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Purpose. The aim of the study was to investigate whether dopamine
is transferred along the olfactory pathway to the brain following nasal
administration to mice.

Methods. [®H]-Dopamine was administered nasally or intravenously
to female mice. Brain tissue samples were excised and the radioactive
content was measured. The preciselocalisation of dopamine radioactiv-
ity in the brain was studied using autoradiography. The presence of
dopamine or its metabolites in the olfactory bulb and mucosa was
ascertained using thin layer chromatography (TLC).

Results. After administration of [*H]-dopamine into the right nostril,
the amount of dopamine in the right bulb increased with time until,
after 4 h, it was 27 times higher than in the left bulb. Among the other
brain tissue samples, significantly higher amount of radioactivity was
detected inthelateral olfactory tract. Radioactivity in theright olfactory
bulb was shown by autoradiography to be selectively located in the
peripheral layers 1 to 4 h after administration. Selective uptake of
radioactivity was not seen in other regions of the brain. TLC data
indicated that approximately 75% and 10% of the radioactivity in the
olfactory bulb and mucosa, respectively, coeluted with dopamine.
Conclusions. The results indicate that unchanged dopamine is trans-
ferred into the olfactory bulb following nasal administration of [*H]-
dopamine.

KEY WORDS: nasal administration; dopamine; mice; olfactory path-
way; autoradiography.

INTRODUCTION

Targeting the brain vianasal administration of drugs offers
potential for drug development since the olfactory receptor cells
arein direct contact with both the environment and the central
nervous system (CNS). The olfactory epithelium is located in
the roof of the nasal cavity adjacent to the septum and the
superior turbinate. The bipolar sensory neurons, estimated to
number 10to 20 millionsin humans (1), haveolfactory receptors
on cilia projecting into the nasal mucus. The axons of these
olfactory sensory cells are grouped into small bundles, which
pass through the cribriform plate of the ethmoid bone into the
olfactory bulb where they synapse with second order neurons
(2). The bundles of olfactory axons may thus provide a route
of entry to the brain that circumvents the blood-brain barrier
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(BBB). The absence of a strict nose-brain barrier could, then,
alow air-borne substances, viruses, metals or drugsto be deliv-
ered directly into the CNS. Thirty-five to 40 substances have
been reported to reach the CNS after nasal administration in
experimental animals (3). In recent studies nerve growth factor
(4), local anaesthetics (5), inorganic mercury (6), taurine (7),
dihydroergotamine (8), carboxylic acids (9) and 2', 3'-didehy-
dro-3'-deoxythymidine (10) have been transferred via the
nasal route.

In fact there may be two direct pathways for transfer of
substances from the olfactory mucosainto the CNS. These can
bebroadly classified asthe olfactory nerve pathway as described
above and the olfactory epithelial pathway (3). Agents able to
enter the olfactory receptor cells would utilise the olfactory
nerve pathway to reach the olfactory bulbs. Mouse hepatitis
(11) and vesicular stomatitis viruses (12), inorganic mercury
(6) and aggl utinin-conjugated horseradish peroxidase (13) have
been shown to enter the brain by axonal transport. Alternatively,
substances entering the brain via the olfactory epithelia path-
way could be absorbed by paracellular transport adjacent to the
receptor cells in the nasal cavity. After entering the lamina
propria these molecules could enter the perineural space and
then reach the CNS (4,13,14).

Cerebrospina fluid (CSF) drainage via the nasal route in
man was demonstrated by Lowhagen et al. (15) and a few
human studies of access to the brain after nasal administration
of drugs have been published. For example, Pietrowsky et al.
provided functional evidence for the facilitated access of vaso-
pressin (16) and cholecystokinin (17) into the brain by thisroute.
In another human study (18), cerebral radioactivity increased
significantly after spraying aradioactive mixture of *™Tc-dieth-
ylenetriaminopenta-acetic acid and hyaluronidaseinto the nose.

