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Abstract

Targeting the brain via nasal administration of drugs has been studied frequently over the last few years. In this
study, the serotonin-la receptor antagonist (S)-5-fluoro-8-hydroxy-2-(dipropyl-amino) tetralin ((S)-UH-301) hy-
drochloride was used as a model substance. The systemic absorption and transport of (S)-UH-301 into male
Sprague—Dawley rat cerebrospinal fluid (CSF) were investigated after nasal and intravenous administration. Blood
and CSF samples were obtained at regular time intervals from the arteria carotis and by cisternal puncture,
respectively, after administration to both nostrils (total 12 umol/kg) or into the vena jugularis (6 pmol/kg). The
concentrations of (S)-UH-301 in plasma and CSF were measured by HPLC with electrochemical detection. The
maximum plasma concentration of intranasal (S)-UH-301 occurred in about 7 min and the absolute bioavailability
seemed to be complete (F= 1.2 4+ 0.4). Initially, no increased concentrations of (S)-UH-301 were seen in CSF after
nasal compared to intravenous administration i.e. it appeared that no direct transport of (S)-UH-301 from the nasal
cavity, along the olfactory neurons and into the CSF occurred. However, a prolonged duration of the concentration
was seen after nasal administration of (S)-UH-301 and after about 20 min the CSF, ,:CSF;, concentration ratio
(corrected for different dosage) exceeded 1. © 2000 Elsevier Science B.V. All rights reserved.
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tered by injection. Physiologically, the nose pro-
vides a permeable mucosa that is richly
vascularised, thus facilitating rapid absorption of
drugs and a rapid onset of action. The nasal
environment also has a lower level of enzymatic
activity, compared to the gastrointestinal tract,
and first pass metabolism in the liver is avoided
by administering drugs by this route. Nasal ad-
ministration is also more convenient than the

1. Introduction

Nasal delivery of drugs has been studied exten-
sively over the last 20 years. This administration
route offers a variety of benefits for systemic drug
delivery and is consequently an attractive non
invasive alternative for drugs, normally adminis-
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invasive routes. Thus, nasal administration is an
attractive method of systemic delivery for many
different drugs (Chien et al., 1989; Hussain, 1998).
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The blood brain barrier (BBB) restricts the
transport of materials from the blood to the cen-
tral nervous system (CNS), and the cerebrospinal
fluid (CSF) which surrounds it, in order to main-
tain the environment required by the brain. How-
ever, Erlich et al. (1986) showed that there was no
significant barrier between the nasal mucosa and
the brain at the rabbit cribriform region, and that
the CSF reached the submucosal region rapidly
via open pathways in this model. There is also
evidence indicating the existence of a direct path-
way from the olfactory mucosa, along the olfac-
tory neurons, into the brain. Several investigators
have shown that metals [such as manganese, cad-
mium (Tjidlve et al., 1996) and colloidal gold
(Gopinath et al., 1978)], wheat germ agglutinin-
horseradish peroxidase (Shipley, 1985; Thorne et
al. 1995), progesterone (Kumar et al., 1974, 1982),
zidovudine (Seki et al., 1994), taurine (Brittebo
and Eriksson, 1995), cephalexin (Sakane et al.,
1991), insulin (Sigurdsson et al., 1997), nerve
growth factor (Frey et al., 1997), antihistamines
(Chou and Donovan, 1997) and viruses (Perlman
et al., 1990; Barnett and Perlman, 1993; Huney-
cutt et al., 1994)) can enter the brain by this route.

Serotonin (5-hydroxytryptamine, 5-HT) is a
transmitter substance in the CNS, but only about
1% of the total amount of serotonin in the body is
located in the brain, despite the important role it
plays in the regulation of, for example, sleep and
mood (Arvidsson et al., 1986). Several subtypes of
5-HT receptors have been identified; these sub-
types are widely distributed in the brain. The
subtype 5-HT-1a is found in both pre and post
synaptic areas. The greatest concentration of 5-
HT-1a presynaptic receptors (autoreceptors), oc-
curs in the raphe nucleus, while postsynaptic
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Fig. 1. Chemical structure of the 5-HT-1a receptor antagonist
(S)-UH-301.

5-HT-1a receptors are more concentrated in the
hippocampus. Activation of postsynaptic recep-
tors, increases the incidence of serotonergic sig-
nals, while activation of the presynaptic 5-HT-1a
autoreceptors on the cell body decreases the syn-
thesis of serotonin. The dynamic balance of sero-
tonin in the CNS appears to affect the
development of both depression (low serotonin
concentrations) and agony (high concentrations)
(Barrett and Vanover, 1993; Baldwin and Rudge,
1995).

