protein kinase (MAPK)/calpain 1 signaling pathway [28]. We 
have also shown that pro-angiogenesis effects of IL-17A are involved in post-stroke 
functional recovery [29]. Therefore, although IL-17A is well-known for its damag-
ing role in acute stroke, it might be an essential mediator for ischemia-induced 
neurorepair and spontaneous recovery. Our findings reveal a previously unrecog-
nized role for IL-17A in neurogenesis, angiogenesis, and subsequent synaptogene-
sis and long-term functional recovery after ischemic stroke (Fig.  8.1) [28]. 
Importantly, these results indicate that IL-17A may have a biphasic role in different 
phases of ischemic stroke.
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8.5  The Dual Effects of IL-17A in Different Stages 
of Ischemic Stroke

Signals that are deleterious during the acute stage of stroke may play beneficial 
roles during the recovery phase. Many reports in the literature based on cell and 
animal models suggest that N-methyl-d-aspartate (NMDA) receptor, the matrix 
metalloproteinase (MMP) family, and high-mobility-group-box-1 (HMGB1) 
worsen acute brain injury after stroke. However, recent studies suggest that they all 
could promote endogenous neurogenesis in the later phases of stroke recovery [30–
33]. Another example of the biphasic nature of molecular signals involves nitric 
oxide (NO). Accumulating data indicate that NO is deleterious when large amounts 
are produced by uncontrolled neuronal or inducible nitric oxide synthase isoforms 
[34, 35]. Alternatively, however, NO promotes angiogenic sprouting [36]. 
Angiogenesis is an important feature of the peri-infarct cortex during stroke recov-
ery [37, 38]. Therefore, some molecular signals may have biphasic roles after stroke.

Similar patterns may emerge when one looks at other stroke injury mechanisms. 
Among various immune cytokines, we focused on IL-17A because of two recently 
proposed ideas. First is the suggestion that IL-17A can exert both deleterious and 
beneficial effects in neuroinflammation [24, 39, 40]. Second, the crosstalk between 

Fig. 8.1 Intranasal delivery of IL-17A promotes functional recovery by enhancing neural progeni-
tor cell (NPC) survival, neuroblast migration, neuronal differentiation, and synaptogenesis through 
the p38 MAPK/calpain 1 signaling pathway
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central reactive astrocytes and precursor cells during stroke recovery supports neu-
rovascular remodeling and functional recovery [33]. In neuroinflammatory diseases, 
IL-17A is specifically expressed in reactive astrocytes [40, 41]. As expected, we 
showed that IL-17A from reactive astrocytes promoted neurorepair and long-term 
functional recovery [28]. Therefore, our results indicate that IL-17A may have a 
biphasic role in ischemic stroke. IL-17A from γδ T cells may worsen acute brain 
injury in the acute stage of stroke [24], whereas IL-17A from astrocytes may pro-
mote neurogenesis, angiogenesis, and functional recovery.

8.6  Intranasal Application of IL-17A After Cerebral 
Ischemia

In consideration of the possible detrimental effects of IL-17A in various peripheral 
tissues and organs during stroke recovery, the perilesional accumulation of IL-17A 
in the brain seems to be the key to its neurogenic effects after ischemic stroke. 
Therefore, we chose the intranasal delivery route for our previous study [28]. We 
used a sterile 26-G Hamilton microsyringe (80330; Hamilton Company, Reno, NV) 
to intranasally administer 2  μL drops of recombinant mouse IL-17A (rIL-17A) 
diluted in PBS containing 0.1% albumin (0.1 μg/μL) or its vehicle (PBS containing 
0.1% albumin) to alternating nostrils, with a 2-min interval between applications. 
Drops were placed at the opening of the nostril, allowing the mouse to inhale each 
drop into the nasal cavity. A total of 10 μL of solution, containing 1 μg rIL-17A, was 
delivered over the course of 5 min. The administration of rIL-17A (or vehicle) was 
repeated every 24 h for 2 weeks starting at 14 days post-ischemia.

We should note that, although IL-17A delivered through the nasal route may 
promote neurorepair and functional recovery, systemic (intravenous and intraperito-
neal, etc.) administration of IL-17A may confer detrimental effects on peripheral 
tissues and organs because of its proinflammatory effects. Whether intranasal 
IL-17A can reach systemic circulation and confer detrimental effects in the periph-
eral system remains unknown.

8.7  Intranasal Application of EPO After Cerebral Ischemia

Another example of a compound that can be administered nasally is EPO. rHu-EPO 
has been tested in experimental stroke models, but its hematopoietic effect, as well 
as alterations in platelet function and hemostasis, might elicit potential adverse 
effects if used systemically in patients [42]. The main advantages of intranasal 
administration of EPO include the lack of hematopoietic activity and the lower 
doses required. Evidence has shown that intranasal delivery of rHu-EPO confers 
long-term neuroprotection without side effects on the hematopoietic system [43].
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8.8  Conclusion

Thus, intranasal administration could be the most promising, efficient, and noninva-
sive route for delivering therapeutic substances directly to brain for the treatment of 
ischemic stroke without invasiveness or systemic adverse effects. It also could 
increase patient comfort and compliance. Intranasal delivery of IL-17A or other 
compounds may hold promise for promoting post-stroke neurovascular repair and 
long-term functional recovery.
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Chapter 9
Intranasal tPA Application for Axonal 
Remodeling in Rodent Stroke 
and Traumatic Brain Injury Models

Zhongwu Liu, Ye Xiong, and Michael Chopp

Abstract Stroke and traumatic brain injury (TBI) are the major causes of adult 
long-term disability worldwide. Unfortunately, there are no efficacious therapies 
available for the vast majority of stroke and TBI patients during their convalescence. 
As a thrombolytic agent, recombinant tissue plasminogen activator (tPA) is the only 
FDA approved therapeutic agent for treatment of acute ischemic stroke; however, 
the application of tPA is limited by the narrow therapeutic time window and poten-
tial adverse side effects on brain edema and hemorrhage. In addition to vascular 
endothelium derived tPA in the circulation, neuroendocrine tissue synthesized tPA 
is widely distributed in the CNS and is involved in axonal path finding, synaptic 
plasticity and dendritic remodeling during development, and axonal outgrowth after 
stroke and injury. We have investigated the therapeutic effect of tPA on neurological 
recovery and corticospinal axonal remodeling in rodent subacute stroke and TBI 
models administered intranasally, to bypass the blood-brain barrier and avoid the 
rapid inactivation and clearance of tPA in the circulation. The neurorestorative ben-
efits of tPA in subacute stroke and TBI treatments and the potential underlying 
mechanisms are discussed in this chapter.
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9.1  Different Roles of tPA in the Circulation and CNS 
Parenchymal Tissue

Tissue-type plasminogen activator (tPA) belongs to the family of serine proteases. 
In the circulation, tPA is produced and released by endothelial cells [1], where it 
plays critical roles as a member of the fibrinolytic system to convert the zymogen 
plasminogen into the active protease plasmin [2, 3], which catalyzes the digestion 
of fibrin, the primary structural component of the blood clot, into soluble degrada-
tion products facilitating clot dissolution [4]. Recombinant tPA is the only FDA 
approved thrombolytic agent for the acute treatment of ischemic stroke.

By contrast, in the parenchymal tissue of the CNS, tPA is widely expressed in 
neurons and glial cells [5, 6], including the hippocampus [7], cerebral cortex [8], 
hypothalamus [9], thalamus, and cerebellum [10, 11]. Both in  vitro and in  vivo 
experiments demonstrated that tPA is localized to axon terminals [12] and dendrites 
[13], and involved in neurite outgrowth [14–17], neuronal migration [18, 19], syn-
aptic plasticity [20–23], long-term potentiation (LTP) and learning [24, 25]. Thus, 
hippocampal-related behavioral tasks such as novel exploration, context condition-
ing, or spatial memory are impaired in tPA-deficient mice [26], and over-expression 
of tPA specifically in the hippocampus neurons leads to enhanced LTP and improved 
learning of tasks [27].

The roles of tPA in neuronal pathologies are controversial. Previous studies 
reported that tPA-deficient (tPA−/−) male mice (SV129) exhibited smaller cerebral 
infarcts than wild-type (WT) male mice (C57BL/6) at 24 h after transient intravas-
cular filament model of middle cerebral artery occlusion (MCAo, 2–3 h) [28], as 
well as in mice of either sex subjected to permanent ligation of the distal MCA [29]. 
In contrast, to avoid the variety of genetic backgrounds on vulnerability to ischemic 
lesion, a later study performed in tPA−/− versus tPA+/+ mice on matched SV129 and 
C57BL/6 mixed genetic background using the similar transient filament MCAo 
model demonstrated that endogenous tPA protects the brain from an ischemic insult 
via reducing cerebrovascular fibrin deposition and the infarction volume [30]. 
Furthermore, in tPA−/− mice compared with their WT littermates with the same 
mixed genetic background of SV129 and C57BL/6 subjected to three different 
intensities of photochemical damage, the infarct size was larger in cases of mild 
damage, smaller in cases of severe damage, and same in cases of moderate damage 
[31]. In addition, although there is experimental evidence showing that intravenous 
administration of recombinant tPA (rtPA) to tPA−/− or WT mice subjected to tran-
sient MCAo produced larger infarcts than in control untreated mice [28], and intra-
cortical delivery of the tPA inhibitor neuroserpin in rats [32], or overexpression of 
neuroserpin in transgenic mice [33] subjected to permanent distal MCAo reduced 
cerebral infarct volume and protected neurons from ischemia-induced apoptosis. 
However, since administration of neuroserpin also decreases the volume of isch-
emic lesion in tPA−/− mice [34], this indicates that the neuroprotective effect of 
neuroserpin is independent to inhibition of tPA activity. The beneficial effects of 
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rtPA administration on reducing ischemic infarct and neuronal death are supported 
by multiple studies not only in rodent embolic stroke models [35–39], but also in 
non-thrombotic transient filament model [40, 41]. In addition, other studies demon-
strate that rtPA treatment has no detectable negative effects on ischemic injury 
using non-thrombotic models of either transient [42] or permanent [37] cerebral 
ischemia.

