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Abstract: Intranasal delivery has been shown to noninvasively deliver drugs from the nose to
the brain in minutes along the olfactory and trigeminal nerve pathways, bypassing the
blood-brain barrier. However, no one has investigated whether nasally applied drugs target
orofacial structures, despite high concentrations observed in the trigeminal nerve innervating
these tissues. Following intranasal administration of lidocaine to rats, trigeminally innervated
structures (teeth, temporomandibular joint (TMJ), and masseter muscle) were found to have up
to 20-fold higher tissue concentrations of lidocaine than the brain and blood as measured by
ELISA. This concentration difference could allow intranasally administered therapeutics to treat
disorders of orofacial structures (i.e., teeth, TMJ, and masseter muscle) without causing unwanted
side effects in the brain and the rest of the body. In this study, an intranasally administered
infrared dye reached the brain within 10 minutes. Distribution of dye is consistent with dye entering
the trigeminal nerve after intranasal administration through three regions with high drug
concentrations in the nasal cavity: the middle concha, the maxillary sinus, and the choana. In
humans the trigeminal nerve passes through the maxillary sinus to innervate the maxillary teeth.
Delivering lidocaine intranasally may provide an effective anesthetic technique for a noninvasive
maxillary nerve block. Intranasal delivery could be used to target vaccinations and treat disorders
with fewer side effects such as tooth pain, TMJ disorder, trigeminal neuralgia, headache, and
brain diseases.
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Introduction
Intranasal delivery provides a noninvasive method of

bypassing the blood-brain barrier to rapidly deliver thera-
peutic agents to the brain, spinal cord, and lymphatics and
to the vessel walls of the cerebrovasculature for treating CNS
disorders such as Alzheimer’s disease, brain tumors, and
stroke.1-6 This novel delivery method allows drugs, thera-

peutic proteins, polynucleotides, and viral vectors that do
not normally cross the blood-brain barrier to be delivered
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to the central nervous system.7,8 Additionally, intranasal
targeting of drugs to the CNS avoids first pass elimination
by the liver allowing a lower therapeutic drug dose and fewer
systemic side effects. Delivery from the nose to the central
nervous system occurs within minutes along both the
olfactory and trigeminal nerves.7,9,10 Delivery occurs by an
extracellular route and does not require that the drugs bind
to any receptor or undergo axonal transport. Intranasal
delivery has been reported to effectively bypass the
blood-brain barrier and treat neurologic disorders in mice,
rats, primates, and humans.2,9-12 In humans, intranasal
delivery has been documented to transport neuropeptides to
the CSF.13 Furthermore, intranasal insulin has been shown
to improve memory in healthy adults, obese men, and
Alzheimer’s patients.11,14-20 Although considerable intra-

nasal studies have focused on nose to brain delivery, no
studies have investigated if drug delivery occurs to orofacial
structures innervated by the trigeminal nerve despite evidence
that high drug concentrations are observed in the trigeminal
nerve.

Evidence suggests that, after intranasal administration, the
olfactory and trigeminal nerves receive high concentrations
of drug from the nasal cavity and transport it to the brain
and other connected structures.7 Intranasally administered
drug can reach the trigeminal nerves and perineural space
from the absorbent respiratory and olfactory pseudoepithe-
lium because they are innervated by the trigeminal nerve.
Chemuturi and Donovan 2007 demonstrated that intranasal
delivery rapidly fluxes dopamine (a small molecule) across
the nasal pseudoepithelium where large trigeminal nerve
branches pass.21 Additionally, the trigeminal nerve covers
and travels through the maxillary sinus, which is connected
to the nasal cavity and is also lined by a thin pseudoepithe-
lium. It is not known where drug enters the trigeminal nerve
from the nasal cavity, but Thorne et al.7 reported an increase
in IGF-I concentrations in the three major branches of the
trigeminal nerve and in the brain stem where the trigeminal
nerve enters following intranasal IGF-I administration. This
suggests that intranasal delivery uses the trigeminal nerve
pathway as a conduit to transport drug to the brainstem
beginning at the entry through the pons and then through
the rest of the hindbrain.22 A portion of the trigeminal nerve
that passes through the cribriform plate may also contribute
to delivery of drug from the nasal mucosa to the forebrain.7

If the trigeminal nerve can transport drug to the forebrain
and hindbrain, connected structures, then trigeminally in-
nervated structures such as the teeth, masseter muscle, and
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TMJ may also receive drug from the trigeminal nerve. Even
though drug is transported to the hindbrain, treatment of the
trigeminal nerve without affecting the brain may be possible
because a 20-fold higher drug concentration has been
reported in the trigeminal nerve as compared to the brain.7,9

Understanding where drug enters the trigeminal nerve from
the nasal cavity after intranasal administration would help
target the trigeminal nerve for clinical use.