Gross et al. (23) made a morphometric analysis of the
rodent nasal cavity and about 45% of the total nasal epithelium
in mice consisted of olfactory epithelium. In human, however,
the total olfactory area is limited to approximately 6% of the
total surface area of the nasal cavity (24). Further, in humans,
the olfactory region is located in the roof of the cavity while
the olfactory area in mice is spread over a larger area in the
posterior nasal cavity. It is important to take these anatomical
differences between species under consideration when results
are interpreted and compared.

Dopamine is currently used to treat acute cardiovascular
diseases. Because of highfirst pass metabolism after oral admin-
istration, the drug is usually only given by intravenousinfusion.
However, the nasal route has been suggested as an aternative
for the administration of this drug since nasally administered
dopamine has a higher biocavailability (11.7%) than dermal,
buccal or rectal administration in beagle dogs. Itisalso possible
to increase the bioavailability of dopamine after nasal adminis-
tration to 20—100% by using absorption enhancers (19).

Dopamine is also an important part of the treatment of
Parkinson's disease. Since dopamine does not cross the BBB
in appreciable amounts, the immediate precursor, levodopa, is
used to target the brain. Levodopa passes the BBB easily and
is decarboxylated rapidly to dopamine within the brain. About
95% of the drug is converted to dopamine by dopa decarboxyl-
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with a peripheral dopa decarboxylase inhibitor (20). Adminis-
tration of large doses of levodopa can cause adverse effects in
patients with Parkinson’s disease. Physiological variables such
as gastric emptying and protein-rich meals may markedly affect
the amount of orally administered |levodopa entering the brain
and the speed with which it enters (21). Targeting the brain via
nasal administration of dopamine or levodopa is a potential
aternative to oral levodopa The dose and associated adverse
effects could perhaps also be decreased.

Several different methods have been used to study the
uptake of substances into the brain after nasal administration.
The most common methods involve sampling the CSF (5,10)
or brain tissue (4,22). Autoradiography (6,7) is a useful tech-
nique for exploring the olfactory pathways into the brain but
has rarely been used in nasal drug delivery experiments.

Theaim of this study wasto investigate whether dopamine
istransferred along the olfactory pathway to the brain following
nasal administration to mice, using brain tissue sampling and
autoradiography.

MATERIALS AND METHODS

Drugs and Reagents

Two batches of [2, 5, 6 3H]-dopamine dissolved in 0.02
M acetic acid: ethanol (1:1) were obtained from Amersham
Pharmacia Biotech, Sweden. The radiochemical purity was
99.7% and 98.5% and the specific activity was 73.3 mCi/mg
and 62.8 mCi/mg for batches 1 and 2, respectively. The [*H]-
dopamine solution was evaporated to dryness, under a gentle
stream of nitrogen at room temperature, before use. Ketamine
(Ketalar® 50 mg/ml) and xylazine (Rompun® vet. 20 mg/ml)
were purchased from Apoteket AB (Sweden). Hionic-Fluor™
and Soluene®-350 were purchased from the Packard Instrument
Company (USA). Ultrapure deionised water (Milli Q UF Plus,
Millipore, France) was used for preparation of the solutions.
All other chemicals were of analytical grade.

Animals

Female NMRI mice (B&K Universal, Sweden) with a
mean body weight of 22 g (range 19—-25 g) were used. None
of the mice showed signs of rhinitis. Animals were housed at
22°C with a 12 h light/dark cycle and given a standard pellet
diet (Lactamin R 36, Ewos AB, Sweden) and tap water ad
libitum. The study was approved (C 94/97) by the loca ethical
committee in Uppsala.

Animal Experiments

Mice were anaesthetised with an intraperitoneal injection
of a combination of ketamine and xylazine (100 mg and 10
mg/kg body weight, respectively) and placed on a heating pad
(38°C) to maintain the body temperature.