Importantly, given the very large number of acute stroke patients worldwide 
who have been treated with tPA, to our knowledge there are no clinical reports 
indicating a neurotoxic effect of rtPA treatment. tPA-treated patients continue to 
improve faster and to a larger extent during the rehabilitation period beyond the 
acute phase than non-tPA treated patients [43]. Hippocampal neuronal death is 
more vulnerable in mice lacking tPA activity following an ischemic insult [44], 
while administration of tPA into the culture medium protects hippocampal neurons 
from oxygen glucose deprivation (OGD) injury [45]. Additionally, both tPA and its 
non-protease mutant S478A-tPA attenuated zinc toxicity in cultured cortical neu-
rons, and when injected into cerebrospinal fluid, reduced infarcts and ameliorated 
motor deficits in mice subjected to permanent MCAo [46], and also reduced kain-
ate seizure-induced hippocampal neuronal death in adult rats [47]. Following 
experimental stroke, endogenous tPA activity is significantly increased within the 
ischemic brain in rodents [28]. Overexpression of tPA specifically in neurons leads 
to decreasing the ischemic lesion volume and improving neurological outcome fol-
lowing ischemic stroke in mice [48], indicating that tPA is a neuroprotectant in the 
CNS. However, to determine the effect of tPA on neuronal survival, the concentra-
tion of tPA should also be considered. Some studies have reported that tPA at a high 
concentration greater than 200  nM (13  μg/mL) may potentiate the excitotoxic 
injury, while at lower concentration it could protect neurons [49, 50]. Our data also 
showed that tPA containing medium at a high concentration (20 μg/mL) was toxic 
to neurons, and at a lower concentration (7–8 μg/mL) promotes neurite growth in 
cultured mouse embryo cortical neurons [16, 51]. Thus, the preponderance of 
experimental and clinical stroke data support a neuroprotective and not a neuro-
toxic role for tPA.

9.2  Intranasal Delivery of tPA into the Brain

The catalytic activity of tPA is rapidly inactivated through binding of protein inhibi-
tors, primarily plasminogen activator inhibitor-1 (PAI-1). The tPA/PAI-1 complex is 
cleared from the circulation by the liver. Therefore, tPA has a short half-life of 
5–10 min in the bloodstream [52]. To avoid the rapid inactivation and clearance of 
tPA from the circulation system, we for the first time examined the effect of tPA 
administered by intranasal delivery on sensorimotor functional recovery in adult 
rodent during the subacute phase after ischemic stroke [51, 53] as well as traumatic 
brain injury (TBI) [54].
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Intranasal delivery method has been demonstrated to directly target the brain and 
spinal cord along olfactory and trigeminal nerves innervating the nasal passages to 
bypass the blood-brain barrier [55], with a significantly lower elimination rate in the 
brain than intravenous administration [56]. The delivery method described by 
Thorne et al. [57] was modified for intranasal treatment. Briefly, under Forane anes-
thesia, the animals were placed in a supine position with a rolled gauze (2 × 2 in. for 
rats and 1 × 1 in. for mice) under the neck to maintain a horizontal head position. 
Saline or rtPA solution in saline (ten 6-μL drops for a total volume of 60 μL for rats 
and 3-μL drops for a total volume of 30 μL for mice) were placed alternately onto 
each nostril with a 3-min interval between drops and naturally sniffed in by the 
animals. The animals were kept in supine position for an additional 10 min.

To validate the efficiency of intranasal delivery, total 300 μg of recombinant 
human tissue plasminogen activator (rh-tPA) was administered to adult tPA knock- 
out mice [53]. The mice were euthanized at 30 min or 120 min after the start of 
intranasal treatment, respectively. After transcardial perfusion with saline, the brain 
was removed for detection of rh-tPA delivered into the brain with a Human tPA 
Total Antigen ELISA Assay kit (Molecular Innovations, Novi, MI, USA). The con-
centrations of rh-tPA in the brain were 307 ng/mL and 228 ng/mL at 30 min and 
120  min after the start of intranasal administration, respectively, suggesting the 
intranasal delivery is an efficacious method to deliver drugs into the brain in rodents. 
In contrast, tPA concentration in the extracellular space of the brain of the ischemic 
hemisphere and non-ischemic hemisphere in rats subjected to thromboembolic 
stroke model are 35 and 8 ng/mL, respectively [58].

To determine distribution of exogenous tPA in the brain, we intranasally deliv-
ered 60  μg FITC-labeled human tPA (HTPA-FITC, Molecular Innovations) to 
C57BL/6 mice. Animals were sacrificed 30 min later. Brains were processed for 
vibratome sagittal sections (100 μm). Our data demonstrate that FITC-labeled tPA 
was detected as early as 30 min after intranasal delivery in the olfactory bulb, and 
was widespread in brain regions including the cortex, striatum, subventricular 
zone (SVZ), DG and CA3 region of hippocampus, thalamus, cerebellum, and 
brain stem [51], which is in good agreement with the rapid tracer distribution 
study after intranasal delivery [59]. In addition, we also measured the brain tPA 
protein using Western blot, tPA activity with direct zymographic assay and indi-
rect amidolytic assay, and plasmin activity by amidolytic assay in rats treated with 
intranasal tPA at 7 days after TBI or sham-TBI [54]. Compared to saline-treated 
TBI rats, both protein level and activity of tPA were significantly higher in tPA-
treated sham rats and tPA-treated TBI rats 24 h after intranasal administration, 
while plasmin activity was higher in tPA-treated animals at 2 days after tPA treat-
ment. Interestingly, the tPA protein level and activity in the injured brain were 
significantly higher than those in the sham brain although these animals received 
the same dose of tPA.
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9.3  Intranasal tPA Administration Improves Neurological 
Recovery in Stroke and TBI Models

9.3.1  Intranasal Administration of tPA

tPA increases the permeability of the blood-brain barrier (BBB) in rodents [60] and 
humans [61], and therefore increases the risk of intracerebral hemorrhage [62]. This 
potential adverse side effect of tPA may aggravate brain injury and offset the thera-
peutic benefits when tPA is applied intravascularly early after stroke. Seven to four-
teen days after the stroke is the initiation and maintenance phase of axonal sprouting 
response [63]. Therefore, to avoid the potential side effects on brain edema and 
hemorrhagic transformation during the early stage of ischemic onset, we admin-
istered tPA intranasally in the period between 7 and 14 days after stroke or TBI. 
Our data demonstrated that this subacute treatment does not lead to animal death 
or brain hemorrhage, or alter the lesion volume in either the stroke model [51, 53] 
or TBI model [54] employed.

To evaluate the sensorimotor functional disability and the effects of intranasal 
tPA treatment on neurological recovery after stroke and TBI, a series of behavioral 
tests were performed before surgery, 1 or 3 days after MCAo or TBI and weekly 
thereafter, including an adhesive-removal test [64], which measures the sensory and 
motor deficits by recording the time required to remove an adhesive tab from the 
lesion-impaired forepaw; a foot-fault test [65], which measures the accuracy of 
forepaw placement on a non-equidistant grid as the percentage of foot-faults of the 
impaired forepaw to total steps; a modified neurological severity score (mNSS) test, 
which is a composite of the motor (muscle status, abnormal movement), sensory 
(visual, tactile, and proprioceptive), and reflex tests [66]; and a single-pellet reach-
ing test [67, 68], which characterizes the ability for skilled voluntary control of the 
impaired forepaw evaluated with success score of reaching food pellets.

Following intranasal administration with two doses of recombinant human tPA 
(600 μg/dose; Genentech Inc., San Francisco, CA) at day 7 and 14 in rat stroke 
and TBI models, and four doses of tPA (300 μg/dose) intranasally at day 7, 9, 11 
and 13  in mouse stroke model, the sensorimotor performance of the impaired 
forelimb was significantly enhanced in both the unskilled tasks (i.e. adhesive-
removal test, foot-fault test and mNSS) and the skilled task (i.e. single-pellet 
reaching test) as compared to saline-treated control animals, indicating the benefi-
cial effects of subacute intranasal tPA treatment on neurological recovery after 
stroke and TBI.

In addition, intranasal tPA administration also significantly improved spatial 
learning evaluated using a modified Morris water maze (MWM) test [69] in rats after 
TBI, which is highly correlated to the number of doublecortin positive newborn 
neurons in the dentate gyrus of the hippocampus [54].
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9.4  Intranasal tPA Administration Promotes Axonal 
Remodeling of the Corticospinal Tract (CST) in Stroke 
and TBI Models

One of the most common impairments after stroke and TBI is motor disability of the 
contralateral body side to the affected cerebral hemisphere. Although most patients 
exhibit some spontaneous behavioral improvements during the first several months 
after stroke or TBI, the recovery is generally incomplete. Depending on the location 
or the extent of damage, patients may partially recover from functional disability 
spontaneously with time, and recovery can be enhanced by rehabilitation training 
[70, 71]. Because the paralysis after stroke or TBI is a consequence of the loss or 
interruption of motor signals from the motor cortex to the spinal motoneurons, rees-
tablishment of corticospinal innervation provides a physical substrate for functional 
recovery. The CST, the long axons of the cortical pyramidal neurons extending to 
the spinal cord, is the only direct descending pathway and the primary transmission 
tract innervating the spinal motoneurons from the sensorimotor cortex, and thus, 
forms the neuroanatomical basis for brain controlled voluntary movements of the 
peripheral muscles [72]. Clinical studies demonstrated that the extent of functional 
disability and the potential for functional recovery is dependent on the CST integ-
rity in stroke patients [73–77]. Our preliminary studies have demonstrated that axo-
nal remodeling of the CST in the spinal cord contributes to neurological recovery 
after stroke and TBI in rodents [68, 78–81].

Using an anterograde neuronal tracer biotinylated dextran amine (BDA, 
10,000 MW; Invitrogen, Carlsbad, CA) injected into the contralesional sensorimo-
tor cortex, we investigated the CST axonal remodeling in the denervated side of the 
spinal gray matter in rats subjected to stroke and TBI treated with intranasal tPA 
[53, 54].