Intranasal drugs have been used to treat orofacial structures
clinically, yet these studies did not describe the trigeminal
nerve as a mechanism of drug transport.23-39 Although local
injections can effectively target orofacial structures, there
are adverse effects including pain, dental anxiety, and the
fact that the patient cannot self-administer medication.
Although topical and gas anesthesia are helpful in decreasing
pain before injection, intranasal delivery may provide a better
approach by being rapid, painless, targeted, and patient
administered. Intranasal migraine medications (sumatriptan,
zolmitriptan) require 1/5 the dose of oral formulations with
a more rapid onset and few side effects.23-35 Furthermore,
lidocaine, a drug not usually indicated for migraine or
trigeminal neuralgia treatment, was found to be therapeutic
when delivered intranasally.36-39 Finding specific regions
in the nasal cavity where drug enters the trigeminal nerve
could help develop better devices in clinic to target the
trigeminal nerve and connected structures.

In this study, intranasal administration of lidocaine resulted
in rapid delivery to the brain, trigeminal nerve and orofacial
structures while minimal drug was delivered to the blood as
compared to intravenous delivery. The biodistribution of the
dye showed high concentrations at three locations near the
trigeminal nerve (the middle nasal concha, the maxillary
sinus, and choana). Targeting these nasal sites could improve
delivery to the brain, trigeminal nerve, or orofacial structures.

Experimental Section

Experiment 1: Concentrations of Lidocaine in Rat
Tissues Following Intranasal and Intravenous Ad-
ministration. Experimental Design. Rats were administered
the same lidocaine dose intranasally or intravenously. After
approximately 30 min, rats were perfused, and a variety of
brain, orofacial and body structures were dissected to
determine lidocaine concentrations. Tissues were pulverized
and supernatant fractions were analyzed using an ELISA,
as described in detail below.

Animals. Adult male Sprague-Dawley rats (ordered
200-250 g from Charles River Laboratories, Wilmington,
MA) were group housed under a 12 h light/dark cycle. Food
and water was provided ad libitum. Animals were cared for
and experiments were approved in accordance with institu-
tional guidelines (Regions Hospital, HealthPartners Research
Foundation Animal Care and Use Committee approved
protocol 05-052) and the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (1996).
Lidocaine (8 mg) was either intranasally (n ) 6) or
intravenously (n ) 6) administered to two groups, while

another group (n ) 3) was given intranasal vehicle (phos-
phate buffered saline, PBS) to collect tissue for the ELISA
standard curve and tissue to be spiked with known concen-
trations of lidocaine to detect the specificity and sensitivity
of the assay.

Intranasal and IntraVenous DeliVery. Lidocaine HCl was
purchased from Sigma Aldrich (Cat. No. L5647-15G).
Animals were anesthetized with pentobarbital sodium (Nem-
butal, 40 mg/kg I.P.; Abbott Laboratories, North Chicago,
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IL). Core body temperature was maintained at 37 °C using
a rectal temperature probe and heating pad. A 20-gauge
cannula was inserted into the descending aorta for blood
access. For intranasal delivery, rats were laid on their back
with a rolled 2 in. × 2 in. gauze under the neck to maintain
a horizontal head position. During intranasal delivery, a
cotton swab wrapped in paraffin was used to occlude one
nostril while an 8 µL drop of 10% lidocaine dissolved in
phosphate buffered saline (PBS) was placed onto the opposite
nostril and naturally sniffed in by the rat. Five drops were
administered in each nostril, alternating every 2 min over
18 min. A total of 8 mg of lidocaine was given in 80 µL.
For intravenous delivery, 80 µL of 10% lidocaine was
combined with 0.5 mL of saline, and 1/10 doses were
injected through the descending aorta cannula every two
minutes for 18 min. Every 5 min, a 0.25 mL sample of blood
was removed from the descending aorta. At 10 and 20 min
0.5 mL of saline was administered through the descending
aorta cannula to replace lost blood volume.

Tissue Collection. After 25 min from delivery onset, 120
mL of cold saline was perfused through the descending aorta
cannula of the anesthetized rat at 15 mL/min using a syringe
pump. After perfusion and death, the head was removed using
a guillotine, and tissues were dissected on ice. Blood samples
were centrifuged at 16000g for 30 min and supernatant
removed. The deep cervical lymph nodes were removed as
described in Thorne et al.7 The skin dorsal to the brain cavity
was incised at the midline. The whole brain was removed
starting caudally and progressing rostrally using a hemostat to
remove the skull. The whole brain was dissected in the
following order in a Petri dish: cerebellum, brainstem, midbrain,
diencephalon, and cortex. The olfactory bulb was removed last
to minimize contamination. After removing the whole brain,
the trigeminal ganglion was removed from the base of the skull
without opening the nasal cavity. The lacrimal gland, eye, and
masseter muscle were dissected by first removing the overlying
skin. The temporomandibular disk was dissected from the
mandibular condyle and glenoid fossa. All teeth were extracted
with nerves inside pulp. The tongue and tissue from the
maxillary sinus were dissected. The nasal epithelium was
removed from the cribriform plate after splitting the skull along
the midline. The spinal cord was removed whole and dissected
into cervical, thoracic, and lumbar segments without removing
the dura. Each liver lobe and the kidney cortex and medulla
were dissected. Urine was collected from the bladder using a 1
mL needle syringe. All tissues were placed in tubes, weighed,
flash frozen in liquid nitrogen, and stored at -70 °C until tissue
preparation for ELISA.

