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Abstract

Background—The blood brain barrier (BBB) is critical for maintaining central nervous system
(CNS) homeostasis by restricting entry of potentially toxic substances. However, the BBB is a
major obstacle in the treatment of neurotoxicity and neurological disorders due to the restrictive
nature of the barrier to many medications. Intranasal delivery of active enzymes to the brain has
therapeutic potential for the treatment of numerous CNS enzyme deficiency disorders and CNS
toxicity caused by chemical threat agents.

New method—The aim of this work is to provide a sensitive model system for analyzing the
rapid delivery of active enzymes into various regions of the brain with therapeutic bioavailability.

Results—We tested intranasal delivery of chloramphenicol acetyltransferase (CAT), a relatively
large (75 kD) enzyme, in its active form into different regions of the brain. CAT was delivered
intranasally to anaesthetized rats and enzyme activity was measured in different regions using a
highly specific High Performance Thin Layer Chromatography (HP-TLC)-radiometry coupled
assay. Active enzyme reached all examined areas of the brain within 15 min (the earliest time
point tested). In addition, the yield of enzyme activity in the brain was almost doubled in the
brains of rats pre-treated with matrix metalloproteinase-9 (MMP-9).

Comparison with existing method (s)—Intranasal administration of active enzymes in
conjunction with MMP-9 to the CNS is both rapid and effective.

Conclusion—The present results suggest that intranasal enzyme therapy is a promising method
for counteracting CNS chemical threat poisoning, as well as for treating CNS enzyme deficiency
disorders.
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1. Introduction

A major obstacle in the treatment of neurotoxicity caused by chemical threat agents (CTA)
and neurological disorders resulting from enzyme deficiencies is the inability of active bio-
scavengers or catalytically active enzymes to transverse the BBB. Researchers with
promising concepts have been forced to abandon research into drugs with high therapeutic
potential due to their inability to cross the BBB in therapeutic concentrations (Djupesland,
Messina et al., 2014). The intranasal route of administration is associated with a number of
advantages over systemic administration including rapid CNS bioavailability, early onset of
effects and a growing record of success with approved formulations. Intranasal delivery has
been the most successful non-invasive, alternative route of entry into the brain for
substances that cannot traverse the BBB (Lochhead and Thorne, 2012). An additional
advantage of intranasal administration of drugs and proteins to the brain includes the
avoidance of first-pass hepatic metabolism. Research into whether the intranasal route might
deliver potentially therapeutic amounts of larger biologics such as proteins to the CNS was
first described two decade ago (Thorne, Emory et al., 1995). Thorne and coworkers
proposed that intranasal delivery of solutes to the brain occurs through pathways associated
with the olfactory and trigeminal nerves. Solutes applied to the nasal epithelium would be
transported to the olfactory bulb and brainstem, respectively, before the distribution to other
CNS areas (Thorne, Hanson et al., 2008; Thorne, Pronk et al., 2004). This distribution
throughout the brain is thought to be accomplished through paravascular spaces between
vascular endothelial cells and the surrounding astrocyte sheath which allows bulk flow of
fluid and solutes. This system has been termed the glymphatic system because of the
involvement of astrocytes and the functional similarities to the lymphatic system (lliff,
Wang et al., 2012). Recently, Lochhead et al., (Lochhead, Wolak et al., 2015) proposed that
bulk flow within these paravascular compartments is responsible for the entry of
therapeutics to olfactory bulbs and brainstem, and the subsequent distribution to the rest of
the brain.

A number of reports have demonstrated protein uptake into brain parenchyma after
intranasal administration. Small proteins such as insulin (~5.8 kD) (Frey, 2013), insulin-like
growth factor 1 (~7.6 kD) (Liu, Fawcett et al., 2001), and nerve growth factor (~26.5 kD)
(Zhu, Cheng et al., 2011) have been successfully delivered to the brain by the intranasal
route, but larger proteins do not gain access to brain parenchyma as readily. Studies
comparing the movement of fluorescent tracers with molecular masses of 3 kD and 10 kD
showed that compounds within this size range can gain access to brain parenchyma after
intranasal administration, and that the use of the extracellular matrix degrading enzyme
MMP-9 increased uptake of both compounds into the brain (Lochhead, Wolak et al., 2015).
MMP-9 is a zinc-dependent endopeptidase responsible for both physiological and
pathophysiological tissue remodeling and plays a major role in the degradation of the
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extracellular matrix. Reports for successful intranasal delivery of active enzymes to brain
parenchyma are scanty. One study reported that intranasal delivery of an active enzyme to
the brain was accomplished when administering a-L-iduronidase, an 85 kD lysosomal
enzyme, to mice deficient in the enzyme (Wolf, Hanson et al., 2012). Enzyme activity was
detectable in the brains of the enzyme deficient mice. Whether the enzyme reached all areas
of the brain remained unclear.