At the cervical enlargement level, the BDA-positive descending CST motor 
fibers displayed a unilateral pattern in the spinal cord contralateral to the BDA injec-
tion side in normal animals, while few BDA-labeled CST fibers grow toward the 
denervated spinal gray matter in MCAo or TBI animals. In contrast, the animals that 
underwent MCAo or TBI and treatment with tPA showed increased BDA-positive 
fibers that originated from the contralesional cortical hemisphere and re-crossed the 
midline into the denervated side of the gray matter in the spinal cord. Furthermore, 
the total length of axons crossing the midline at cervical spinal cord was highly cor-
related to the behavioral outcome.

Additionally, intracortical microstimulation (ICMS) and electromyograms 
(EMG) were performed to validate the establishment of functional neuronal con-
nections from the right intact cortex to bilateral forelimbs in rat subjected to 
TBI. Current thresholds were at low levels to evoke left forelimb movement, and 
were comparable in all normal and TBI animals (mean range 19–22 mA). In normal 
animals, threshold values evoking right forelimb movements were much higher than 
those required to evoke movement in the left forelimb (mean range 69–97 mA). 
However, 5 weeks after TBI the mean threshold in the contralesional right cortex 
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eliciting movement in right-sided TBI-impaired forelimbs was significantly 
decreased (mean range 47–78 mA, p < 0.05 vs normal). Intranasal tPA treatment 
further reduced the mean threshold in the contralesional right cortex eliciting move-
ment in the right-sided TBI-impaired forelimbs (mean range 45–63 mA, p < 0.05 vs 
saline controls), indicating that increased neuronal connections were established 
between the contralesional cortex and the impaired forelimb.

Due to the technical limitation of neural tracing using BDA injection, we are 
unable to label the entire CST axons. Therefore, we employed a transgenic mouse 
strain generated by mating Thy1-STOP-YFP strain (YFP expression is driven by 
neuron specific regulatory elements of the Thy1 promoter after Cre-mediated exci-
sion of STOP sequences) with Emx-Cre strain (Cre recombinase is specifically 
expressed in the embryonic forebrain, the area of origin of the CST), thus, in CST- 
YFP mice, the CST axons are completely and specifically labeled with YFP [82], to 
directly monitor the CST axonal change in the spinal cord under a fluorescent 
microscope. We measured axonal density in the central area of the cervical gray 
matter in CST-YFP mice subjected to right unilateral MCAo, then calculated the 
ratio of CST density in the impaired side to the intact side on the same sections to 
assess the axonal remodeling in the cervical cord. Our data showed that the axonal 
density in the denervated side of a stroke animal was decreased compared to a nor-
mal control. At 32 days after MCAo, there was a significant increase of CST density 
in the stroke-impaired side of the cervical cord of tPA-treated mice compared to the 
saline-treated stroke controls, and axons crossing the midline into the impaired side 
from the intact side were evident in the tPA-treated animals [51].

In order to identify the source of tPA treatment induced CST axonal remodeling 
in the denervated spinal gray matter, we injected a trans-synaptic tracer, attenuated 
Bartha strain of pseudorabies virus (PRV)-614 that expresses monomeric red fluo-
rescent protein (RFP) into the stroke-impaired left forelimb muscles to retrogradely 
label the neural pathways from the peripheral tissue to the motor cortices in stroke 
mice [51]. Compared to normal mice in which the PRV-positive pyramidal neurons 
were primarily found in layer V of the motor areas in the right cerebral cortex, a few 
neurons with fluorescent labeling could be found in the symmetrical areas in the 
contralateral hemisphere. After stroke, the PRV labeled neurons were dramatically 
reduced in the ipsilesional cortex, but moderately increased in the contralesional 
cortex. The numbers of PRV-positive neurons were higher in both ipsilesional and 
contralesional cortices of stroke mice treated with intranasal tPA, compared to those 
administered with saline. Trans-synaptic transport of the PRV between CNS neu-
rons occurs only at points of synaptic contact and proceeds in the retrograde direc-
tion (i.e. from postsynaptic to presynaptic neuron). Following intramuscular 
injection, the virus replicates in the infected muscles and infectious particles are 
released and taken up at synapses, thus spreading along neuronal hierarchical chains 
[83]. Therefore, the PRV labeled neuronal pathways between the stroke-impaired 
forelimb and the motor cortex are the pathways having substantial functional syn-
aptic connections re-established by either axonal remodeling or rescued from the 
ischemic lesion, and not only structural axonal sprouting. Importantly, such synap-
tic connections must be effective to allow neuronal signal transmission for motor 
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functional recovery after stroke. By measuring the PRV labeling within the isch-
emic and contralesional cortex, we are able to assess whether the tPA-induced neu-
ronal reorganization between bilateral hemispheres contributes to functional 
recovery. Our data showing high correlations between functional outcome and CST 
density index and PRV-positive cortical neurons suggest that the effect of intranasal 
tPA on behavioral recovery after stroke, at least in our mouse stroke model, is attrib-
uted to CST axonal remodeling mainly originating from the ipsilesional cortex.

9.5  Mechanisms that Underlie tPA Treatment-Induced 
Axonal Remodeling

Although it is technically difficult to substantiate a direct causative relationship for 
the axonal sprouting to behavioral outcome, our studies demonstrated that the axo-
nal remodeling is highly correlated with sensorimotor functional improvement of 
the forelimb after stroke and TBI treated with tPA intranasally [51, 53, 54]. To 
identify the molecular mechanisms underlying tPA-mediated neuroplasticity asso-
ciated with functional recovery, we investigated the protein levels of brain-derived 
neurotrophic factor (BDNF) and its precursor form, proBDNF, in rats after TBI 
treated with tPA [54]. We found that intranasal tPA administration reduces proBDNF 
level and increases mature BDNF level in the injured brain and denervated cervical 
spinal cord. tPA is originally identified as a serine protease that catalyzes the con-
version of the zymogen plasminogen into the active plasmin to lyse the fibrin com-
ponent of a blood clot in the intravascular space [27]. BDNF is initially synthesized 
as a precursor proBDNF, which is proteolytically processed into mature form in the 
trans-Golgi network [84], or secreted and cleaved extracellularly [85, 86] by the 
proteolytic effect of tPA [22]. Neurotrophic factors are responsible for initiating and 
guiding the outgrowth of axons. BDNF binding to its receptor TrKB leads to the 
downstream signaling MEK/ERK activation [87, 88], which can elicit axonogenesis 
and CST axon growth [89–91]. Conversely, proneurotrophins often have biological 
effects that oppose those of mature neurotrophins [92]. proBDNF has an opposing 
role in neurite outgrowth to that of mature BDNF, which collapses neurite out-
growth of primary neurons [93] and negatively regulates neuronal remodeling and 
synaptic plasticity in the hippocampus [94].

tPA has been shown to activate matrix metalloproteinases-9 (MMP-9) through 
plasmin-dependent and -independent mechanisms [95], that may promote neuro-
logical recovery by modulating neurovascular remodeling, since inhibition of 
MMP-9 during the subacute phase (7–14  days) after stroke impairs functional 
recovery [96]. In addition, tPA also promotes degradation of the inhibitory proteo-
glycans in the extracellular matrix, which is important for synaptic remodeling and 
formation of new axonal varicosities [97]. Chondroitin sulfate proteoglycans 
(CSPGs) play a pivotal role in many neuronal growth mechanisms following injury 
to the spinal cord or brain [98]. tPA/plasmin degrades CSPGs including neurocan 
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and phosphacan in the brain and promotes neurite reorganization after seizures [17]. 
Plasmin represents the critical enzyme that drives axonal plasticity and regeneration 
degrading CSPGs. tPA knockout mice exhibit attenuated neurite outgrowth and 
blunted sensory and motor recovery after spinal cord injury despite chondroitinase 
ABC (ChABC) treatment, which degrades the sugar chains of CSPGs and allows 
for synaptic plasticity, indicating that the tPA/plasmin cascade may act downstream 
of ChABC to allow for axonal plasticity improvement which enhances functional 
recovery after neural injury [99].

Other than its direct or plasmin-dependent proteolytic effects, tPA also has non- 
proteolytic effects in the CNS parenchyma. The beneficial effects of tPA may also 
be mediated through binding of tPA to low-density lipoprotein receptor-related pro-
tein 1 (LRP1). LRP1 is a major receptor for tPA [25]. tPA binds to LRP1 then 
potentiates NMDA signaling mediated by postsynaptic density protein-95, leading 
to the downstream signaling extracellular signal–regulated kinase (ERK) activation 
[87, 100], that mediates corticospinal motor axon regeneration [89]. A recent study 
demonstrated that exogenous rt-PA administration induces increased brain BDNF 
synthesis through a plasmin-independent potentiation of N-methyl-D-aspartate 
(NMDA) receptor signaling, while MK801, an NMDA receptor antagonist, com-
pletely abolishes the rise in mature BDNF expression induced by tPA [101]. The 
NMDA receptor [102, 103] and Annexin II [104] are also involved in promoting 
neurite outgrowth through the MEK/ERK pathway.

Recently, a pilot clinical trial has demonstrated that administration of intranasal 
insulin stabilized or improved cognition, function, and cerebral glucose metabolism 
for adults with amnestic mild cognitive impairment or Alzheimer disease [105]. The 
results from our studies provide an impetus for further pharmacokinetic and mecha-
nistic studies, even future clinical trials, which may significantly impact the clinical 
needs of subacute and chronic treatment after stroke and TBI.