Tissue Preparation for ELISA. Tissue was diluted 1:5
(tissue weight (g): homogenization buffer (mL)). Homog-
enization buffer consisted of Tris HCl (100 mM), sodium
chloride (400 mM), 2% bovine serum albumin, and 0.05%
sodium azide. Two dozen 1.0 mm glass and zirconium
microbeads were added to each tube of tissue and shaken
vigorously for three 5-min increments at ∼10 Hz using a
motorized microbead shaker. After pulverizing, samples were
sonicated until the solution was homogeneous. After soni-

cation, the samples were centrifuged at 16000g for 30 min.
Supernatant was removed, flash frozen in liquid nitrogen and
stored at -70 °C.

Lidocaine ELISA. Supernatant was allowed to thaw to
room temperature and diluted 1:500 in EIA buffer supplied
in the lidocaine ELISA kit (Neogen Corporation, Lexington,
KY). An 8 µL sample was used in the lidocaine ELISA kit
well; otherwise the kit instructions were followed. Briefly,
enzyme conjugate was diluted 1:180 in EIA buffer, and 180
µL was incubated with the 8 µL sample in each ELISA well
(duplicates of each tissue) for 45 min. Using a multichannel
pipettor, the wells were washed with buffer, and 150 µL of
substrate was incubated for 1.5 h (all supplied in the kit).
At 1.5 h samples were read using a plate reader (Molecular
Devices) at 450 nm after adding 50 µL of 1.0 N HCl, which
doubles the color intensity read by the plate reader. Samples
were compared against a standard curve of lidocaine spiked
brain supernatant from vehicle treated animals processed the
same way as experimental samples.

Supernatant from vehicle treated animals were spiked with
known concentrations of lidocaine to validate the specificity
and sensitivity of the assay. A variety of tissues showed the
same concentration measured by the assay as the amount
injected into the tissues. The assay was very specific to
lidocaine as tissues without lidocaine were below the standard
curve’s sensitivity and had the same optical density as wells
filled with distilled water. The lowest detectable concentra-
tion was ∼10 nM. The standard curve consistently had an R
squared value of g0.99.

Statistical Analysis. Data was analyzed and graphed using
Prism statistical software (version 5.0; GraphPad, La Jolla,
CA). The lidocaine concentrations were quantified using
standard curves. An unpaired t test assuming equal variance
was used to compare each tissue between the intranasal (IN)
and intravenous (IV) groups. P values were determined and
represented as <0.05 (*), <0.01 (**), and <0.001(***).
Targeting of lidocaine for intranasal or intravenous delivery
was calculated by dividing the tissue concentration by the
blood’s lidocaine concentration at 25 min within the same
delivery method. A drug-targeting index (DTI) was used to
measure improved CNS targeting through intranasal delivery
as compared to intravenous delivery and was calculated by
determining the ratio of intranasal to intravenous targeting
of lidocaine.

Experiment 2: In Vivo Imaging of Intranasally Ad-
ministered IRdye 800 and Biodistribution at 30 min.
Experimental Design. IRdye 800 was intranasally adminis-
tered to rats and imaged with an infrared imaging system
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for 30 min prior to euthanasia and tissue collection. IRdye
800 was used because it can be imaged in vivo and is easily
visible by the naked eye, enabling tracking of the dye (as
opposed to lidocaine which is clear in solution). In addition,
IRdye 800 fluoresces at 800 nm, a unique wavelength where
tissue is relatively transparent because of minimal absorption
by blood and water. IRdye 800 had the closest molecular
weight to lidocaine of any of the available infrared dyes.

Animals. Adult male Sprague-Dawley rats (n ) 3,
200-250 g; Charles River Laboratories, Wilmington, MA)
were housed under a 12 h light/dark cycle and were cared
for as described in Experiment 1.

IRdye 800 and Odyssey Infrared Imaging System. IRdye
800 (Li-Cor Bioscience, Lincoln, NE) was used for in vivo
imaging after intranasal administration. IRdye 800 conjuga-
tion sites were neutralized by dilution in PBS (pH 8.5) for
greater than two hours. IRdye 800 was imaged using a Li-
Cor Odyssey infrared imaging system (Lincoln, NE) equipped
for in vivo imaging. Rats were shaved completely with an
electric razor to limit the hair absorbing infrared light, which
can interfere with imaging. The infrared background was
scanned prior to delivery.

Intranasal Administration and in ViVo Imaging. Rats were
anesthetized as described in Experiment 1. Drops (8 µL) of
1 mM IRdye 800 in saline were given every 2 min for 18
min alternating nostrils using the same intranasal technique
as experiment 1 for a total of 80 µL administered. The head
and neck were scanned between each 2-min delivery interval.
During in vivo imaging, the Odyssey scanner resolution was
337 µm2/pixel with a scanning depth of 3 ( 0.5 mm for
both the 700 and 800 nm filters. After 25 min the rat was
removed from the imaging device and transcardially perfused
with 60 mL of cold saline followed by 360 mL of 4%
paraformaldehyde at a rate of 15 mL/min using a syringe
pump.