Our objective was to provide a simple model system for studying intranasal delivery of
enzymes to the brain in their active form. We selected the well-characterized bacterial
enzyme chloramphenicol acetyltransferase (CAT), which functions as a trimer with a
molecular weight of 75 kD. The mammalian brain does not express significant CAT-like
activity (McMahon, Novak et al., 1984), making this enzyme a good candidate for intranasal
administration and bioavailability studies. We also tested the effect of intranasal
pretreatment with MMP-9 to augment epithelial permeability.

An emerging use for catalytic bio-scavenging enzymes is in the detoxification of
organophosphate CTAs as a countermeasure to protect the CNS from excess cholinergic
activation after the CTA poisoning (Worek, Seeger et al., 2014). However, intravenous
administration of active organophosphate degrading enzymes will not deliver them to brain
parenchyma, thus limiting their efficacy in protecting the CNS. We developed the current
method of intranasal delivery of active enzyme to the CNS in order to improve our
understanding of enzyme bioavailability via this route with the future goal applying this
strategy as an adjunct therapy for CTA poisoning.

2. Materials and methods

2.1. Reagents

2.2. Animals

CAT (Cat No-C2900-25KU) and acetyl-CoA were purchased from Sigma Aldrich (St.
Louis, MO). MMP-9 was purchased from Sino Biologicals (Beijing, China). [14C]-labelled
chloramphenicol (Cat No- ARC 0401) was obtained from American Radiolabeled
Chemicals (St. Louis, MO). High performance thin layer chromatography (HP-TLC) plates
were obtained from Merck and phosphor imaging plates were purchased from GE
Healthcare Life Sciences (Pittsburgh, PA). Other chemicals were obtained from Sigma
Aldrich. The aerosol propelled precision olfactory delivery device used for intranasal
administration was provided by Impel NeuroPharma Inc. (Seattle, WA).

Male Sprague-Dawley rats were obtained from Taconic Biosciences (Hudson, NY). The
animals were allowed free access to food and water, and all procedures were performed in
accordance with guidelines of the National Institutes of Health and the animal protocol was
approved by Institutional Animal Care and Use Committee of the Uniformed Services
University of the Health Sciences, Bethesda, MD.
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2.3. Treatment

Weight matched (250 + 50 g) male rats were assigned to five groups: control rats, CAT-15
min, CAT+MMP-9-15 min, CAT-30 min and CAT+MMP-9-30 min with 3 animals per
group. Animals were placed in an anesthetic chamber for 5 min at 5% isoflurane and they
were then placed in supine position and were administered lyophilized CAT diluted in 100
mM Tris-HCI (pH = 7.0) and MMP-9 diluted in saline using the olfactory delivery device.
The tip of the device was inserted 8-10 mm into the rat’s nostril, angled toward the olfactory
epithelium and propellant in the device was discharged for one second expelling the solution
onto the olfactory epithelium. The time of administration was recorded as the time at which
the animals received the dose to both nostrils. The animals in the CAT-15 min and CAT-30
min groups received 10l diluted enzyme in each nostril (total 20ul/animal, the total applied
enzyme activity per animal was 2941 1U). Control animals were treated intranasally with
saline. The animals in the CATMMP-9-15 min and CAT-MMP-9-30 min groups also
received same dose of enzyme 30 min after intranasal treatment with total 20 pl of MMP-9
(2 nmol/animal).

2.4. Tissue collection

After the respective time periods animals were anesthetized with 5% isoflurane for 5 min
and euthanized by decapitation. Brains were rapidly dissected on ice into specific regions
including olfactory bulb (OB), frontal cortex (FC: including frontal cortex and striatum),
brainstem (BS; including medulla and pons), cerebellum (CB), midbrain (MB; including
mesencephalon and thalamus), hippocampus (HP), and cortex, (CT; including parietal,
occipital and external temporal cortex), and the samples were rapidly frozen on dry ice and
stored at ~80 °C until analyzed.