9.6  Summary

tPA has both intravascular and extravascular effects in the CNS. A wide distribution 
of tPA biosynthesis in the brain is associated with different actions of tPA, such as 
facilitating synaptic plasticity and axonal remodeling, which may contribute to neu-
ral repair. Our data demonstrated that intranasal administration of tPA at the sub-
acute phase significantly enhances behavioral outcome after ischemic stroke and 
TBI, as well as increases CST axonal remodeling in the denervated side of the spi-
nal gray matter and synaptic rewiring of the corticospinal innervation in adult 
rodents. Although further pharmacological studies are needed to optimize the 
administration dose and frequency to achieve the best outcome, the present studies 
provide a robust proof-of-principle that subacute treatment (7 days after stroke) of 
stroke and TBI with tPA delivered into the brain parenchymal tissue is neurorestor-
ative and enhances neurological recovery.
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Chapter 10
Therapeutic Intranasal Delivery 
for Alzheimer’s Disease

Xinxin Wang and Fangxia Guan

Abstract Alzheimer’s disease (AD) is an age-related detrimental neurodegenera-
tive disorder with no effective treatment, which is clinically characterized by pro-
gressive memory decline and cognitive dysfunction, altered decision making, 
apraxia, language disturbances, etc., and often histologically manifested by the 
deposition of amyloid-beta (Aβ) plaques and the formation of neurofibrillary tan-
gles. AD is a global health crisis, currently, more than 35 million people worldwide 
were estimated to be afflicted by AD, and the number is expect to increase with the 
aging of the society. Current therapy is based on neurotransmitter or enzyme 
replacement/modulation, and recently, stem cells therapy is proposed as a promis-
ing strategy for AD. However, effective strategies for AD treatment has not been 
achieved. One of the major problems is the blood–brain barrier (BBB), which ham-
pers drug delivery into the brain. Intranasal (IN) route will overcome this obstacle 
by delivering drugs or cells directly to the central nervous system (CNS) through the 
olfactory and trigeminal neural pathways. Here, we demonstrate how intranasal 
delivery systems works and its advantages and disadvantages. Moreover, we discuss 
and summarize some latest findings on IN delivery of drug and cell in AD models, 
with a focus on the potential efficacy of treatments for AD.
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10.1  Introduction

Alzheimer’s disease (AD) is an age-dependent neurodegenerative disorder that is 
pathologically characterized by intracellular neurofibrillary tangles and extracellu-
lar amyloid beta (Aβ) plaque, neural apoptosis and neuron loss in the brain. 
Moreover, disturbance of metals homeostasis, extensive oxidative stress, mitochon-
drial damage and distribution, neuroinflammatory and calcium imbalance also con-
tribute to the pathogenesis [1]. AD is the most common type of dementia and 
clinically characterized by progressive decline in learning and memory, aphasia, 
disuse, agnosia, spatial skills and executive dysfunction, as well as personality and 
behavior change. AD is the fifth cause of death among people over 65 years [2], its 
threats to life and reducing life quality of the patient and their families brings seri-
ous social and economic problems to the world. However, AD is a complex disease, 
the etiology and pathogenesis of AD is still unclear and effective therapeutic strate-
gies remain unavailable.

Currently, acetylcholinesterase inhibitors (AChEIs), such as tacrine, donepezil, 
galantamine and rivastigmine are the main drugs for AD treatment. Besides, chela-
tors that selectively bind to transition metals and reduce oxidative stress are also 
attractive approach to combat AD. In addition, nuclear factor kB (NF-kB), GSK3, 
peroxisome proliferator-activated receptor-g (PPAR-g) are suggested to regulate Aβ 
deposition, tau hyperphosphorylation and NFTs formation, oxidation, inflamma-
tion, demyelination and excitotoxicity, are potential targets for neuroprotective 
therapies. Despite major advances in neurotherapeutics, poor brain penetration due 
to the blood-brain barrier (BBB) pose a big challenge. Intranasal (IN) delivery, 
therefore, is emerged as a promising way since it bypasses the BBB in a non- 
invasive way, allowing direct drug delivery to the brain via a large surface area in the 
olfactory region and respiratory epithelium with less systemic side effects. In this 
chapter, we review IN delivery of AChEIs, natural anti-oxidants, insulin, nerve 
growth factor (NGF), peptides and several other molecules and the application to 
translational and clinical studies for AD treatment.

10.2  IN Delivery

10.2.1  Advantages and Challenges

IN delivery is a promising strategy to deliver drugs directly to the brain. Compared 
to oral administration, IN delivery of drugs achieves fast effects, avoids first-pass 
metabolism, reduces the side effects of systemic exposure, enhances practicality 
and compliance because it is noninvasive. However, the problems with IN delivery 
are mucociliary clearance of drugs and poor nasal permeability. To overcome this, 
mucoadhesive formulations or chemical penetration enhancers were explored and 
summarized in Fig. 10.1 [3]. These formula are generally safe and could enhance 
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the stability of drugs, improve the drug absorption, protect the drugs from enzymes 
and chemical degradation and/or efflux back into the nasal cavity, prevent drug irri-
tant effects, control drug release and reduce their ciliary clearance. Meanwhile, the 
molecular weight of polymers, free chain length, cross-link density as well as the 
hydration, pH, swelling, etc. should be taken into consideration for enhanced 
mucoadhesion.

10.2.2  Pathways of Transport from Nose to Brain

Major cerebral routes of IN delivery are olfactory pathway, rostral migratory stream 
pathway, and trigeminal pathway (shown in Fig. 10.2) [4].

Drugs were transported from nose to brain in intracellular or extracellular ways 
as shown in Fig. 10.3. The first step in intracellular transport across the olfactory 
and respiratory epithelia includes endocytosis into olfactory sensory neurons and 
trigeminal ganglion cells, respectively. This is followed by intracellular transport to 
olfactory bulb and brain stem, including transcytosis or transcellular transport of 
drug into lamina propria. Transcytosis involves the permeation of lipid soluble mol-
ecules across the apical cell membrane, intracellular space and basolateral mem-
brane either by passive diffusion or receptor-mediated endocytosis. In terms of 

Fig. 10.1 Strategies to enhance nasal drug absorption
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Fig. 10.2 Schema showing major routes of entry utilized after intranasal delivery of therapeutics 
in mice. Intranasally administered material (yellow deposits) is picked up by sensory neurons of 
Grueneberg ganglion, septal organ (green arrows), olfactory epithelium (blue arrow), and ventro- 
nasal organ (red arrow). The sensory neurons of Grueneberg ganglion, septal organ (green arrows), 
and olfactory epithelium (blue arrow)—all projecting to the granule cells of the olfactory lobe—
eventually drain intranasally-administered material into the rostral migratory stream (RMS) (yel-
low arrowheads) and olfactory track at the base of the mid-brain (blue and red arrows). The 
material tracked into the RMS reaches the lateral and third ventricle in the close vicinity of hip-
pocampus. The sensory neurons of ventro-nasal organ (red arrows) project to the accessory olfac-
tory lobe, which further combine with the olfactory track at the base of the mid-brain. The material 
trafficked along the trigeminal nerve also combines with the olfactory track delivering to pons and 
hind brain, reaching to the fourth ventricle

Fig. 10.3 Pathways for IN delivery system to the brain
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extracellular transport, it has been estimated to take 0.73–2.3  h to diffuse from 
olfactory epithelium to olfactory bulb along olfactory associated extracellular path-
way and 17–56 h from respiratory epithelium to brain stem along trigeminal associ-
ated extracellular pathway. This is an important pathway for the absorption of polar 
or hydrophilic substances, peptides and proteins. These molecules diffuse slowly 
from nasal membrane into the blood stream, later into the olfactory mucosa and 
finally transported into CNS. This pathway is less efficient with respect to transcel-
lular pathway and is strongly dependent on drug molecular weight and size. 
Moreover, this mechanism is quite fast and responsible for transport of low molecu-
lar weight drugs to CNS within minutes of administration. The drugs may also be 
transported by rapid extracellular delivery through intercellular clefts in the olfac-
tory and respiratory epithelium and extracellular transport along the olfactory and 
trigeminal neural pathway to reach the brain. Once the drug reaches lamina propria 
it may transport to systemic circulation; enter deep cervical lymph vessels; enter 
cranial compartments associated with olfactory nerve bundles.

10.3  IN Delivery Strategies for AD

IN delivery for AD treatment was first proposed by Frey in 1989. And accumulating 
evidence showed that IN route is a promising approach for delivery of drugs, mol-
ecules and cells in AD and is more effective than oral and intravenous (IV) route.

10.3.1  Tacrine

Tacrine (1, 2, 3, 4-tetrahydro-9-aminoacridine) is the first reversible AChEI approved 
for AD treatment. However, its clinical application has been limited due to low oral 
bioavailability, extensive hepatic first-pass effect, rapid clearance from the systemic 
circulation, and hepatotoxicity. To deal with these problems, Jogani et al. [5] inves-
tigated the IN delivery of tacrine, and found it could be directly transported into the 
brain from the nasal cavity and resulted in higher bioavailability with reduced dis-
tribution into non-targeted tissues. This selective localization of tacrine in the brain 
may be helpful in reducing dose, frequency of dosing and dose-dependent side 
effects, and proved to be an interesting new approach in delivery of the drug to the 
brain for the treatment of AD. Additionally, IN mucoadhesive microemulsion of 
tacrine improve brain targeting and fastest retrieval of memory in scopolamine- 
induced amnesic mice [6]. Luppi et al. reported that albumin nanoparticles carrying 
native and hydrophilic derivatives β-cyclodextrin derivatives can be employed for 
the formulation of mucoadhesive nasal formulations to modulate the mucoadhesion 
and permeation at the administration site [7]. Using these methods, tacrine was 
promising to be re-introduced for AD treatment.
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10.3.2  Galantamine

Galantamine is another AChEI, however, it was discontinued for AD treatment for 
low aqueous solubility, dose volume limitations, and side effects such as nausea and 
vomiting. Therefore, researchers investigated addition of co-solvents, cyclodextrins 
and counter-ion exchange to enhance its solubility. Among which, galantamine- 
lactate represents a viable candidate for IN delivery [8]. Researchers further reported 
IN formulations of galantamine containing methylated-β-cyclodextrin as a stabi-
lizer. L-a-phosphatidylcholine didecanoyl, a lipid surfactant and disodium edetate 
as a chelator [9] resulted in greater permeation without toxic effects to cells. In 
addition, galantamine hydrobromide combined with cationic chitosan nanoparticles 
were successfully delivered to different brain regions shortly after intranasal admin-
istration, improved pharmacological efficacy and in vivo safety, suggesting a prom-
ising way to improve AD management [10].