The hydrochloride salt of (S)-5-fluoro-8-hy-
droxy-2-(dipropylamino) tetralin ((S)-UH-301,
Fig. 1), a 5-HT-1a receptor antagonist (Hillver et
al., 1989), was used as a model substance in this
study. The selective 5-HT-1a receptor agonist 8-
hydroxy-2-(dipropylamino) tetralin hydrochloride
(8-OH-DPAT) (Arvidsson et al., 1981) was used
as an internal standard. (S)-UH-301 exhibits anti-
convulsant, hypophagic and anxiolytic-like activi-
ties in rodents (Moreau et al.,, 1992) and also
completely antagonises several of the effects of
5-HT induced by (R)-8-OH-DPAT in rats (Bjork
et al., 1991).

The two main objectives of this study were (1)
to investigate the systemic absorption of the
model substance (S)-UH-301 hydrochloride from
the nasal cavity and; (2) to compare the uptake of
(S)-UH-301 into the CSF after nasal and intra-
venous administration. It was assumed that if the
CSF concentrations of (S)-UH-301 were higher
after nasal administration than after intravenous
administration, a direct pathway from the nasal
olfactory area into the brain must exist for this
molecule.

2. Materials and methods
2.1. Drugs and reagents

(S)-UH-301 hydrochloride and 8-OH-DPAT
were donated by Astra Arcus AB, Sweden. Hep-
arin (500 TU/ml) was acquired from Lewens, Den-
mark, and thiobutabarbital sodium (Inactin) was
obtained from Byk Gulden, Germany. Solvents
were of HPLC grade and all other chemicals were
of analytical grade.
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2.2. Characterisation of (S)-UH-301

Since no physicochemical data were available
on (S)-UH-301, a few initial exploratory experi-
ments were carried out. The water solubility of
the hydrochloride salt of (S)-UH-301 was deter-
mined from a Beer’s law plot constructed using
(S)-UH-301 hydrochloride concentrations ranging
from 2 to 250 uM. The UV absorbance of the
solutions at these concentrations was measured
with a single beam spectrophotometer (Hitachi
U1100) at a wavelength of 205 nm. A saturated
solution of (S)-UH-301 hydrochloride in distilled
water was prepared and kept at room temperature
while stirring for 12 h. After filtration, the ab-
sorbance of the diluted (1:1000) supernatant was
measured. The solubility of (S)-UH-301 was de-
termined by extrapolation, using Beer’s law.

An automated titrator (Sirius PCA 101) was
used to measure both log P (octanol/water) and
pKa values for (S)-UH-301. 0.5 ml octanol and
19.5 ml water were used for, and 20 ml water was
used for pKa. For each determination, three
analyses were carried out.

2.3. Animals

The study was approved (C 84/94) by The
Swedish National Board for Laboratory Animals
(the local ethical committee in Uppsala). Male
Sprague—Dawley rats (Mpgllegaard, Denmark),
with a mean weight of 327 (range 256-412) g,
were used in the experiments. The animals were
housed at 22°C with a 12 h light/dark cycle and
given a standard pellet diet (Lactamin R36) and
tap water ad libitum.

2.4. Animal experiments

The experiments were performed as reported by
Bjork and Edman (1988) where care is taken to
maintain the normal functions of the cavity by
minimising disturbance of the mucosa via me-
chanical manipulation. The rats were anaes-
thetised with an intraperitoneal injection of
thiobutabarbital sodium (150 mg/kg). During the
experiment, the rat body temperature was main-
tained at 37°C with a heating pad. The trachea

and arteria carotis were cannulated with
polyethylene tubes, PE 200 and PE 50, respec-
tively, and the experiments were started 30 min
after surgery. (S)-UH-301 hydrochloride was dis-
solved in physiological saline solution; 5 mg/ml
for intravenous use and 25 mg/ml for nasal use.
The pH of the administered solution was 5.9. The
intravenous injection (6 pmol/kg) was given as a
bolus dose through a catheter (PE 50) into the
external vena jugularis. Half the nasal dose (total
dose 12 pmol/kg) was administered as 25-30 pl
through each nostril, using polyethylene tubes (PE
90) attached to a micropipette.

Blood samples of 200 pl were withdrawn from
the arteria carotis prior to administration and 3,
7, 10, 15, 20, 30, 60 and 120 min after, from seven
rats who had received intravenous and five who
had received intranasal (S)-UH-301 hydrochlo-
ride. The plasma was separated after the addition
of one drop of heparin (24 gauge necedle) by
centrifugation at 7000 rpm for 10 min After the
experiments, the animals were killed with an over-
dose of pentobarbital (100 mg/ml).