2.5. Radiometric assay of CAT activity

CAT enzyme activity in different brain regions was assayed by an HP-TLC procedure,
utilizing C™14 labelled chloramphenicol as the substrate. The CAT assay was adapted from
that of Gorman et al. (Gorman, Moffat et al., 1982), with modifications from Crabb and
Dixon (Crabb and Dixon, 1987). Samples from the dissected brain areas (OB, FC, BS, CB,
MB, HP and CT) were sonicated separately in 100 mM Tris-HCI (pH-7) ice cold buffer to
make a 20% homogenate. Homogenates were centrifuged at 5000 rpm for 5 min and the
supernatants were collected. The assay mixture contained 50ul of supernatant in 200ul of
Tris HCI buffer with 10 pl of 1 uCi [4C]-chloramphenicol and incubated at 60°C for 30 min
to eliminate any endogenous CAT-like activity and thus reduce the background. Bacterial
CAT is resistant to heat inactivation at this temperature. Then 30 pl of 1 mM acetyl-CoA
was added and incubations were continued at 37 °C for 1 hr. Standards contained 2 pl of
CAT (294.1 1V) in place of tissue homogenates. After incubation the reactions were stopped
and acetylated chloramphenicol was analyzed by adding 50 pl ethyl acetate to the reaction
mixtures, and 40 ul of the ethyl acetate containing fractions were spotted on HP-TLC plates
and allowed to separate with chloroform and methanol (9:1) as the mobile phase. After
separation, the HP-TLC plates were exposed to radiation-sensitive phosphor imaging plates
and the intensity of the acetylated chloramphenicol bands were measured using a Fujifilm
FLA-5100 Phosphorimeter (Fujifilm Medical System, Stamford, CT). Enzyme activity was
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calculated in different brain areas by measuring the intensity of the mono-acetylated
derivative of chloramphenicol with corresponding intensity of the standard enzyme reaction
mixture. One di-acetylated and two mono-acetylated (C1 and C3 positions) products were
detected under the assay conditions. We focused on the major monoacetylated form (C-3’
position) for our analysis (McMahon, Novak et al., 1984). We also determined background
activities of endogenous acetyltransferases in brain homogenates by using samples from
control rats who were administered saline intranasally instead of the active enzyme.

2.6. Statistical analysis

3. Results

The results were analyzed using SPSS/PC+, Version 22 (SPSS Inc.). Values were expressed
as means + SD. Student’s t-tests (2-tailed, unequal variance) were used to determine
significance, and p < 0.05 was considered to be significant.

We have analyzed the levels of CAT enzymatic activity, delivered by intranasal
administration, in seven regions of the rat brain by HP-TLC coupled with radiometric
assays. We observed four major bands on the HP-TLC plates representing non-acetylated
chloramphenicol, two bands of mono-acetylated chloramphenicol due to the acetylation of
the 1’ and 3’ carbon positions, as well as di-acetylated chloramphenicol. These findings
demonstrate that the active enzyme was transported to the brain where it remained active
throughout the tissue processing and assay procedures.

3.1. CAT activity at 15 minutes

We did not observe endogenous CAT-like activity in control animals under the described
assay conditions. No significant CAT activity was detected in any of the brain regions tested
from the control group (Fig. 1). However, we observed radiolabeled product (mono and di-
acetylated chloramphenicol) resulting from CAT enzymatic activity in all brain regions in
animals treated intranasally with both CAT-15 min and CAT+MMP-9-15 min groups (Figs.
2 & 3) and higher activity was found in combination with MMP-9 than CAT alone. The
increase in detectable enzyme activity with MMP-9 at the 15 min time point was significant
in the brainstem, midbrain, and cortex. The yield of CAT activity was 16 + 1.98% and 32 +
7% with respect to total administered enzyme activity per animal in CAT-15 min and CAT
+MMP-9-15 min groups respectively. In short, enzyme activity was detected in all brain
regions tested, and the total yield of enzyme activity was almost doubled in CAT-MMP-9-
15 min group. We note that this yield may be an overestimate since the yield was calculated
based on both high and low enzyme activities measured under a less than optimized assay
conditions.