Dissection and Subsequent Imaging. Following perfusion,
the brain was removed, sectioned in 1 mm coronal brain
slices using a brain matrix from the olfactory bulb to the
upper cervical spinal cord, and imaged. The spinal cord was
dissected and imaged whole. The head with brain removed
was cut midsagittally so the cross-section could be imaged.
The trigeminal nerve and respiratory epithelium were
removed, and the head was then rescanned. The trigeminal
maxillary nerve branch was dissected from the whisker pad
to the brainstem nerve root. The following tissues were also
removed and imaged: kidneys, heart, lungs, digestive tract,
spleen, liver, urine (1 mL), epididymis, and testes. For all
tissues, the scanning resolution after dissection was 21 µm2/
pixel for both 700 and 800 nm filters. The scanning depth
for thin tissues such as coronal brain slices, spinal cord, skin
and aponeurosis was 1 ( 0.5 mm. The rest of the tissues
were imaged at 4 ( 0.5 mm scanning depth. Alongside
experimental tissues, a standard curve was imaged by
scanning known concentrations of IRdye 800 in glass tubes.
The known concentrations detected by the Odyssey scanner
ranged from 10 nM to 100 µM; otherwise IRdye seen by
the naked eye was defined as >100 µM.

Results

Experiment 1: Tissue Concentrations of Lidocaine
following Intranasal and Intravenous Administration.
Blood BioaVailability of Lidocaine Was Lower following
Intranasal DeliVery as Compared to IntraVenous Deli-
Very. Although the nose is well vascularized, blood levels of
lidocaine were significantly lower following intranasal admin-
istration as compared to intravenous administration across the
entire 25-min period (Figure 1). The area under the curve of
the lidocaine concentration in the blood was also significantly
lower (p ) 0.0002) following intranasal application (173
µM ·min) than following intravenous injection (3916 µM ·min).
Blood concentration of lidocaine peaked at 5 min after
intravenous administration vs 10 min after intranasal adminis-
tration; then both steadily decreased. At 25 min, the final sample
point, lidocaine blood concentrations were significantly lower
(p ) 0.0168) following intranasal (7.9 µM) vs intravenous
administration (21 µM). The kidney was the only systemic
organ where intranasal and intravenous administration was not
significantly different (p ) 0.6525). Intravenous administration
resulted in significantly higher lidocaine concentrations in the
urine (p ) 0.0012) and liver (p ) 0.0015). Intranasal admin-
istration resulted in significantly higher concentrations at the
drug administration sites such as the nasal epithelium (p <
0.0001). All of the lidocaine concentration data for each group
can be found in Table 1.

Brain Structures Had Higher Lidocaine Concentrations
following Intranasal DeliVery as Compared to

Figure 1. Intranasal administration of lidocaine leads to
less drug delivery to the blood as compared to
intravenous administration. Following intranasal or
intravenous delivery of 8 mg of 10% lidocaine, lidocaine
concentrations in the blood were measured every 5
min. For intranasal delivery the area under the curve of
lidocaine concentration in the blood over the 25 min
period was 174 ( 93 µM ·s, and intravenous delivery
had an area under the curve of 3916 ( 634 µM ·s.
Intranasal delivery had significantly less lidocaine from
0 to 25 min compared to IV delivery (p < 0.001). The
points and error bars represent the mean ( SEM (N )
6). p values are represented as follows: <0.05 (*), <0.01
(**), and <0.001(***).
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IntraVenous DeliVery. In spite of the much higher blood
lidocaine levels observed with intravenous administration,
intranasal delivery of lidocaine to the brain was significantly
higher for all structures except the lumbar spinal cord (Figure
2). Following intranasal administration, the olfactory bulb,
connected to the olfactory epithelium via olfactory sensory
neurons, received the highest concentration of lidocaine (266
µM), and concentrations decreased in a rostral-to-caudal
direction from the cortex (33 µM) to the diencephalon (16
µM) and then increased from the midbrain (23 µM) to the
brainstem (45 µM), where the trigeminal nerve root and
ganglion enters running along the base of the skull (147 µM).
The lidocaine concentration decreased in a dorsal direction
from the brainstem to the cerebellum (35 µM). Progressing
caudally the concentration decreased from the brainstem to
the lower cervical spinal cord (24 µM) to the thoracic spinal
cord (21 µM) to the lumbar spinal cord (19 µM). In contrast,
intravenous administration resulted in lower and fairly similar
concentrations throughout the central nervous system struc-
tures (7-10 µM), except in the diencephalon (2.0 µM; p )
0.0004).

Orofacial Structures Had Higher Lidocaine Tissue
Concentrations than Brain Structures following Intranasal

DeliVery. Intranasal administration delivered significantly
more lidocaine to all orofacial structures compared to brain
structures, except the facial structures innervated by the
ophthalmic branch of the trigeminal nerve (lacrimal gland,
eye, and skin on the head). Following intranasal administra-
tion, the maxillary sinus (3508 µM) received the highest
lidocaine concentration besides the nasal epithelium (4549
µM) where the drug was directly deposited. The trigeminal
nerve, which passes through the maxillary sinus and the nasal
epithelium, had a concentration of 147 µM before it enters
the brainstem (at the base of the skull). The trigeminal nerve
segment was cut at the base of the skull because dissecting
through the nasal epithelium in an unfixed animal would have
contaminated the trigeminal nerve. In the IRdye 800 study
discussed later, the trigeminal nerve was dissected more
rostrally to the teeth and nasal cavity where the concentration
was dramatically higher (∼100 µM) compared to near the
brainstem (∼10 µM). The trigeminal nerve concentration
near the maxillary teeth is ∼1470 µM. This higher concen-
tration in maxillary teeth nerves compared to the rostral part
of the trigeminal nerve is due to the close proximity to the
maxillary sinus (3508 µM) and nasal epithelium (4549 µM).
Of the maxillary teeth, incisors (803 µM) received the highest