The CSF samples were taken by cisternal punc-
ture (Waynforth and Flecknell, 1980; Persson et
al., 1989). Briefly, the rats were placed in a spe-
cially made stand, which fixed the head at a
specific forward angle. After exposing the at-
lanto—occipital membrane, 100-150 ml of the
CSF was withdrawn through the membrane by
gentle suction through a 30 gauge needle, at-
tached to a disposable syringe connected to
polyethylene tubing (PE 50). The CSF samples
were withdrawn before and 3, 5, 10, 15, 30 and 60
min after, administration of (S)-UH-301 hy-
drochloride. Collection of CSF was terminated, as
soon as blood appeared and the blood-tainted
portion of CSF was prevented from reaching the
collecting tube. If blood appeared immediately
during sampling, the result was excluded. Blood
samples were withdrawn from the arteria carotis 2
min after each CSF sampling, for correlation with
the absorption data. Measurements were made on
three rats at each time point. After the experi-
ments, the animals were killed with an overdose
of pentobarbital.

All samples, both plasma and CSF, were stored
at — 80°C until analysis.
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Fig. 2. Concentration—time profiles of (S)-UH 301 in plasma
after (M) intravenous (6 pmol/kg) (n=7) or (@) nasal (12
pmol/kg) (n=15) administration of the hydrochloride salt to
rats. The data are expressed as mean + S.D. The initial intra-
venous concentrations were obtained by extrapolation.

2.5. Analysis

In order to extract (S)-UH-301 and 8-OH-
DPAT to an organic phase, 100 pl of the plasma
sample, 400 pl 8-OH-DPAT (400 nM), 500 ul
TRIS buffer pH 8.5 (0.2 M) and 4 ml organic
solvent mixture (hexane-diethylether-butanol, 70-
20-5 v/v) were added to test tubes. After 8 min in
a rotating mixer and 8 min of centrifugation at
1500 rpm, 3 ml of the organic phase was trans-
ferred to new test tubes. The organic phase was
evaporated to dryness, under a gentle stream of
nitrogen at 40°C. The residue was redissolved in
250 pl sodium phosphate buffer pH 2.0 (0.1 M,
u#=0.1) and 100 pl was injected into the HPLC
system.

Standard and control samples for the CSF
analysis were made from artificial CSF (Elliot’s B
solution) according to Martindale (30th edition).
50 pl of the untreated CSF samples were injected
into the HPLC system.

An ODS C-18 analytical column (100 x 4.6
mm, 3 pum, YMC Europe GmBH) and precolumn
(15 x 2.3 mm, 7 pm, Brownlee, CN) were used to
separate the components of the solution. Electro-
chemical detection of (S)-UH-301 and 8-OH-
DPAT was accomplished using an amperometric
controller (BAS LC-4B, LC-17 flowcell) at a po-
tential of 1.2 V. The mobile phase consisted of

28% acetonitril and 0.75 mM sodium octylsul-
phate in sodium phosphate buffer pH 2.0. The
flow rate was 0.5 ml/min (LKB 2150 HPLC
pump). The peak heights were used for quantifica-
tion of (S)-UH-301 in both plasma and CSF. The
ratio (S)-UH 301/8-OH-DPAT was used for cal-
culation of the concentration of (S)-UH-301 in
the plasma samples.

2.6. Calculation

In order to calculate area under the plasma
concentration—time curve (AUC) from 0 to 120
min, the initial intravenous concentrations were
obtained by extrapolating the data from the first
two sampling points. The individual AUC values
for (S)-UH-301 were calculated according to the
trapezoidal rule. The nasal bioavailability (F) was
calculated according to the following equation:

_ AUG,, x Dosg;,
~ AUC,, x Dose,,

where AUC,, and AUC,, denote the means of
individual AUC values from the nasal and intra-
venous groups, respectively. Results are expressed
as mean + S.D.

The statistics were calculated according to Stu-
dent’s z-test.

F

3. Results

The solubility of the hydrochloride salt of (S)-
UH-301 (MW 301.8 g/mol) in water was 77 g/ml.
The two pKa values obtained from the automated
titrator were 9.4 and 11.0. (S)-UH-301 is a small
molecule (MW 265.4 g/mol) (Fig. 1) which ap-
pears to be relatively lipophilic (log P 4.03 +
0.02).