3.2. CAT activity at 30 minutes

We found that significant activity of CAT in all brain areas tested in the CAT-30 min group,
with an increase of activity in several regions from the MMP-9 treated groups. However, the
increase only reached significance in the cortex (Figs 4 and 5). In comparison with the 15
min time point there was a decrease in the activity of CAT in both 30 min groups. The yield
of enzyme activity in whole brain of CAT-30 min and CAT+MMP-9-30 min groups were
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approx. 11.42 + 2.78% and 23 * 5.3% respectively with respect to the total enzyme
delivered per animal.

Overall results showed that intranasally delivered, enzymatically active CAT was delivered
to all areas of brain tested in both groups. The activity and yield of CAT at the 15 min time
point was significantly increased in brain in the presence of MMP-9, in brainstem, midbrain,
and cortex. The yield was approximately doubled in both MMP-9 pre-treated 15 and 30 min
groups and achieved about 32 + 7.1% and 23 + 5.3% respectively. CAT activity was
significantly decreased at the 30 min time point, suggesting rapid degradation or clearance
of the foreign protein once internalized. It remains to be determined if mammalian-derived
enzymes would also be subject to the same rapid clearance.

4. Discussion

The aim of this study was to develop a model system for studying the intranasal delivery of
active enzymes to the brain with good yield. We chose a bacterial enzyme with resistance to
heat inactivation in order to avoid endogenous acetylation activity against chloramphenicol.
The nasal mucosa is an advantageous administration route for rapid drug absorption into the
CNS. Intranasal brain delivery provides a practical, non-invasive delivery route for
therapeutic agents, including higher molecular weight biologics, with the advantages of
bypassing the BBB and avoiding first pass hepatic metabolism (Frey, 2013; Lochhead,
Wolak et al., 2015;Thorne, Hanson et al., 2008; Thorne, Pronk et al., 2004). Limitations
with the intranasal route include poor contact of the formulations with the nasal mucosa and
permeability of drugs (Arora, Sharma et al., 2002).

We chose the 92 kD type IV collagenase MMP-9 to increase the permeability of nasal
epithelium because it has previously been shown to increase the uptake of a 10 kD dextran
tracer across the olfactory epithelia (Lochhead, Wolak et al., 2015). Additionally, type 1V
collagen is the one of the more abundant ECM proteins in nasal epithelium (Benali, Tournier
et al., 1993), suggesting that MMP-9 would be an effective enzyme for increasing
permeability there. Our results showed that the 75 kDa CAT was transported into all the
regions of brain within 15 min. Pretreatment with MMP-9, 30 min before intranasal
administration of CAT resulted in an increase in the CAT activity and yield in several brain
regions including the brainstem. Intranasally administered therapeutics reach the CNS via
the olfactory and trigeminal neural pathways. Both the olfactory and trigeminal nerves
innervate the nasal cavity, providing a direct connection with the CNS (Chapman, Frey et
al., 2013). One notable distinction between our results and those of Lochhead and colleagues
(Lochhead, Wolak et al., 2015) was that we observed significant uptake and transport of
active CAT enzyme into the brain after intranasal application, even in the absence of pre-
treatment with MMP-9. Lochhead et al. found very little uptake of a fluorescent labeled 10
kD dextran tracer after intranasal administration without MMP-9 pretreatment. This may
indicate that the methods used in the current study are somewhat more sensitive to lower
levels of transport than the use of fluorescent tracers.

It remains to be determined if intranasal MMP-9 treatment is safe for prolonged use. MMP-9
has other biological functions in addition to degradation of the extracellular matrix, and
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increased expression in the brain is associated with pathological conditions (reviewed in
Vafadari, Salamian et al., 2015). There are potential mechanisms in the nasal mucosa that
may attenuate the action of intranasally administered MMP-9 over time. For example,
mucus is transported at a rate of 5 mm/min and its transit time in human nasal cavity is
reported to be 15-20 min. Nasal muco-ciliary clearance is a potential physiological barrier
that reduces the residential time of intranasally administered therapeutics in contact with the
nasal mucosa (Illum, 2003). Further, previous studies have shown the strong expression of
tissue inhibitors of metalloproteinase (TIMP-1 and TIMP-2) in the nasal mucosa (Shaida,
Kenyon et al., 2001). Due to the ciliary action and presence of high expression of TIMPs in
nasal mucosa, MMP-9 action may be limited in duration thus preventing damage to
epithelial tissue.