Table 1. Lidocaine Tissue Concentrations following Intranasal or Intravenous Administrationa

[Lidocaine]
mean ( SEM (µM)

lidocaine targeting: ratio of
tissue concn (µM)/blood concn at

25 min (µM), mean ( SEM

tissue IN IV significanceb IN IV

drug targeting
index: ratio
IN/IV, mean

blood
blood 5 min 1.6 ( 0.7 540 ( 82 ***
blood 10 min 21 ( 8.3 154 ( 31 **
blood 15 min 10 ( 4.6 77 ( 8.0 ***
blood 20 min 10 ( 3.2 65 ( 13 ***
blood 25 min 7.9 ( 1.8 21 ( 3.3 *
total AUCc (0-25 min) µM ·min 173 ( 93 3916 ( 634 ***
peripheral tissues
deep cervical lymph nodes 30 ( 5.9 13 ( 1.6 * 3.8 ( 3.2 0.6 ( 0.5 6.2
nasal epithelium 4549 ( 756 12 ( 2.6 *** 577 ( 409 0.6 ( 0.8 1003
urine 48 ( 13 1142 ( 318 ** 6.1 ( 6.9 55 ( 97 0.1
kidney 80 ( 7.6 88 ( 16 ns 10 ( 4.1 4.2 ( 5.0 2.4
liver 44 ( 5.0 87 ( 11 ** 5.6 ( 2.7 4.1 ( 3.2 1.3

brain and spinal cord tissue
olfactory bulb 266 ( 47 8.4 ( 1.1 *** 34 ( 25 0.4 ( 0.3 84
cortex 33 ( 4.5 9.9 ( 1.6 *** 4.2 ( 2.4 0.5 ( 0.5 8.9
diencephalon 16 ( 4.8 2.0 ( 0.6 ** 2.1 ( 2.6 0.1 ( 0.2 22
midbrain 23 ( 3.2 7.3 ( 1.7 *** 2.9 ( 1.8 0.3 ( 0.5 8.4
cerebellum 35 ( 7.9 8.4 ( 1.8 ** 4.4 ( 4.3 0.4 ( 0.6 11
brainstem and upper SC 45 ( 11 8.9 ( 2.0 ** 5.8 ( 6.1 0.4 ( 0.6 14
lower cervical SC 24 ( 5.5 7.0 ( 0.7 ** 3.0 ( 3.0 0.3 ( 0.2 9.0
thoracic SC 21 ( 3.8 8.1 ( 1.1 ** 2.6 ( 2.0 0.4 ( 0.3 6.8
lumbar SC 19 ( 4.7 13 ( 3.5 ns 2.4 ( 2.5 0.6 ( 1.1 3.8
trigeminal gangliond 147 ( 44 13 ( 1.5 ** 19 ( 24 0.6 ( 0.5 29

oral structures with trigeminal innervations
maxillary sinus 3508 ( 685 11 ( 2.4 *** 445 ( 371 0.5 ( 0.7 856
maxillary incisor: SA nerve (V2) 803 ( 253 3.0 ( 0.5 ** 102 ( 137 0.1 ( 0.2 701
maxillary molar: SA nerve (V2) 476 ( 116 3.1 ( 0.4 *** 60 ( 63 0.1 ( 0.1 413
mandibular incisor: IA nerve (V3) 148 ( 31 2.7 ( 0.6 *** 19 ( 17 0.1 ( 0.2 145
mandibular molar: IA nerve (V3) 199 ( 43 1.9 ( 0.8 *** 25 ( 24 0.1 ( 0.2 270
tongue (V3) 651 ( 35 8.1 ( 1.6 *** 83 ( 19 0.4 ( 0.5 213

facial structures with trigeminal innervations
temporomandibular joint (V3) 72 ( 27 7.1 ( 1.0 *** 9.1 ( 15 0.3 ( 0.3 27
masseter muscle (V3) 15 ( 2.7 4.8 ( 0.8 * 1.9 ( 1.4 0.2 ( 0.2 8.2
lacrimal gland (VII) 58 ( 14 43 ( 4.4 ns 7.4 ( 7.6 2.0 ( 1.4 3.6
skin and aponeurosis on head (V1) 3.6 ( 1.1 3.6 ( 0.5 ns 0.5 ( 0.6 0.2 ( 0.2 2.7
eye (V1 and CN II) 8.3 ( 1.5 6.5 ( 0.7 ns 1.1 ( 0.8 0.3 ( 0.2 3.4