10.3.3  Rivastigmine

Rivastigmine is also a AChEI for AD treatment. However, the extensive first-pass 
metabolism and low aqueous solubility lead to poor bioactivity of the drug in vivo. 
Researchers found that IN administration of rivastigmine showed higher concen-
tration in CNS regions and longer action on inhibiting the activity of AChE than 
intravenous (IV) administration [11]. What’s more, IN administration of rivastig-
mine could improve distribution and pharmacological effects in CNS, especially in 
hippocampus, cortex and cerebrum [11]. Moreover, Shah et al. formulated rivastig-
mine with microemulsion (ME) and mucoadhesive microemulsions (MMEs) and 
found that MMEs with 0.3% w/w chitosan showed higher diffusion. Also, chitosan- 
modified ME are free from nasal ciliotoxicity and stable for 3  months [12]. 
Arumugam et al. [13]. investigated multilamellar liposomes for IN delivery of riv-
astigmine using soy lecithin and cholesterol by the lipid layer hydration, and 
showed higher AUC and Cmax compared with oral-treated group and also sug-
gested that liposomal formulations accumulated in nasal mucosa and released the 
drug slowly. Fazil et al. [14]investigated IN delivery of rivastigmine loaded chito-
san (CS) nanoparticles, and found the brain/blood ratio of rivastigmine was highest 
in the nanoparticles IN group. These results indicated that the intranasal route was 
a promising strategy for delivering rivastigmine and rivastigmine nanoparticles 
into brain.
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10.3.4  Physostigmine

Physostigmine, an AChEI, is ineffective when administrated orally as it undergoes 
extensive first-pass metabolism. IN delivery of physostigmine combined with are-
coline, a muscarinin agonist, has shown to be efficient to improve cognition. The 
nasal BA of physostigmine was 100% compared with IV administration and that of 
arecoline was 85% compared with intramuscular administration [15]. NXX-066, a 
physostigmine analogue, could be absorbed rapidly and completely into systemic 
circulation after nasal administration with Tmax of 1.5 min which was lesser than 
physostigmine [16]. However, the concentration of drug in CSF was very low after 
IN administration indicating that uptake into CSF was not enhanced by nasal admin-
istration. Therefore, the transport of drugs to CNS via IN administration may be 
better for poorly soluble drugs but insignificant for drugs which are completely and 
rapidly absorbed into systemic circulation.

10.3.5  Huperizin A

Huperizin A (Hup A), an unsaturated sesquiterpene alkaloid, is a powerful and 
reversible AChEI. It could easily penetrates the BBB, however, it influences periph-
eral cholinergic system and leads to side effects. To overcome these limitations, 
Zhao et al. [17] investigated nasal delivery of Hup A by means of in situ gel of gel-
lan gum, and found that concentration of the drug after 6 h in the cerebrum, hippo-
campus, cerebellum, left olfactory bulb and right olfactory bulb were 1.5, 1.3, 1.0, 
1.2 and 1.0 times of those after IV administration, and 2.7, 2.2, 1.9, 3.1 and 2.6 
times of those after oral administration. The results revealed that IN route was a 
viable option for improving the brain-targeting efficiency of Hup A and also reduced 
the side effects to peripheral tissues. Moreover, nanoparticles have been found to 
improve drug transport across the epithelium due to the small particle size and the 
large total surface area [18].

10.3.6  Tarenflurbil

Tarenflurbil (TFB) is an Aβ42 and γ-secretase modulator. Poor brain penetration of 
TFB was one of the major reasons for its failure in phase III clinical trials conducted 
on AD patients. Thus it is urgent to improve drug delivery to brain through intrana-
sally delivered nanocarriers. In vitro release studies proved the sustained release of 
TFB from nanoparticles loaded TFB (TFB-NPs and TFB-SLNs), indicating pro-
longed residence times of drug at targeting site. Pharmacokinetics suggested 
improved circulation behavior of nanoparticles and the absolute bioavailability, as 
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well as the brain targeting efficiency. These encouraging results proved that thera-
peutic concentrations of TFB could be transported directly to brain via olfactory 
pathway after intranasal administration of polymeric and lipidic nanoparticles [19]

10.3.7  Quercetin

Quercetin, an antioxidative agent, could eliminate free radicals and protect the brain 
from injury. However, its therapeutic efficacy has been hampered by low solubility 
in the blood, rapid metabolism in the intestine and liver, and limited ability to cross 
the BBB. Researchers found that IN administration of quercetin liposomes modu-
late cognitive impairment and inhibit acetylcholinesterase activity in hippocampus 
of AD. This may be attributed to its antioxidant property as evidenced by decreased 
lipid peroxidation and increased level of antioxidant enzymes superoxide dismutase 
and glutathione peroxidase. Moreover, IN administration of quercetin liposomes 
significantly increased the survival of neurons and cholinergic neurons in hippo-
campus of the AD model.

10.3.8  Insulin

AD is associated with abnormal metabolism, and IV insulin administration in AD 
patients has been shown to improve memory recovery [20]. However, high dose is 
required to achieve sufficient concentration in the brain and this may lead to hypo-
glycemia. IN administration of insulin is a promising approach to overcome these 
limitations. IN administration was suggested to be safe and effective for increasing 
brain insulin levels, and exerts rapid effects on EEG parameters, memory, atten-
tion, mood and self-confidence without any systemic side effects [21]. IN insulin 
also reduced biomarker of neurodegeneration [22] and the CSF Aβ 40/42 ratio 
[20]. However, sex and ApoE genotype should be considered as suggested in a 
controlled clinical trial that only ApoE-e4-negative individuals showed signifi-
cantly improvements in cognitive performance and functional abilities were rela-
tively preserved for women [20]. In addition, glucagon-like peptide-1 (GLP-1) 
could stimulate insulin secretion, enhance insulin responsiveness, stimulate neu-
ritic growth and protect against glutamate-mediated excitotoxity, oxidative stress, 
trophic factor withdrawal, and cell death. What’s more, GLP-1 can cross BBB, and 
effectively reduce brain APP-Aβ burden in AD. Therefore, developing synthetic 
long-lasting analogues (receptor agonists) of GLP-1, e.g. Geniposide or Extendin-4, 
can help to preserve cholinergic neuron function. Additionally, a future approach 
could be to genetically mesenchymal or stem cells to provide sustained delivery of 
neuro-stimulatory and neuro-protective agonists to restore insulin levels and func-
tions in the brain [23].
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10.3.9  Deferoxamine

Accumulation of metal leads to oxidative stress, inflammation, and contribute to 
neurodegenerative such as AD.  Deferoxamine (DFO), a natural prototype iron 
chelator/radical scavenger, has been clinically applied to slow down the progres-
sion of the cognitive decline associated with iron-induced AD, however, targeting 
to the brain remained an issue. Hason reported that intranasal administration of 
DFO (2.4 mg) in C57 mice resulted in micromolar concentrations at 30 min within 
brain, and IN administration of 10% DFO (2.4 mg) three times a week for three in 
48-week-old APP/PS1 mice significantly reduced the escape latencies in Morris 
water maze [24]. Guo et al. [25] reported iron-induced abnormal tau phosphoryla-
tion in cortical and hippocampal regions was suppressed by IN administration of 
DFO. In another study they found that IN administration of DFO reduced neuritic 
plaque formation, inhibited iron-induced amyloidogenic APP processing, rescued 
synapse loss and reversed behavioural alterations in APP/PS 1 mice [25]. And 
recently Fine et al. reported that IN deferoxamine affects memory loss, oxidation, 
and the insulin pathway in streptozotocin induced rat model of Alzheimer’s  
disease [26].

10.3.10  R-Flurbiprofen

R-flurbiprofen was found to offer neuroprotective effects by inhibiting mitochon-
drial calcium overload induced by β-amyloid peptide toxicity in Alzheimer’s dis-
ease (AD). However, poor brain penetration after oral administration posed a 
challenge to its further development for AD treatment. Study suggested that serum 
albumin-based nanoparticles administered via the nasal route may be a viable 
approach in delivering R-flurbiprofen to the brain to alleviate mitochondrial dys-
function in AD [27].

10.3.11  Curcumin

Curcumin (diferuloyl methane) has been found to exert beneficial effects on experi-
mental models of AD by inhibiting Aβ aggregation, inflammation, tau phosphoryla-
tion in the brain, and improve memory and cognitive deficits in rats [28]. However, 
the poor aqueous solubility, chemical instability in alkaline medium, rapid metabo-
lism and poor absorption from gastrointestinal tract limited its application. Chen 
et al. found that IN delivery of curcumin thermosensitive hydrogel resulted in short 
gelation time, longer mucociliary transport time and prolonged residence in nasal 
cavity of rats, without significant toxicity and integrity of mucocilia [29]. What’s 
more, distribution of curcumin thermosensitive hydrogel via IN administration in 
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cerebrum, cerebellum, hippocampus and olfactory bulb were enhanced. Some 
researched found that curcumin mucoadhesive nanoemulsions had a significantly 
higher release, higher flux and permeation across sheep nasal mucosa, with no obvi-
ous toxicity [30].

10.3.12  Piperine

Piperine (PIP) is a phytopharmaceutical with neuroprotective potential in 
Alzheimer’s disease (AD). Oral PIP delivery is disadvantageous for the hydropho-
bicity and pre-systemic metabolism. Therefore, researchers developed mono- 
disperse intranasal chitosan nanoparticles (CS-NPs) for brain targeting of PIP and 
found that PIP-NPs could significantly improve cognitive functions as efficient as 
standard drug (donpezil injection) with additional advantages of dual mechanism 
(Ach esterase inhibition and antioxidant effect). Meanwhile, CS-NPs could signifi-
cantly alleviate PIP nasal irritation with no brain toxicity. Mucoadhesive CS-NPs 
were successfully tailored for effective, safe, and non-invasive PIP delivery with 
significant decrease in oral dose [31].