[*H]-Dopamine (5 n.Ci; 0.08 wg) was dissolved in 0.1 M
phosphate buffer (pH 7.4) and administered unilaterally to the
right nostril (5 wl) using polyethylene tubes (PE-10) attached
to a micropipette, or was dissolved in physiological saline and
injected intravenously (25 wl) into the tail vein. The mice were
then placed on their right sides on the heating pad until they
woke up after approximately 1.5 h. The animals were killed at
scheduled time points by exposure to gaseous CO, and tissues
were processed as described below.
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Thin Layer Chromatography

Two hours after nasal administration of dopamine (batch
2), the animals were killed (n = 2) as described above. The
olfactory bulb and olfactory mucosa were dissected and imme-
diately homogenised in ice-cold tubes. The homogenisation
medium (100 pl) consisted of dopamine hydrochloride (0.5
mg/ml), 3, 4-dihydroxyphenylacetic acid (DOPAC) (0.5 mg/
ml) and sodium metabisulfite (10 mg/ml) in 0.1 M perchloric
acid. The homogenates were centrifuged (10 000 g, 4°C) for
10 min and 20 pl of each supernatant was applied in a 2 cm
line on the thin layer chromatography (TLC) plate (Silica gel
60 F,s, on plastic sheet, Merck). The plate was air dried 90
min before development in n-butanol: acetic acid: water (4:1:1)
for 3 h (25). After air drying overnight, the plates were illumi-
nated with UV light, and the bands were located. The plates
were cut into strips corresponding to the various bands and
placed in scintillation vials with 1 ml sodium metabisulfite
(10 mg/ml) in perchloric acid (0.1 M) overnight. A liquid
scintillation cocktail (Hionic-Fluor™) was added and the tubes
were placed in the dark at room temperature overnight before
counting in a liquid scintillator analyser (Tri-Carb 1900CA,
Packard Instruments Company, USA).

Brain Tissue Sampling

Dopamine (batch 1) was administered nasally to 30 mice,
divided into 5 groups, who were killed 0.5, 1, 2, 4 or 8 h post-
dose, as described above. Three animals received intravenous
dopamine (batch 2) and these were killed 30 min after the
injection. After decapitation the skull was cut open and the
olfactory bulbs, lateral olfactory tract, anterior and posterior
portions of cortex and the remaining brain were carefully
excised. The oesophagus and trachea were also dissected. All
samples were weighed and dissolved in 1 ml tissue solubiliser
(Soluene®-350) and 10 ml of the scintillation cocktail (Hionic-
Fluor™) was added to each sample. The radioactivity was mea-
sured for 10 min/sample in the liquid scintillator analyser.

Tape Section Autoradiography

Twomicewerekilled 1, 2, 4, or 24 h after nasal administra-
tion of labelled dopamine (batch 1 or 2). The autoradiography
experiments were performed as originally described by Ullberg
(26). In short, the heads or whole bodies were embedded in
aqueous carboxymethyl cellulose and frozen in a cyclohexane
dry-ice bath. Series of transversal (head only) or sagittal (whole
body) sections (20 wm; Jung Cryomacrocut, Leica) were col-
lected on tape at various levels and processed for autoradiogra-
phy using Hyperfilm-[3H] (CEA for Amersham, Sweden). The
exposure of the film was performed at —20°C.

Statistics

Resultsare presented asmean values = standard deviations
(S.D.). When comparison involved more than two mean values,
a one-way analysis of variance (ANOVA) was used followed
by the Fisher PLSD tests for comparison between individua
means. The paired Student’s t-test (two tailed) was used to test
the significance between two means. A value of p < 0.05 was
considered statistically significant.
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RESULTS

Thin Layer Chromatography

The profiles of the radioactivity in each segment of the
TLC plate after application of the extract from the homogenates
of theright olfactory bulb or mucosaare shownin Fig. 1. About
75% of the radioactivity in the olfactory bulb coeluted with
dopamine (Fig. 1 a). In the olfactory mucosa, conversely, only
about 10% coeluted with dopamine (Fig. 1 b).