a The table shows the mean and SEM (N ) 6) of tissue concentrations following intranasal and intravenous administration of 8 mg of
10% lidocaine. The p value for each tissue is an unpaired t-test comparison between intranasal and IV delivery (<0.05 (*), <0.01 (**), and
<0.001 (***). b Significance ) <0.05 (*), <0.01 (**), <0.001 (***). c Area under the curve. d The trigeminal nerve was dissected at the base of
the skull. See Figure 4 for concentration distribution in the trigeminal nerve.
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concentration of lidocaine followed by the maxillary molars
(476 µM). The maxillary incisors are in closer proximity
than the maxillary molars to the middle concha, where the
drug is directly deposited. The mandibular teeth are in-
nervated by the trigeminal nerve (147 µM) and close to the
mandibular molar branch that innervates the tongue (651
µM). Of the mandibular teeth, the molars (199 µM) received
the highest lidocaine concentration of the mandibular trigem-
inal nerve branch followed by the mandibular incisors (148
µM), which is located further from the tongue (651 µM) and
the maxillary nerve branch (147 µM). The mandibular teeth
lidocaine concentrations were not significantly different from
that of the trigeminal ganglion, while the maxillary teeth had
significantly higher concentrations (p < 0.05) than the trigeminal
ganglion, suggesting maxillary teeth are receiving lidocaine from
some other source. The intranasal IRdye experiment suggests
the maxillary sinus is the main source of drug to the maxillary
teeth. The teeth had the highest drug targeting indices (145 to
701) of all the tissues collected. Intranasal administration
delivered less lidocaine to facial structures as compared to oral
structures. The temporomandibular joint (72 µM) has a higher
density of trigeminal nerve fibers than the masseter muscle (15
µM). The lacrimal gland was not significantly higher in
lidocaine concentration following intranasal delivery (58 µM)
as compared to intravenous administration (43 µM).

Oral Structures Had the Highest Drug-Targeting Index,
followed by Brain Structures and Facial Structures. The
drug-targeting index (DTI) was highest among the maxillary
sinus (856), teeth (maxillary incisors, 701; maxillary molars,
413; mandibular incisors, 145; mandibular molars, 270) and
tongue (213). Facial structures had a lower DTI; these include
temporomandibular joint (27), masseter muscle (8.2), lacri-
mal gland (3.6), eye (3.4), and skin on the head (2.7). All
the central nervous system structures had a drug targeting
index (DTI) greater than 1. The highest DTI central nervous
system structures were the olfactory bulb (84), diencephalon
(22), and brainstem (14). The diencephalon had a signifi-
cantly lower concentration (p ) 0.0004) compared to other
brain structures during intravenous delivery. The DTI of the
remaining central nervous system structures are cerebellum
(11), lower cervical spinal cord (9.0), cortex (8.9), midbrain
(8.4), thoracic spinal cord (6.8), and lumbar spinal cord (3.8).

Experiment 2: In Vivo Imaging of Intranasally
Administered IRdye 800 and Biodistribution at 30
min. IRdye 800 Was Visualized in the Brain at 10 min
following Intranasal Administration. Prior to intranasal
treatment with IRdye 800, rat tissue is almost transparent at
800 nm (Figure 3A). The neck and body were less transparent
compared to the head. The body was visualized using a 700
nm filter and the drug using a 800 nm filter. These two

Figure 2. Brain structures had higher lidocaine tissue concentrations following intranasal delivery as compared to
intravenous delivery, and accumulated around the olfactory nerves, trigeminal nerves, and cerebrospinal fluid. The
bars are grouped by tissue comparing delivery method (intranasal or intravenous) of 8 mg of a 10% lidocaine solution
with the error bars as SEM (N ) 6). p values are represented as follows: <0.05 (*), <0.01 (**), and <0.001 (***). The
coronal brain sections in the inset illustrate the distribution within these brain structures where high concentrations are
visualized in regions of the brain in contact with CSF, olfactory nerve, and trigeminal nerve.
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images were overlayed (Figure 3B-E). IRdye 800 can be
seen within the nasal cavity as green or yellow. Yellow
results from the overlap of the red 700 nm filter with the
green 800 nm filter. At 0 min immediately after the first
intranasal drop, IRdye 800 was visualized well in contrast
to the transparent rat tissue (Figure 3B). At 5 min the IRdye
800 extends into the more caudal nasal cavity (Figure 3B).
Within 10 min dye appears at the beginning of the olfactory
bulb (Figure 3C). At 15 min, IRdye 800 is imaged in the
rostral portion of the frontal lobe (Figure 3D). Not all of the
dye in the brain imaged in Figure 2 is seen in Figure 3
because the Odyssey infrared imaging system cannot detect
the deep ventral structures of the brain.

Trigeminal NerVe and Nasal CaVity Had High Con-
centrations of IRdye 800 at the Entry of the Choana, the
Middle Nasal Concha and the Maxillary Sinus. Dye was
visible in three locations of a midsagittal section of the head:
the middle nasal concha, maxillary sinus, and choana (Figure
4). High concentrations of IRdye 800 (>100 µM) were also
seen at the same locations where the trigeminal nerve passes
next to the middle nasal concha, maxillary sinus, and choana
(Figure 4). The nerve under the middle nasal concha (>100
µM) innervates the maxillary incisors (∼100 µM) and also
passes through the maxillary sinus (>100 µM). Most of the
nerves passing through the maxillary sinus (>100 µM)
innervate the whisker pad (∼100 µM). The maxillary sinus
(>100 µM) then connects with the nerves that pass near the
choana (>100 µM) which connect to the maxillary molar
nerves (∼100 µM). The trigeminal nerve then passes through
the cerebrospinal fluid eventually to synapse at the brainstem
(∼10 µM). All these values are on the same order of
magnitude as the lidocaine data collected using ELISA.