The absorption of (S)-UH-301 from the nasal
cavity into the systemic circulation was rapid and
complete. The maximum concentration was
achieved after about 7 min (Fig. 2) and the extent
of nasal bioavailability appeared to be 100%. The
mean AUC values after intravenous and nasal
administration were 36 100 + 12 200 and 87400 +
11200 nM/min, respectively, and consequently
F=12+04.
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The concentration—time profiles in CSF (Fig. 3)
showed no increased concentration of (S)-UH-301
after nasal, compared to intravenous ad-
ministration. However, a prolonged duration
of the concentration was seen after nasal
administration. This was illustrated in Fig. 4 by
plotting the CSF,,:CSF;, concentration ratios ver-
sus time. The ratios were corrected for the

1200 +
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Fig. 3. Concentration—time profiles of (S)-UH-301 in CSF
after (M) intravenous (6 pmol/kg) or (@) nasal (12 pmol/kg)
administration of the hydrochloride salt to rats (n =3 for all
time points except for the intravenous route at 30 min and the

nasal route at 60 min, where n = 2). The data are expressed as
mean + S.D.
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Fig. 4. The concentration ratios (nasal/intravenous) in CSF
after nasal (12 pmol/kg) and intravenous (6 pmol/kg) adminis-
tration of (S)-UH-301 hydrochloride to rats. The ratios are
corrected for differences in dosages and expressed + S.D. Any
significant difference from unity was calculated according to
Student’s z-test: *P < 0.05; **P < 0.01.
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Fig. 5. Ratios between concentrations of (S)-UH-301 in CSF
and plasma after (M) intravenous and (@) nasal administra-
tion of the hydrochloride salt to rats over time. Ratios are
expressed + S.D.

different dosage. After about 20 min, the
ratio exceeded 1, i.e. the concentrations of nasally
administered (S)-UH-301 in the CSF were
higher than those after intravenous admin-
istration. A plateau was reached after 30 min and
this level was sustained throughout the experi-
ments.

The ratios between the concentrations of (S)-
UH-301 in the CSF and in plasma over time were
plotted in Fig. 5. Because the blood samples were
taken 2 min after cisternal puncture for these
animals, plasma concentrations for the same time
points as the CSF values were extrapolated from
the systemic absorption graph (Fig. 2). The
plasma samples obtained after the CSF samples,
correlated well with the absorption data (data not
shown).

The AUC values of (S)-UH-301 in the CSF and
plasma, and the ratios (C/P) between these values
are listed in Table 1. The ratios of AUC.gr to
AUC,,sma for the time periods between 0 and 30
and 30 and 60 min were 0.26 and 0.50 for the
nasal data and 0.60 and 0.53 for the intravenous
data. The changes over time are 92 and — 13%,
respectively, for the two time periods, i.e. the
amount of (S)-UH-301 in the CSF increased, rela-
tive to that in the plasma with time after nasal
administration and decreased after intravenous
administration.
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4. Discussion

Several investigators have shown that different
drugs can be rapidly absorbed to achieve high
concentrations in plasma after nasal administra-
tion (Hussain et al., 1980; Yajima et al., 1996).
This is also the case with (S)-UH-301. The physic-
ochemical characteristics, such as molecular size
and partition coefficient, allow (S)-UH-301 to be
transported rapidly across most membranes. A
linear relationship between the rate constant of
absorption and the log P (octanol/water) has been
demonstrated earlier with progesterone (Corbo et
al., 1989). The peak plasma concentration of (S)-
UH-301 after nasal administration appeared at 7
min. McMartin et al. (1987) linked fast absorp-
tion of compounds with their molecular weight.
The nasal route is suitable for efficient rapid
delivery of many molecules of molecular weight
< 1000.

The large S.D. in the calculation of the absolute
bioavailability of (S)-UH-301 (F=12+0.4) is
mainly due to deviations in the intravenous AUC
values, because of the rapid decline in plasma
concentrations. Small differences in the time be-
tween administration and sampling, during the
initial phase can cause large differences in plasma
concentrations.

The nose—brain pathway, as a conduit for
transmission of agents into the CNS, is an area of
ongoing research. A number of substances, about
35-40, including viruses, metals, dyes and drugs,
have been reported to gain direct access to the
CSF and/or brain after nasal administration
(Mathison et al., 1998). However, this does not

Table 1

appear to be the case for (S)-UH-301, since no
increased uptake into the CSF was seen after
nasal administration, compared with intravenous
administration, i.e. there was no evidence that
(S)-UH-301 was transported from the nasal cav-
ity, along the olfactory neurons into the brain.
These results are similar to results from two other
studies: one with nasally administered proges-
terone (Kumar et al., 1982) and another with a
cognition enhancer (Hussain et al., 1990). Hussain
et al. suggest that the nose—brain pathway may
only be significant for poorly absorbed sub-
stances. For substances that are rapidly and com-
pletely absorbed into the systemic circulation after
nasal administration, any transport along the ol-
factory neurons into the CNS is slow and
insignificant.