Brain Tissue Sampling

The radioactivity of the brain tissue samplesisillustrated
in Fig. 2. The radioactive content of the right olfactory bulbs
was significantly higher than that of the left bulbs up to 4 h
after administration (Fig 2 a@). However, at the last sampling
point (8 h), the radioactivity concentration in the right bulbs
had decreased to almost the same level asin the left bulbs, i.e.,
no statistically significant difference between the bulbs was
detected. The highest level of radioactivity (967 + 672 dpm/
mg) in the right bulbs appeared 4 h after the unilateral nasal
administration of [*H]-dopamine. The average value of the
radioactivity in the brain (including the olfactory bulbs) at that
timewas 0.12% of the given dose of [*H]-dopamine. Low levels
of radioactivity were detected in the other regions of the brain
(Fig. 2 b). The radioactivity in the lateral olfactory tract 4 h
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Fig. 1. The profile of radioactivity (dpm/cm) in different regions of
the TLC plates 2 h after unilateral nasal (right side) administration of
[®H]-dopamine (5 w.Ci; 0.08 ng) to a mouse. The concentration of
radioactivity in the extracts of homogenate from (@) the right olfactory
bulb and (b) the olfactory mucosa from the right nasal cavity are
demonstrated.
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Fig. 2. The amount of radioactivity in selected brain tissue samples
after unilateral nasal administration (right side) of [*H]-dopamine (5
wCi; 0.08 ng) to mice (n = 5-7). (@) Mean radioactivity in the right
and left olfactory bulbs after nasal administration (n = 5-7; * p <
0.05, ** p < 0.01 by Student’s paired t-test for right vs left olfactory
bulbs) and in whole brain tissue samples (including bulbs) 30 min
after intravenous administration (n = 3) of [°H]-dopamine (5 p.Ci;
0.08 p.g). (b) Mean radioactivity in the olfactory tract, posterior and
anterior portions of cortex and the remaining parts of the brain after
nasal administration (** p < 0.01 by the Fisher PLSD for the olfactory
tract at 4 h vs other time points and other brain tissue samples. Data
are expressed as means + S.D. Note that different scales are used on
the y-axes.

after administration was significantly higher than at other time
points and than in the other brain tissue samples within the
same group (Fig. 2 b).

In three mice which received intravenous [3H]-dopamine,
the mean radioactivity in the brain tissue samples (including
the olfactory bulbs) at 30 min post-dose was 22 = 5 dpm/mg
(Fig. 2 a).

The right to left ratio of the radioactivity content of the
olfactory bulbsreached 6 asearly as 30 min after administration.
The ratio had increased to 27 after 4 h; i.e. the amount of
radioactivity in the right bulb (the side of administration) was
27 times higher than in the left bulb.

Tape Section Autoradiography

Autoradiograms of mice killed 1, 2 and 4 h after nasal
administration of [3H]-dopamine (Fig. 3; 2 h) showed that there
was a high level of radioactivity in the olfactory mucosa of the
right nasal cavity (site of administration). Low or negligible
levels of radioactivity occurred in the mucosa of the left nasal
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Fig. 3. (A) Autoradiogram of a mouse skull (horizontal section) 2 h after unilateral nasal administration (right side) of [®H]-dopamine
(5 nCi; 0.08 p.g). (B) Corresponding hematoxylin-eosin stained tissue section at same order of magnification. There is a high level of
radioactivity in the right olfactory mucosa, the right axonal nerve layer and the glomerular layer of the olfactory bulb. Radioactivity is
present only at low levels in the other brain regions. The arrowheads in both figures point at the border between the olfactory mucosa
in the nasal cavity and the olfactory bulb. The different regionsin B are nasal cavity (n), olfactory bulbs (0), brain (b), and eye (e).

cavity. One to 4 h after administration, a distinct localisation
of radioactivity was observed in the outer layer of the right
olfactory bulb. Selective uptake of radioactivity was seen in
the right axonal nerve layer and the glomerular layer of the
right olfactory bulb. There was a decreasing level of radioactiv-
ity towards the centre of olfactory bulb. Twenty-four hours
after administration, no radioactivity was observed in the right
olfactory bulb.