Intranasal Administration DeliVered High Con-
centrations of IRdye 800 to the Brain, Particularly
Ventral Brain Structures Contacting CSF. Coronal brain
sections had an IRdye 800 concentration range from 100 nM
to >10 µM (Figure 2 inset), as determined by comparison to
a scanned standard curve of known dye concentrations (data
not shown). Generally, ventral brain structures, near cere-
brospinal fluid (CSF), were higher in IRdye 800 concentra-

tion compared to more dorsal non-CSF-contacting structures.
IRdye 800 distributed to the entire olfactory bulb, ventral
and midline portions of the anterior olfactory nucleus,
hypothalamus, medial and ventral portions of the cortex,
ventral portion of the pons, and entry of trigeminal nerve
roots. High concentrations of IRdye 800 concentrated in the
trigeminal nuclei located on the lateral sides of the caudal
brainstem and rostral cervical spinal cord.

Structures in the Rest of the Body ReceiVed Low
Concentrations of IRdye 800 Compared to the Brain and
Trigeminal NerVe following Intranasal Administration. Blood
contained an IRdye 800 concentration of 10-100 nM.
Remaining body structures, including the gastrointestinal
tract, pancreas, liver, gallbladder, spleen, heart, spinal cord,
kidneys, urine, epididymis, and testis, had dye concentrations
less than 10 nM (data not shown).

Discussion
These experiments demonstrate that intranasal delivery can

target therapeutics like lidocaine to orofacial structures even
more than to brain structures. This likely occurs because the
trigeminal nerve acts as a conduit to transport drug from the
nasal cavity to the orofacial structures. Similar to other
intranasally administered molecules, low molecular weight
drugs like intranasal lidocaine (234 Da) and IRdye 800 (962
Da) target the olfactory bulb, ventrally located brain struc-
tures, and the brainstem surrounding the trigeminal nerve
root relative to the blood and other organs. Furthermore, this
study identified three novel results. (1) Following intranasal
administration, the therapeutic agent enters the trigeminal
nerve and trigeminal neural pathway at three points from
the nasal cavity: choana, middle nasal concha, and maxillary
sinus. (2) The trigeminal neural pathway acts as a conduit
to transport drug not only to the brain but also in the opposite
direction to other connected structures such as the teeth and
temporomandibular joint. (3) Previous experiments demon-
strated intranasal administration delivers drug to the brain
within 10 min, but this is the first experiment to image this
phenomenon, demonstrating this transport is a rapid process.
These results may aid clinicians in targeting therapeutics to
the trigeminal neural pathway by administering intranasally.

Intranasal administration to an anesthetized rat concentrates
drug at three major locations in the nasal cavity, which
subsequently results in rapid transport across the nasal
epithelium into the trigeminal neural pathway. Our study
found that a small molecule concentrates (>100 µM of IRdye
at 30 min) at certain permeable anatomical locations within
the nasal cavity following intranasal delivery, particularly
the entry of the choana, the middle nasal concha and the
maxillary sinus.40 Furthermore, the high concentrations
within the underlying trigeminal nerve were at these exact
three locations, suggesting the three high concentration regions
in the nasal cavity almost exclusively penetrate drug to the

(40) Edranov, S. S.; Kovalyeva, I. V.; Kryukov, K. I.; Konovko, A. A.
Anatomic and histological study of maxillary sinus in albino rat.
Bull. Exp. Biol. Med. 2004, 138 (6), 603–6.

Figure 3. Distribution time course of intranasal delivery
to the brain. At 800 nm an anesthetized rat is relatively
transparent using an Odyssey infrared imaging system
(A). At 0 min after the first 1 mM drop was delivered it
was clearly seen at an 800 nm wavelength (B). At 5
min the IRdye can be clearly seen in the nasal cavity
(C). At 10 min IRdye 800 enters the olfactory bulb (D).
At 15 min IRdye 800 enters the cortex (E). There were
no significant changes in IRdye 800 distribution
between 15, 20, and 25 min. Every 2 min an 8 µL drop
was administered.
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trigeminal nerve. This seems plausible since a small molecule
(similar in size and properties to lidocaine, i.e., dopamine) has
been shown to rapidly flux across the respiratory and olfactory
pseudoepithelium at 2-5 µg/cm2/min.21,41 Once drug enters the
trigeminal neural pathway, it appears to travel to the trigeminal
nerve’s connected structures.

These results suggest that the trigeminal nerve is a
bidirectional conduit utilized by intranasal delivery to
transport therapeutic agents to connected structures: the brain
and orofacial structures. Previous studies have demonstrated
that drug is transported via the trigeminal nerve in a rostral-

to-caudal direction to the brain,7,9,10 but this is the first study
to demonstrate trigeminal drug distribution in the caudal-
to-rostral direction to the maxillary teeth. Based on IRdye
800 distribution data, the maxillary teeth, infraorbital nerve,

(41) Dahlin, M.; Jansson, B.; Bjork, E. Levels of dopamine in blood
and brain following nasal administration to rats. Eur. J. Pharm.
Sci. 2001, 14 (1), 75–80.