10.3.13  Angiotensin Receptor Blocker

The Renin-angiotensin system in the brain has been implicated in pathogenesis of 
cognitive decline. Danielyan et  al. found that IN administration of losartan, an 
angiotensin receptor blocker, at sub-antihypertensive dose (10 mg/kg every other 
day for 2 months) exhibited neuroprotective effect in the APP/PS1 transgenic mouse 
model. There was a significantly reduction in Aβ plaques, interleukin-12, p40/p70, 
IL-1β, granulocytemacrophage colony-stimulating factor and increased IL-10  in 
mice treated with IN losartan compared with the vehicle group. The authors con-
cluded that IN administration of losartan had direct anti-inflammatory and neuro-
protective effect in CNS at concentration below than that would cause hypotensive 
reaction in AD patients [32].

10.3.14  Neurotrophic Factors

Neurotrophic factors plays a critical role in neural growth, regeneration and repair. 
IN delivery was proposed as a non-invasive technique for application of neuro-
trophic factors. IN delivery of NGF to the brain was rapid and efficient, and was 
found to decrease cholinergic deficits, phosphorylated tau and Aβ in AD11 mice 
[33]. Besides, some researchers found that the intranasal administration was 
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significantly more effective than the ocular one, in rescuing the neurodegenerative 
phenotypic hallmarks in AD11 mice [34]. Capsoni et al. also studied the form of 
NGF mutated at R100 called “painless” hNGFER100 to overcome limitations of 
NGF due to its potent nociceptive action [35]. The mutant showed neurotrophic and 
anti- amyloidogenic activity in neuronal culture and a reduced nociceptive activity 
in vivo. Its IN administration in App X PS1 mice prevented the progress of neuro-
degeneration and behavioral deficits, indicating that hNGFR100 mutants variants as 
a new generation of therapeutics for neurodegenerative diseases.

Human acidic fibroblast growth factor (haFGF) plays significant roles in devel-
opment, differentiation and regeneration of brain neurons. It regulates synaptic plas-
ticity and processes attributed to learning and memory by improving cholinergic 
nerve functions [36]. However, its transport to brain is limited by BBB barrier. Lou 
et al. [28] investigated a novel technique of delivering haFGF14-154 to brain by 
fusing it with transactivator of transcription protein transduction domain, a cell pen-
etrating peptide. And the efficacy of Tat-haFGF14-154 is markedly increased when 
loaded cationic liposomes for intranasal delivery in APP/PS1 mice as evidenced by 
ameliorated behavioral deficits, relieved brain Aβ burden, and increased the expres-
sion and activity of disintegrin and metal loproteinase domain-containing protein 
10 in the brain [37].

Basic fibroblast growth factor (bFGF) promotes the survival and neurite growth 
of brain neurons, and modulates synaptic transmission in the hippocampus [22]. 
Intranasal administration of bFGF solution could help to improve the memory 
impairments of AD model rats, but limitations are the poor stability in nasal cavity 
and small transport amount. Researchers used nanoparticles conjugated with 
Solanum tuberosum lectin (STL), which selectively binds to N-acetylglucosamine 
on the nasal epithelial membrane for its brain delivery. The areas under the 
concentration- time curve of 125I-bFGF in the olfactory bulb, cerebrum, and cere-
bellum of rats following nasal application of STL modified nanoparticles (STL- 
bFGF- NP) were 1.79–5.17 folds of that of rats with intravenous administration, and 
0.61–2.21 and 0.19–1.07 folds higher compared with intranasal solution and 
unmodified nanoparticles, respectively. The spatial learning and memory of AD rats 
in STL-bFGF-NP group were significantly better. Together with the value of choline 
acetyltransferase activity of rat hippocampus, the histological observations of rat 
hippocampal region, their study indicated that STL-NP was a promising drug deliv-
ery system for peptide and protein drugs such as bFGF to enter the CNS and play 
the therapeutic role.

Intranasal administration of plasma rich in growth factor PRGF Endoret to APP/
PS1 mice for 4 weeks effectively reduced Aβ accumulation, tau hyperphosphoryla-
tion, astroglial activation, synaptic loss, and inflammatory responses, while pro-
moted Aβ degradation, stimulated global improvements in anxiety, learning, and 
memory behaviors [38], suggesting that IN delivery of PRGF-Endoret may hold 
promise as an innovative therapy in AD.
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10.3.15  Peptide

Vasoactive intestinal peptide (VIP) is a major neuropeptide has been found to be 
neuroprotective and plays important role in learning and memory. Gozes et al. syn-
thesized a potent lipohilic analogue of VIP [stearyl-norleucinel7] VIP ([St-Nle17]
VIP) and found it prevented Aβ-induced cell death in rat cerebral cortical cultures 
with greater potency than VIP. Daily i.c.v. injections of [St-Nle17]VIP significantly 
improved performance of animal in Morris water maze test in animals treated with 
the cholinergic blocker [39]. Another study showed that daily intranasal administra-
tion of PEI-conjugated R8-Aβ(25–35) peptide significantly reduced Aβ amyloid 
accumulation and ameliorated the memory deficits of the transgenic mice [40]. 
Peptides corresponding to the NF-κB essential modifier (NEMO)-binding domain 
(NBD) of IκB kinase (IKK) or IκB kinase (IKK) specifically inhibit the induction of 
NF-κB activation without inhibiting the basal NF-κB activity. After intranasal 
administration, NBD peptide entered into the hippocampus, reduced hippocampal 
activation of NF-κB, suppressed hippocampal microglial activation, lowered the 
burden of Aβ in the hippocampus, attenuated apoptosis of hippocampal neurons, 
protected plasticity-related molecules, and improved memory and learning in 
5XFAD mice [41]. IN delivery of H102 (a novel β-sheet breaker peptide) liposomes 
could significantly ameliorate spatial memory impairment of AD rats, increase the 
activities of ChAT and IDE and inhibit plaque deposition, with no toxicity on nasal 
mucosa [42]. Nasal administration of the β sheet breaker peptide AS 602704 was 
also suggested as an approach for treatment of Alzheimer’s disease [27]. Taken 
together, these studies suggests that intranasal administration is a feasible route for 
peptide delivery.

10.3.16  Hormone

Melatonin, an indole amide neurohormone, has been found to protect neurons 
against Aβ toxicity and inhibit the progressive formation of β-sheets and amyloidfi-
brils, however, it has been found to have low oral BA, short biological half-life and 
erratic pharmacokinetic profile. Jayachandra Babu et al. [43] studied IN transport of 
melatonin using polymeric gel suspensions prepared with carbopol, carboxymethyl 
cellulose (CMC) and PEG400, and found that the concentration of melatonin in 
olfactory bulbs after IN administration were higher.

17β-estradiol and its brain-selective 17β-estradiol prodrug were proved to be an 
effective early-stage intervention in an AD mouse [44]. However, adverse periph-
eral effects and low estradiol water solubility were the main problems for its appli-
cation. Water-soluble prodrugs, 3-N, N-dimethylamino butyl ester hydrochloride, 
3-N, N-diethylamino propionyl ester hydrochloride and 3-N, N-trimethylamino 
butyl ester iodide, 17-N, N-dimethylamino butyl ester hydrochloride have been pro-
posed to increase the solubility of 17β-estradiol [45]. In another preclinical study, 
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estradiol solubility was enhanced by chitosan nanoparticles, which behaves as a 
bioadhesive material and binds strongly to the negatively charged mucin through 
electrostatic interactions, thus increasing significantly the half-time of clearance of 
estradiol. Moreover, the CSF concentration of estradiol following IN administration 
than that of IN administration [46].

Allopregnanolone (Allo), a neurosteroid, was proved to enhance neurogenesis in 
the hippocampus and restored learning and memory of AD mouse. However, low 
solubility pose a challenge for oral administration. Some researcher demonstrated 
that intranasal Allo increased hippocampal BrdU-labeled nuclei and PCNA protein 
levels in both aged wild type mice and young 3xTg AD mice [47].

10.3.17  Immunization

Vaccination with Aβ1-42 has been found to prevent Aβ accumulation and clearance 
of amyloid plaques [48]. Cattepoel et al. [49]. studied immunization of APP trans-
genic mice with single-chain variable fragment (scFv) derived from full IgG anti-
body raised against C-terminus of Aβ. scFv was found to enter brain after IN 
application and bind to amyloid plaques in cortex and hippocampus of APP trans-
genic mice, and inhibit Aβ fibril formation and neurotoxicity. Chronic IN adminis-
tration of scFv was found to reduce congophilic amyloid angiopathy and Aβ plaques 
in cortex of transgenic AD mice. Another investigation confirmed that oligomeric 
amyloid- antibody (NU4) was able to enter the brain and maintain for 96 h post IN 
administration, and showed evidence of perikaryal and parenchymal uptake of 
NU4 in 5XFAD mouse brain, confirming the intranasal route as a non-invasive and 
efficient way of delivering therapeutics to the brain. In addition, this study demon-
strated that intranasal delivery of NU4 antibody lowered cerebral amyloid- and 
improved spatial learning in 5XFAD mice [4]. Moreover, Wheat germ agglutinin 
enhanced cerebral uptake of antibody after intranasal administration in 5XFAD 
mice, resulted in greater reduction of cerebral Aβ compared to the unconjugated 
anti-Aβ antibody delivered intranasally in Alzheimer’s 5XFAD model [50].

10.3.18  Cell-Based Therapy

Cell transplantation is a promising strategy for nervous system (CNS) disorders for 
the paracrine effect and multi-differential potential. However, the poor migration 
and homing of cells to the brain after IV delivery are the main barriers for effective 
treatment, IN provides a more efficient and targeted method for delivering cells to 
the brain than systemic administration. Moreover, IN delivery of therapeutic cells 
helps to avoid problems associated with surgical transplantation, such as the low 
survival rate of transplanted cells, limitations in cell dosage, immunological 

10 Therapeutic Intranasal Delivery for Alzheimer’s Disease



130

response and the impracticality of repeated surgical administration. Danielyan et al. 
reported that 7 days after IN delivery, MSCs were detected in the olfactory bulb 
(OB), cortex, amygdala, striatum, hippocampus, cerebellum, and brainstem of 
(Thy1)-h[A30P] αS transgenic mice. IN delivered macrophages could be detected 
in the OB, hippocampus, cortex, and cerebellum of 13-month-old APP/PS1 mice 
[51]. However, additional work is needed to determine the optimal dosage to achieve 
functional improvement in these mouse models. In another report, repeated intrana-
sal delivery of soluble factors secreted by hMSCs in culture, in the absence of intra-
venous hMSCs injection, was also sufficient to diminish cerebral amyloidosis and 
neuroinflammation in the mice, suggesting that these may be used in combination 
or as a maintenance therapy after IV delivery of hMSCs [52].