High levels of radioactivity were observed in the mucosa
of the nasopharynx and oesophagus 1 to 4 h after the nasa
administration of [*H]-dopamine. High levels of radioactivity
were aso observedin theurineat 1 and 2 h after administration.
A low level of radioactivity was noted in the contents of the
gastrointestinal tract 4 h after nasal administration of [3H]-
dopamine.

DISCUSSION

The results of this study indicate that dopamine is trans-
ferred aong the olfactory pathway into the olfactory bulb in
the brain following nasal administration in mice. Following
intravenous administration, the uptake of [*H]-dopaminein the
brain was low (Fig. 2) due to the limited ability of dopamine
to pass the BBB. These results are in agreement with a study
by Anand Kumar et al. (27) on the nasal administration of [H]-
dopamine in monkeys. Radioactivity was detected in the CSF
15 min after nasal but not after intravenous administration of
[®H]-dopamine; however, the source of the radioactivity was
not further examined in that study (27). Data from our study
of the metabolic fate of [3H]-dopamine using TLC indicated
that although extensive metabolism of dopamine takes placein
the olfactory mucosa, most of the radioactivity transferred into
the olfactory bulb was unchanged [*H]-dopamine.

It isimportant to take samples or measurements at several
time points when investigating whether a substance has been
transferred into the CNS after nasal administration. Inthisstudy,
5 brain tissue samples were obtained over the 8 hoursfollowing
administration and a concentration-time profile was plotted. If
samples had been collected less often, e.g., only at 30 min or
1 h after administration, the peak at 4 h would have been
overlooked. In the previously mentioned [3H]-dopamine study
in monkeys (27), the last CSF sample was collected 1 h after
administration and the maximum level of radioactivity in the
CSF may have been overlooked. In another study in which
zidovudine was administered to rats (28), the concentration of
drug in the CSF after nasal administration was no higher after
15 minthan after intravenousadministration, i.e. direct transport
appeared not to have taken place. Samples of CSF taken at
severa different time points might have led to another
conclusion.

Autoradiography showed adistinct localisation of radioac-
tivity in the peripheral layers of the olfactory bulb (Fig. 4)
following intranasal administration of [H]-dopamine. Dopa-
mine did not seem to be transferred further into the brain, since
selective uptake of radioactivity was not seen in other regions
of the brain. However, the liquid scintillation data showed
that the olfactory tract had a significantly higher radioactivity
content 4 h after nasal administration than the other selected
brain tissue samples (not olfactory bulbs) (Fig. 2 b). In the
present study a trace dose of [3H]-dopamine was administered
nasally and totally 0.12% was detected in the brain after 4 h.
It may be that higher doses of dopamine would be required in
order for the drug to be transferred further into the brain.
Increased extracellular concentration of dopamineintheipsilat-
eral neostriatum was observed by de Souza Silva et al. (29)
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after unilateral nasal administration of 50 mg/kg levodopameth-
ylesther to rats.

The autoradiography study also demonstrated that the
administration of [3H]-dopamine into the right nasal cavity was
successful, since a high level of radioactivity occurred in the
olfactory mucosaat the site of administration and only anegligi-
ble amount was transferred to the opposite nasal cavity. How-
ever, liquid scintillation data showed that a few mice inhaled
or swallowed large amounts of the administered dose. This
probably caused the wide standard deviation ranges seen in the
level of radioactivity of the brain tissue samples. The mice that
had less radioactivity in the right olfactory bulb had higher
activity in the oesophagus and trachea (data not shown).

In this study, the peak concentration of dopamine in the
right olfactory bulb appeared later than in previous studies of
[®H]-dopamine in the CSF (27). In the study by Anand Kumar
et al., the level of radioactivity in the CSF reached a plateau
15 min after nasal administration of [H]-dopamine and the
plateau was maintained throughout the experiment for 60 min.
The difference in time to peak levels between our results and
the previous observations with [*H]-dopamine, may be explain-
able by the two alternative pathways for transfer of substances
from the olfactory mucosainto the CNS (axonal and epithelial)
as mentioned in the introduction. The different methods used
in the studies should, however, a so be taken into consideration.
The dopamine may have reached the olfactory bulb by rapidly
(30 min in our study) traversing the perineural space that is
continuous with the subarachnoid space in the epithelial path-
way (30). The appearance of the peak after 4 h may have been
the result of additional transport of dopamine within the axons.