In order to decide if a substance has been
transported into the CNS, it is important to deter-
mine the concentration at several time points.
Although the peak concentration of (S)-UH-301
in CSF appeared after only 3-5 minutes, the
concentrations were followed for a total of 60
min. In a study with zidovudine (Seki et al., 1994),
the CSF concentrations in rats were measured
once, 15 min after administration. The concentra-
tions of zidovudine in the CSF were not signifi-
cantly higher following nasal administration than
after intravenous infusion, and no direct nose—
brain pathway was proven. However, if several
CSF samples had been taken at different time
points and AUC values had been calculated, the
conclusions may have been different. Sakane et al.
(1991) demonstrated significantly higher concen-
trations of cephalexin in rat CSF 15 and 30 min

Mean area under curve (AUC) values from concentration—time profiles (nM/min) in plasma and CSF, after intravenous (6 pmol/kg)
and nasal (12 pmol/kg) administration of (S)-UH-301 hydrochloride to rats

Nasal Intravenous
AUC Ratio AUC Ratio
Time (min) Plasma CSF C/p? Change (%) Plasma CSF C/p Change (%)
0-30 49 600 12 800 0.26 20 700 12 500 0.60
30-60 19 800 9800 0.50 92 6700 3500 0.52 —13

¢ C/P = AUCCSF/AUCplasmz\'
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after nasal administration than seen after intra-
venous and intraduodenal administrations. How-
ever, the concentration of cephalexin in plasma
increased rapidly after nasal administration and
so, if CSF samples been taken earlier than 15 min
after administration, even higher CSF concentra-
tions may have been reached.

The prolonged duration of (S)-UH-301 in
plasma after nasal administration in this study
may have been the result of delayed absorption of
(S)-UH-301 across the nasal membrane into the
systemic circulation. Perhaps, because of its high
lipophilicity (log P ~4) (S)-UH-301 was accumu-
lated in the mucosa and then slowly delivered into
the blood. Slow drug transport directly from the
nasal cavity into the CNS, could also be the
reason for the increasing amounts of (S)-UH-301
in the CSF after about 20 min (Fig. 4). The
increasing C/P ratio shown in Table 1 also
demonstrates the increasing amounts of (S)-UH-
301 in the CSF over time. However, the C/P
ratios after nasal administration were not higher
than the same values after intravenous adminis-
tration. Although (S)-UH-301 was totally ab-
sorbed into the systemic circulation after nasal
administration, the uptake into the CSF was
higher after intravenous administration. The rea-
son for this is not known. The high initial plasma
concentration after intravenous administration
may have caused high, rapid transport of (S)-UH-
301 through the BBB by passive diffusion.

Rats have been widely used for nasal drug
delivery studies. The rat model used in these
experiments is a modification of the in vivo model
described by Gizurarson (1990). Instead of sealing
the nasopalatine tract with adhesive glue, the
normal functions of the cavity were maintained to
the fullest possible extent (Bjork and Edman,
1988).

Many common animal models, including rats,
are classified as macrosmatic, i.e. the olfactory
epithelium occupies a large area (50% for the rat)
(Gross et al., 1982) of the total nasal epithelium.
Man, however, is classified as microsmatic
(Reznik, 1990), with a total olfactory area of
around 3% (Morrison and Costanzo, 1990). Fur-
ther, in humans, the olfactory region is located in
the roof of the cavity, while the olfactory area in

rats is spread throughout the whole cavity. It is
important to take these anatomical differences
between species under consideration when results
are interpreted and compared.

After nasal administration of (S)-UH-301, only
~ 0.002% of the administered dose was detected
in the CSF. Many CNS-active substances are
potent drugs but unfortunately these substances
are often associated with unwanted side effects. If
it was possible to administer drugs nasally and
utilise the nose—brain pathway, doses and side-ef-
fects could be reduced. This pathway could prove
to be a useful route for CNS-active substances,
which do not normally pass the BBB in sufficient
amounts.

The conclusions from this study with the 5-HT-
la receptor antagonist (S)-UH-301 are, that while
this molecule is well absorbed after nasal adminis-
tration, no enhanced uptake into the CSF was
detected compared to intravenous bolus injection.
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