10.4  Conclusion and Future Perspectives

AD is a multifactorial disease with complex pathogenesis. Various neuroprotective 
molecules, growth factors, viral vectors, and even stem cells, or other alternatives 
ways have been explored to intervene AD, however, the efficacy to deliver these 
agents to the brain was still low. IN administration bypasses the BBB and delivers a 
wide range of agents to the brain through olfactory, rostral migratory stream, and 
trigeminal routes. It provides a more effective approach to deliver drugs or cells. 
However, despite the progress made in area of IN delivery of drugs to brain, IN 
delivery for AD is still under preclinical stage for the safety and toxicity concerns. 
The extended contact of formulations with nasal mucosa may lead to irritation, tis-
sue damage, epithelial/sub epithelial toxicity or ciliotoxicity and may result in envi-
ronment suitable for microbial growth. In addition, IN drug formulation should be 
developed not to damage the primary olfactory nerves and the sense of smell. 
Moreover, long-term studies in animals and humans need to be carried out to con-
firm the effectiveness and drawbacks.
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Chapter 11
Intranasal Medication Delivery in Children 
for Brain Disorders

Gang Zhang, Myles R. McCrary, and Ling Wei

Abstract Intranasal administration is an attractive option for the delivery of many 
therapeutic agents especially for the treatment of central nervous system (CNS). In 
contrast to drugs that require delivery by peripheral injection, which requires blood 
brain barrier permeability of the injected drug for CNS delivery and may cause 
anxiety and infection, the intranasal route allows drugs to bypass the BBB due to its 
highly specialized nasal anatomy and the olfactory pathway. Due to its non-invasive 
nature and easy procedure, intranasal drug delivery is particularly suited for use in 
children and may be performed by medical staff or family members. This article 
will review the use of intranasal medications with a focus on their utility in children. 
We will provide an overview of the nasal anatomy and its impact on drug delivery, 
the side effects of drugs specific to intranasal delivery, and a list of the medications 
which are currently administered intranasally. The most common drug classes for 
intranasal delivery in pediatrics include sedatives and analgesia, drugs for seizure 
control, opioid antagonists, and antimigraine medications. In summary, intranasal 
delivery is a versatile method for drug application with a wide range of clinical util-
ity, and especially effective in the pediatric population.
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administration
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11.1  Introduction

Traditionally, pediatric medications are delivered via oral, rectal, subcutaneous, 
intramuscular, intravenous, and, occasionally, intraosseous routes. There are bene-
fits to each application. While most practical, oral medication delivery is slow in 
onset, difficult when patients are vomiting, and problematic when the patient’s oral 
intake is restricted. In addition, children often refuse to swallow oral medications, 
potentially limiting their reliability. The rectal route may be used for young children 
but is less desirable for older children and adolescents. Parenteral delivery causes 
pain, anxiety, higher resource consumption, and the risk for contaminated needle- 
stick injury. Furthermore, intravenous access in children may be difficult for inex-
perienced providers. Intraosseous delivery is reserved for rare, serious emergencies. 
Intranasal delivery has garnered increasingly more attention. Intranasal delivery 
provides a non-injection route for pediatric clinicians. Importantly, this method is 
noninvasive, essentially painless, and particularly suited for children [1, 2]. The 
application may also be performed easily by parents and even patients themselves, 
so it is becoming a hot topic in pediatric medicine.

The abundant capillaries and lymphocytes on nasal mucosa facilitate drug 
absorption directly into the systemic circulation [3]. The digestive effect of enzymes 
on drugs in the nose is far less than that in the gastrointestinal tract, which must first 
undergo metabolism in the liver [4]. In addition, the olfactory tissue in direct contact 
with the central nervous system allows nasally administered drugs to be rapidly 
transported into the brain, which provides an effective route of administration for 
the central nervous system diseases in children. Nasal administration of vaccines is 
equally attractive due to its high efficacy and tolerance in children [5].

11.2  History and Development

Modern medical research on intranasal delivery has a history of several decades. 
An early study by Barash PG in 1980 characterized intranasal delivery of 10% 
hydrochloric acid cocaine solution, showing that the drug was rapidly absorbed 
and the plasma concentration peaked after 15–60 min [6]. Following this work, 
studies on nasal administration became increasingly common. In 1984, a 
“Seminar for nasal delivery route for systemic administration” was held in the 
United States. In 1991, the European Academic Conference on “Buccal and nasal 
administration as an alternative to the intravenous administration” was held in Paris. 
This route of administration has been further studied for modern pharmacological 
treatments [7].
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11.3  Characteristics of Intranasal Delivery

11.3.1  The Nose: Anatomy and Function

The nasal cavity is a complex organ anatomical structure. The physiological charac-
teristics of the nasal cavity influence processes including drug deposition, drug 
removal, and drug absorption. The external nose consists of paired nasal bones and 
upper and lower lateral cartilages. Internally, the nasal septum divides the nasal cav-
ity into a right and left side. The nasal septum is mainly composed of cartilage and 
skin, so the drug absorption rate in this area is very low [8]. The lateral nasal wall 
consists of inferior and middle turbinates and occasionally a superior or supreme 
turbinate bone [9]. The opening of the sinuses is also found under the middle turbi-
nates on the lateral nasal wall. The effective drug absorption area is in the turbinates 
that are rich in blood vessels. The lacrimal system drains into the nasal cavity below 
the anterior inferior aspect of the inferior turbinates [10].

11.3.1.1  Nasal Mucosa

The surface area of human nasal mucosa is about 150 cm2. Epithelial microvilli of 
the mucosa, which are similar to small intestine villi, increase the effective area for 
drug absorption. The sub-epithelium of the nasal mucosa contains abundant capil-
laries and lymphatic capillaries which allow for rapid drug absorption into blood 
circulation [11]. The nasal mucosa also plays an important role as a first level 
defense against pathogens and allergens which enter the body via the nose. Mucous 
secreted by this specialized layer of cells can trap foreign pathogens as they enter 
the cavity [12, 13]. Under normal conditions, the sinuses produce around 1 quart of 
mucous per day; however, when inflamed, mucous production can increase more 
than two-fold [14]. The mucous also contains immune factors such as immuno-
globulins including secretory IgA which can prevent bacteria adherence [15].

11.3.1.2  Nasal Mucosal Cilia

Mucociliary transport, which clears trapped foreign bodies, relies on both mucus 
production and ciliary function. Consequently, the cilia within the nose play a role 
in the airway defense system and are an important mediators of this first line of 
defense for the body [16]. Nasal hairs and the sticky mucous blanket of the nasal 
mucosa continuously help clear foreign bodies and prevent xenobiotics like aller-
gens, pathogens, and foreign particles from reaching the lungs.

There are three distinct functional areas in the nasal cavity: the vestibular, olfac-
tory and respiratory zones [17]. The vestibular zone serves as the first barrier against 
airborne particles and is sparsely vascularized. The lining in the vestibular zone is 
comprised of stratified squamous and keratinized epithelial cells with nasal hairs. 
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The olfactory area enables olfactory perception and is highly vascularized. The 
respiratory area has a mucous layer produced by highly specialized cells to serve as 
an efficient air-cleansing system [18]. Due to their rich vascularization, the olfac-
tory and the respiratory zones serve as efficient absorption surfaces for topically 
applied drugs [19].

11.3.2  The Connection Between the Nasal Cavity 
and the Central Nervous System (CNS)

The nasal cavity consists of the nasal vestibule, respiratory region, and the olfactory 
region. Among these, the olfactory region partly overlies the cribriform plate and is 
located high in the nasal cavity [20]. The cribriform plate is a bony structure con-
taining pores. Due to its close vicinity to the cerebrospinal fluid and direct interface 
with the nervous system, the olfactory region has been the focus of research inter-
ests for possible nose-to-brain delivery. There are three main routes by which drugs 
can be absorbed into the CNS following nasal administration: via the blood circula-
tion in the respiratory region, through the mucosa in the olfactory region, and 
directly by the olfactory nerve [1]. Absorption via blood circulation in the respira-
tory region occurs primarily in the respiratory region. Along this pathway, the drug 
is absorbed into the systemic circulation from the nasal cavity, distributed to the 
BBB along with the blood, and passed through the CNS. The metabolism of drugs 
in this fashion is similar to that of intravenous injection, and the factors affecting 
targeting in vivo are basically the same [21]. In the olfactory region, drug absorption 
can occur directly through the olfactory mucosa, then transferred to the CSF. Finally, 
some intranasally delivered drugs can enter the central nervous system directly 
through the olfactory nerves in the olfactory area of the nasal cavity. Early observa-
tions of patients with nasal infections revealed that the meninges can also become 
infected, suggesting there is a direct route to the CNS from the nasal cavity. 
Researchers have confirmed that transport does indeed occur between the olfactory 
nerve and the CNS [8, 22]. This suggests that nasally administered drugs can 
directly target the CNS and potentially avoid both systemic circulation and the 
blood brain barrier. The mechanisms of drug transport through the olfactory nerve 
has not been fully elucidated, but there are some reports detailing viruses and heavy 
metal particles entering the CNS via the olfactory nerve [23, 24].