Taken together, theresults of thisstudy and earlier observa-
tions from other research groups suggest that the olfactory
pathway may be a potential route of administration for CNS-
active drugs. Further experiments with nasally administered
dopamine at higher doses arerequired in order to reveal whether
the nose-brain pathway could be an alternativeto the current oral
levodopatherapy for Parkinson’s disease. In addition, studies of
the nasal morphology after nasal administration of clinically
relevant doses of levodopa and dopamine are required. Levo-
dopa contains a carboxylic moiety and previous studies have
shown morphological changes of the olfactory mucosa after
nasal administration of benzoic acid (9). Thus dopamine given
by the nasal route may prove to be preferable to oral levodopa
for clinical use.

In conclusion, this study shows that unchanged dopamine
istransferred into theipsilateral olfactory bulb following unilat-
eral nasal administration of [*H]-dopamine to mice.

ACKNOWLEDGMENTS

AstraZeneca R&D Sédertélje, Sweden, and the Swedish
Medical Research Council (No 12543) supported this work.

REFERENCES

1. N. Geurkink. Nasal anatomy, physiology and function. J. Allergy
Clin. Immunol. 72:123-128 (1983).

2. L. C. Uraih and R. R. Maronpot. Normal histology of the nasal
cavity and application of special techniques. Environment. Health
Perspect. 85:187—208 (1990).

3. S. Mathison, R. Nagilla, and U. B. Kompella. Nasal route for
direct delivery of solutes to the central nervous system: fact or
fiction? J. Drug Target. 5:415-441 (1998).

10.

11

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.

22.

23.

24.

25,

741

W. H. Frey, J. Liu, X. Chen, R. G. Thorne, J. R. Fawcett, T. A.
Ala, and Y.-E. Rahman. Delivery of 1?°1-NGF to the brain viathe
olfactory route. Drug Deliv. 4:87-92 (1997).

K.-J. Chou and M. D. Donovan. The distribution of local anaes-
thetics into the CSF following intranasal administration. Int. J.
Pharm. 168:137—145 (1998).

J. Henriksson and H. Tjalve. Uptake of inorganic mercury in
the olfactory bulbs via olfactory pathways in rats. Environ. Res.
77:130-140 (1998).

E. B. Brittebo and C. Eriksson. Taurine in the olfactory system:
effects of the olfactory toxicant dichlobenil. Neurotoxicology
16:271-280 (1995).

Y. Wang, R. Aun, and F. L. S. Tse. Brain uptake of dihydroergo-
tamine after intravenous and nasal administration in the rat. Bio-
pharm Drug Dispos 19:571-575 (1998). .

C. Eriksson, U. Bergman, A. Franzen, M. Sjoblom, and E. B.
Brittebo. Transfer of some carboxylic acidsin the olfactory system
following intranasal administration. J. Drug Target. 7:131-142
(1999).

T. Yajima, K. Juni, M. Saneyoshi, T. Hasegawa, and T. Kawaguchi.
Direct transport of 2', 3'-didehydro-3'-deoxythymidine (D4T)
and its ester derivatives to the cerebrospinal fluid via the nasal
mucous membrane in rats. Biol. Pharm. Bull. 21:272-277
(1998).

E. M. Barnett and S. Perlman. The olfactory nerve and not the
trigeminal nerveisthe major site of CNS entry for mouse hepatitis
virus, strain JHM. Virology 194:185-191 (1993).

B. S. Huneycutt, I. V. Plakhov, Z. Shusterman, S. M. Bartido, A.
Huang, C. S. Reiss, and C. Aoki. Distribution of vesicular stomati-
tisvirus proteinsin the brains of BALB/c mice following intrana-
sal inoculation: an immunohistochemical analysis. Brain Res.
635:81-95 (1994).