Transport of the enzyme from the olfactory mucosa and epithelia to the brain involves bulk
flow of fluid through perivascular spaces surrounding penetrating blood vessels entering the
brain (Thorne and Frey, 2001). This fluid transport efficiently moves solutes from the nasal
mucosa and epithelia to the CNS. In the rats tested 30 min after intranasal administration of
enzyme, the activity of CAT was found in all the regions of the brain and the pattern was
similar to that of 15 min groups. However, in comparison with 15 min groups, the activity of
CAT in the 30 min groups was significantly lower. It is likely that the enzyme is inactivated
by normal processing, or that the foreign protein is cleared quickly from the brain
diminishing enzyme activity by the 30 min time point.

5. Conclusion

Using a sensitive radiometric assay we detected radiolabeled product resulting from CAT
enzyme activity in the brain at 15 minutes and 30 minutes post intranasal administration. We
detected enzyme activity throughout the brain, with significantly higher levels of activity
observed in some brain areas after pre-treatment with MMP-9. This method can be used to
examine the delivery of active enzyme to the brain for a variety of purposes including the
possibility of using catalytic bioscavengers to detoxify CNS poisons including
organophosphate CTAs, or testing the efficacy of intranasal delivery of enzymes in CNS
diseases involving enzyme deficiency.
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HP-TLC High Performance Thin Layer Chromatography
MMP-9 matrix metalloproteinase-9
TIMP tissue inhibitors of metalloproteinase
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Highlights
> The BBB is a major obstacle in the treatment of CNS disorders and toxicity

> Enzymes given intranasally can treat toxicity and enzyme deficiency
disorders

> Intranasally administered active enzyme reached all brain areas within 15
min.

> Therapeutic bioavailability was doubled by pretreatment with MMP-9

> Model for catalytic bioscavengers to detoxify CNS poisons and enzyme
deficiencies
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Figure 1.
Image of a representative HP-TLC plate showing minimal endogenous CAT activity in

control samples. The UAC band represents un-acetylated chloramphenicol, MAC represents
mono-acetylated chloramphenicol and DAC is di-acetylated chloramphenicol.
Abbreviations: OB = olfactory bulb, FC = frontal cortex, BS = brainstem, CB = cerebellum,
MB = midbrain, HP = hippocampus and CT = cortex.
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Figure 2.

Activity of CAT in different brain areas at the 15 min time point. Fig. 2A shows schematic
representation of a HP-TLC plate from the CAT-15 min group and Fig. 2B shows a plate
from the CAT+MMP-9-15 min group. The UAC band represents un-acetylated
chloramphenicol, the MAC band represents mono-acetylated chloramphenicol and DAC is
diacetylated chloramphenicol. Abbreviations: OB = olfactory bulb, FC = frontal cortex, BS
= brainstem, CB = cerebellum, MB = midbrain, HP = hippocampus and CT = cortex.
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Figure 3.
Comparative levels of CAT activity in different brain regions in samples from the CAT 15

min and CAT 15 min+MMP-9 groups expressed in 1U/mg wet tissue. Abbreviations: OB =
olfactory bulb, FC = frontal cortex, BS = brainstem, CB = cerebellum, MB = midbrain, HP
= hippocampus and CT = cortex. All values are expressed as means + SD with n = 3 rats per
group (*significant difference between CAT-15 min and CAT+MMP-9-15 min groups; p <
0.05).
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Figure 4.
Activity of CAT in different brain areas at the 30 min time point. Fig. 4A shows schematic

representation of a HP-TLC plate from the CAT-30 min group and Fig. 4B shows a plate
from the CAT+MMP-9-30 min group. The UAC band represents un-acetylated
chloramphenicol, the MAC band represents mono-acetylated chloramphenicol and DAC is
diacetylated chloramphenicol. Abbreviations: OB = olfactory bulb, FC = frontal cortex, BS
= brainstem, CB = cerebellum, MB = midbrain, HP = hippocampus and CT = cortex.
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Figure 5.
CAT activity in different regions of the brain of CAT-30 min and CAT+MMP-9-30 min

groups and expressed in IU/mg wet tissue. Abbreviations: OB = olfactory bulb, FC = frontal
cortex, BS = brainstem, CB = cerebellum, MB = midbrain, HP = hippocampus and CT =
cortex. All values are expressed as means + SD with n = 3 rats per group (*significant
difference between CAT-30 min and CAT+MMP-9-30 min groups; p < 0.05).
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