11.3.3  Characteristics of Nasal Administration

11.3.3.1  Bioavailability

Compared to oral delivery, nasal administration does not need to pass through the 
gastrointestinal tract to directly reach the site of action. This avoids degradation in 
the gastrointestinal fluid and the first-pass metabolism from the liver. Since the route 
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of delivery to the CNS is more direct, only a small amount of drug (generally ~a 
tenth of the oral dose) is needed to reach an effective concentration. For example, 
intranasal salbutamol can relieve dyspnea in children with bronchospasm. However, 
the dose for intranasal delivery is only 100 μg compared with 2–4 mg by oral admin-
istration. Another example is the antiarrhythmic drug propranolol. Propranolol is 
greatly affected by first-pass metabolism after oral administration and the bioavail-
ability is only 7–19%. Nasal administration can increase the bioavailability to nearly 
100%.

11.3.3.2  Convenience, Compliance, and Costs

Intranasal delivery is typically quite simple. Many patients or their parents can 
administer medication using this method. Unlike some oral preparations, intranasal 
methods do not require spacing around meal time. The simplicity and convenience 
of intranasal delivery allows for higher patient compliance [25]. This treatment 
method is especially easy for children. Formulations are already prepared to treat 
the common cold, fever, upper respiratory tract infections, and other common ail-
ments [26, 27]. It is also suitable for some patients who cannot take medications 
orally for various reasons. Intranasal medication delivery is also quite cost- effective, 
especially when time and resource use as well as patient satisfaction are concerned 
[28, 29].

11.3.3.3  Kinetics

Drugs given via nasal administration are absorbed and act quickly. The nasal absorp-
tion rate of non-peptide drugs is comparable to that of drugs injected intravenously 
[30]. The rapid action and convenience of intranasal delivery make it a suitable 
method for drugs used in emergent situations. For example, nitroglycerin is com-
monly used for the treatment of angina in patients with coronary heart disease and 
can relieve pain in 2–5 min and may benefit from intranasal administration [31]. 
Nasal administration of anticonvulsant drugs such as diazepam and clonazepam can 
be used in epileptic seizures. Studies comparing the average effective time of diaz-
epam indicated intranasal delivery was significantly faster than intramuscular deliv-
ery for the treatment of convulsions in children [32–35].

11.4  Adverse Effects

Adverse effects specific to intranasally delivered medications are infrequent [36]. 
Some drugs may affect the movement of or may be toxic to cilia within the nose. 
This may play a role in reducing drug tolerance. The molecular size of intranasally 
delivered drugs may affect ciliary toxicity [37]. Studies have found that macromo-
lecular drugs are relatively less toxic to nasal cilia, however, certain small molecule 
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synthetic drugs may have a more pronounced effects on nasal ciliary movement 
[37]. However, drugs with larger molecular weights may not be absorbed as effi-
ciently as drugs with smaller molecular weights [38]. Other drugs may affect the 
nasal mucosa. The mucosal toxicity of some drugs may limit advances in research 
and are more appropriately administered by other means. The balance between 
absorption and mucosal toxicity requires further study.

11.5  Common Uses for Intranasal Medications in Children

Intranasal medications have been used for a variety of purposes including vaccine 
delivery, rhinosinusitis, seizures, migraines, sedation and analgesia, and delivery of 
opioid antagonists. In children, the most common use of the intranasal delivery 
techniques is for sedation and analgesia, anxiolysis, anti-epileptics, and migraine 
control. A summary of these medications and recommended doses are listed in 
Table 11.1.

11.5.1  Sedatives and Analgesia

At present, the clinical use of pediatric preoperative medication is usually via intra-
muscular or intravenous administration. However, the patients are usually awake 
preoperatively, and fear of injection and the “white coat effect” may cause unwanted 
changes in blood pressure and heart rate. Amplifying the negative experiences asso-
ciated with surgery may also have an impact on the patient’s psychological develop-
ment. Intranasal delivery  of drugs such as benzodiazepines and opioids might 
reduce the pre-operative stress. 

Midazolam is commonly used for pediatric sedation. The drug can be adminis-
tered by oral, rectal, intramuscular, intravenous and intranasal routes [54, 55]. 
Intranasal midazolam is quite useful for procedural sedation. Theroux et al. found 
that for preschool children requiring laceration repair surgery, 0.4 mg/kg intranasal 
midazolam could reduce crying and struggle scores compared with intranasal saline 
placebo or no intervention [56]. Ljungman et al. reported that parents and nurses 
described less anxiety, discomfort, and procedural problems in children who received 
intranasal midazolam at 0.2 mg/kg versus placebo. Some of the adverse effects that 
have been reported for intranasal midazolam include nasal irritation, unpleasant 
taste, salivation, nausea and vomiting, changes in vision, and gait difficulties [57].

Fentanyl is an ideal intranasal drug because of its high lipophilicity and relatively 
low molecular weight. Peak plasma concentrations can be reached within 10–15 min 
after delivery. Borland et al. found that 1.7 mg Hg/kg intranasal fentanyl was equiv-
alent to 0.1 mg/kg intravenous morphine for analgesia in children [39]. Adverse 
reactions to intranasal fentanyl are rare and include nosebleeds and unpleasant 
tastes [11, 39]. Other work has also shown that intranasal fentanyl is effective in 
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treating pain associated with fractures in children [58, 59]. Another synthetic opi-
oid, sufentanil, has also been administered intranasally for analgesia and sedation in 
children [60, 61].

Recently, the use of intranasal ketamine in children has received attention [40, 
62]. Ketamine is a pediatric analgesic and sedative. It has recently become the focus 
of research for intranasal administration. Roelofse et  al. compared the intranasal 
administration of 20 Hg sufentanil and 0.3 mg/kg midazolam in healthy children 
weighing between 15 and 20 kg undergoing dental surgery [63]. They found that the 
two treatment groups had the same sedative effects.

11.5.2  Seizure Control

Intranasal midazolam also provides an effective treatment option for patients with 
epilepsy. Midazolam easily crosses the nasal mucosa and blood brain barrier, caus-
ing a rapid increase in plasma and cerebrospinal fluid concentrations [64, 65]. Fisgin 
et al. compared rectal administration with intranasal midazolam and found intrana-
sal midazolam work faster and is more effective at interrupting seizures (60% vs 
87%) [48]. Compared to intravenous diazepam, intranasal midazolam has a similar 
effect (92% vs 88%) and was faster at ceasing seizure activity [66, 67]. In addition, 
the use of intranasal midazolam and lorazepam is safe for the treatment of seizures 
for use by patients. Ahmad et al. compared intranasal lorazepam and intramuscular 
injection of lorazepam in 160 pediatric patients in rural Africa, most of whom had 
long-term seizures due to cerebral malaria or bacterial meningitis [68]. Intranasal 
lorazepam stopped 75% of seizures within a few minutes, while intramuscular par-
aldehyde was effective only 61% of the time. Holsti et al. compared the treatment of 
seizures with rectal diazepam or intranasal midazolam in children [49]. Pre-hospital 
seizure control rate (62% vs 28%), emergency intubation rate (11% vs 42%), admis-
sion requirements (40% vs 89%) and ICU admission rate (16% vs 59%). Compared 
to rectal administration of diazepam, the intranasal midazolam group had signifi-
cantly better outcomes [32, 34]. Family epilepsy treatment by parents at home is 
also effective, and safer than rectal diazepam [69, 70]. Cumulatively, these findings 
suggest that intranasal midazolam is a favorable treatment option for epilepsy in 
children.

11.5.3  Opioid Antagonists

Rapid administration of naloxone can alleviate the symptoms of respiratory depres-
sion caused by opioid overdose. Traditionally, naloxone is administered intrave-
nously [71, 72]. Excess opioid use in the pediatric population is usually due to 
accidental intake. However, since peripheral venous access is often difficult to 
obtain in people who abuse opioids, intranasal administration of naloxone may be a 
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simple and rapid alternative. Intranasal delivery of naloxone provides a similar bio-
availability and onset time [73]. In addition, compared to intravenous administra-
tion, intranasal administration can reduce the potential for needle stick injuries [74]. 
Because patients with a history of intravenous drug abuse tend to have a higher risk 
of infectious disease, this situation requires the protection of medical personnel 
from puncture injuries [74]. In adult prehospital patients, Barton et al. found no dif-
ference in time to onset between intranasal and intravenous naloxone administration 
by paramedics [75]. Robertson et al. found that although the clinical response of 
intravenous naloxone was faster than that of intranasal, there is no significant differ-
ence in the time from initial contact to clinical response to cessation of clinical 
response [76]. This may be due to the time needed to establish venous access [77].

11.5.4  Anti-Migraine

Migraine is a common chronic and recurrent headache disorder in the pediatric 
population. The age of onset is commonly 6–12 years old. The incidence in males 
is slightly more than that in females before the age of 10, however, the rate in ado-
lescent females is higher than that in males. Oral medication is usually administered 
as a first line of therapy. When oral treatment fails, intranasal drugs can be used 
instead of intravenous therapy in certain situations. The most common intranasal 
anti-migraine drug is sumatriptan [78]. A comparison of intranasal sumatriptan at 5, 
10, and 20  mg with normal saline placebo found that sumatriptan offered more 
relief than placebo at 1 h for those receiving 10 and 20 mg and more relief than 
placebo at 2 h for those receiving 5 mg [79]. Ahonen and Lewis found that intrana-
sal sumatriptan was more effective in relieving migraine than placebo [80, 81]. The 
side effects of intranasal triptans include unpleasant taste, nasal discomfort, and 
congestion [82]. The use of intranasal lidocaine for the treatment of acute migraine 
has not been fully studied in children. Some studies in adults have shown that lido-
caine can be used to stop migraine, however, the data is limited [83, 84].

11.6  Conclusions

Intranasal delivery offers an attractive alternative to invasive drug delivery for deliv-
ering analgesia, anxiolytics, and anticonvulsants to pediatric patients. The major 
advantages of intranasal delivery include the straightforward and needle-free appli-
cation modality and the permeable application site in the nasal cavity that allows for 
a rapid onset of local and systemic drug activity. Furthermore, intranasal delivery 
may reduce medical staff resource use, eliminate needle-stick exposure risk, and lead 
to improved patient and parent satisfaction. Pediatricians, pediatric emergency phy-
sicians, and emergency medical services should consider adopting this delivery 
method for medications and indications that are appropriate to their practice setting.
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