R.G. Thorne, C. R. Emory, T. A. Ala, and W. |. Frey. Quantitative
analysis of the olfactory pathway for drug delivery to the brain.
Brain Res. 692:278—282 (1995).

K. Kristensson and Y. Olsson. Uptake of exogenous proteins in
mouse olfactory cells. Acta Neuropathol. 19:145-154 (1971).

P. Lowhagen, B. B. Johansson, and C. Nordborg. The nasal route
of cerebrospina fluid inman. A light-microscope study. Neuropa-
thol. Appl. Neurobiol..20:543-550 (1994).

R. Pietrowsky, C. Struben, M. Malle, H. L. Fehm, and J. Born.
Brain potential changes after intranasal vs. intravenous adminis-
tration of vasopressin: evidence for a direct nose-brain pathway
for peptide effects in humans. Biol. Psychiatry 39:332-340
(1996).

R. Pietrowsky, A. Thiemann, W. Kern, H. L. Fehm, and J. Born.
A nose-brain pathway for psycotropic peptides: evidence from a
brain evoked potentia study with cholestokinin. Psychoneuroen-
docrinology 21:559-572 (1996).

S. Okuyama. The first attempt at radioisotopic evaluation of the
integrity of the nose-brain pathway. Life Sci. 60:1881-1884
(1997).

K. Ikeda, K. Murata, M. Kobayashi, and K. Noda. Enhancement
of bioavailability of dopamine via nasal route in beagle dogs.
Chem. Pharm. Bull. 40:2155-2158 (1992).

H. P. Rang, M. M. Dae, and J. M. Ritter. Pharmacology. 4 ed.
Edinburgh, Churchill Livingstone, 1999.

W. C. Koller and M. G. Ruedea. Mechanism of action of dopamin-
ergic agents in Parkinson's disease. Neurology 50:S11-S14
(1998).

D. E. Dluzen and G. Kefalas. The effects of intranasal infusion
of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) upon
catecholamine concentrations within olfactory bulbs and corpus
striatum of male mice. Brain Res. 741:215-219 (1996).

E. A. Gross, J. A. Swenberg, S. Fields, and J. A. Popp. Compara-
tive morphometry of the nasal cavity in rats and mice. J. Anat.
135:83-88 (1982).

J. P. Schreider. Comparative anatomy and function of the nasal
passages, In C. S. Barrow (ed.) Toxicology of the nasal passages,
Hemisphere Publishing Corporation, Washington, 1986, pp. 1-25.
K. Chobotska, M. Arnold, P. Werner, and V. Pliska. A rapid assay
for tyrosine hydroxylase activity, an indicator of chronic stress
in laboratory and domestic animals. Biol. Chem. 379:59-63
(1998).



742

26.

27.

28.

S. Ullberg. The technique of whole body autoradiography. Cryo-
sectioning of large specimen. Science Tools. The LKB Instrument
Journal. Special issue on whole body autoradiography:1-29 (1977).
T. C. Anand Kumar, G. F. X. David, K. Kumar, B. Umberkoman,
and M. S. Krishnamoorthy. A new approch to fertility regulation
by interfering with neuroendocrine pathways, In Neuroendocrine
Regulation of Fertility, Karger, Basel, 1974, pp. 314-322.

T. Seki, N. Sato, T. Hasegawa, T. Kawaguchi, and K. Juni. Nasal
absorption of zidovudine and its transport to cerebrospinal fluid

29.

30.

Dahlin et al.

in rats. Biol. Pharm. Bull. 17:1135-1137 (1994).

M. A. de Souza Silva, C. Mattern, R. Hacker, P. J. C. Nogueira,
J. P, Huston, and R. K. W. Schwarting. Intranasal administration
of the dopaminergic agonists L-dopa, amphetamine, and cocaine
increases dopamine activity in the neostratium: a microdiaysis
study in the rat. J. Neurochem. 68:233—239 (1997).

R. T. Jackson, J. Tigges, and W. Arnold. Subarachnoid space of
the CNS, nasal mucosa, and lymphatic system. Arch. Otolaryngol.
105:180-184 (1979).