(42) Dhanda DS, F. W. I.; Leopold, D. Kompella UB Approaches for
drug deposition in the human olfactory epithelium. Drug DeliVery
Technol. 2005, 5, 64–72.

(43) Capsoni, S.; Giannotta, S.; Cattaneo, A. Beta-amyloid plaques in
a model for sporadic Alzheimer’s disease based on transgenic anti-
nerve growth factor antibodies. Mol. Cell. Neurosci. 2002, 21 (1),
15.

(44) Vlckova, I.; Navratil, P.; Kana, R.; Pavlicek, P.; Chrbolka, P.;
Djupesland, P. G. Effective treatment of mild-to-moderate nasal
polyposis with fluticasone delivered by a novel device. Rhinology
2009, 47 (4), 419–26.

(45) Djupesland, P. G.; Skretting, A.; Winderen, M.; Holand, T. Breath
actuated device improves delivery to target sites beyond the nasal
valve. Laryngoscope 2006, 116 (3), 466–72.

(46) Bakke, H.; Samdal, H. H.; Holst, J.; Oftung, F.; Haugen, I. L.;
Kristoffersen, A. C.; Haugan, A.; Janakova, L.; Korsvold, G. E.;
Krogh, G.; Andersen, E. A.; Djupesland, P.; Holand, T.; Rappuoli,
R.; Haneberg, B. Oral spray immunization may be an alternative
to intranasal vaccine delivery to induce systemic antibodies but
not nasal mucosal or cellular immunity. Scand. J. Immunol. 2006,
63 (3), 223–31.

(47) Djupesland, P. G.; Skretting, A.; Winderen, M.; Holand, T. Bi-
directional nasal delivery of aerosols can prevent lung deposition.
J. Aerosol Med. 2004, 17 (3), 249–59.
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Drug DeliVery Technol. 2005, 5, 44–49.
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In Grand Rounds Presentation, UTMB, Department of Otolaryn-
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Figure 4. Intranasal administration delivers IRdye 800 to the trigeminal nerve and maxillary teeth via the middle
concha, maxillary sinus, and choana. Intranasal delivery deposits IRdye 800 in three locations: middle concha,
maxillary sinus and choana. After intranasal administration, IRdye 800 (purple dots) passes under the middle nasal
concha and into the maxillary sinus (in red). Upon contact with the middle nasal concha and maxillary sinus, the
underlying incisal nerve and multibranched infraorbital nerve absorb >100 µM IRdye. After entering these structures
the dye is transported in both directions along the trigeminal nerve. The remaining IRdye 800 is deposited in the
choana, where it is distributed to the maxillary molar and septal nerve branches. As IRdye is transported to the
brainstem, IRdye 800 concentration plummets as it is deposited into the base of the skull and CSF. The cribriform
plate also had a high concentration of IRdye 800. The trigeminal nerve (see inset) has high IRdye 800 concentrations
in four locations: (1) the maxillary incisal nerve as it passes through the middle concha, (2) the infraorbital nerve as it
passes through the maxillary sinus, (3) the septal branch and (4) maxillary molar branch as they pass through the
choana. The maxillary teeth and trigeminal nerve receive IRdye based on its proximity from these trigeminally
connected structures.
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temporomandibular joint, and masseter muscle receive
therapeutic via the trigeminal nerve from the choana, middle
nasal concha, and maxillary sinus (see Figure 4). The
maxillary incisor, a more rostral structure, showed dwindling
IRdye 800 concentration emanating from the middle nasal
concha and maxillary sinus, suggesting the therapeutic in
the more rostral maxillary incisor originated from the more
caudal middle nasal concha and maxillary sinus. The source
of IRdye 800 to the maxillary molars was the choana,
although there was contribution from the trigeminal nerve
originating from the maxillary sinus and middle nasal concha.
The infraorbital nerve had IRdye 800 concentration emanat-
ing mostly from the maxillary sinus due to the infraorbital
nerve’s large surface area exposed to the maxillary sinus.
The IRdye 800 also appeared to transport in a rostral-to-
caudal direction to the brainstem followed by a caudal-to-

rostral direction to reach the temporomandibular joint and
masseter muscle. All these conclusions were also supported
based on the dramatically higher lidocaine tissue concentra-
tions following intranasal delivery as compared to intrave-
nous delivery. Thus, the trigeminal nerve, a large bundle of
nerves, can be used to rapidly and noninvasively transport
therapeutics to all trigeminally connected structures.

In conclusion, following intranasal administration, drug
not only travels from the nasal cavity to the brain via the
trigeminal neural pathway but also in the opposite direction
to orofacial structures. Targeting the trigeminal neural
pathway is an effective method of targeting its connected
orofacial and brain structures. Intranasal delivery to the
trigeminal nerve and connected orofacial structures may
provide a more effective and targeted method for treating
postoperative dental pain/anxiety, trigeminal neuralgia, mi-
graine, and dementia and for vaccinating against disease.
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