
The concept of superoxide radical О�
2 as an endoge-

nous reactive oxygen species (endoROS) accompanying

processes of cell metabolism has some history. Long-term

increase in endoROS levels can be a factor responsible for

oxidative stress and many diseases including nervous sys-

tem pathology. Parkinson’s and Alzheimer’s diseases,

neurotoxin effects, stroke, craniocerebral trauma, etc. are

especially important [1-3]. In biology, the opinion has

long been held that complete removal of superoxide radi-

cal is an effective tool for preservation of the normal vital
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Abstract—The brain is protected by a physiological blood–brain barrier (BBB) against toxins and some metabolites circu-

lating in the blood. At the same time, the BBB limits penetration into the brain of many neuroactive drugs. Efficient ways

to increase BBB permeability for delivery of drugs of different chemical nature into the brain are unknown. This work deals

with delivery into the brain of 10–2 M dopamine, a substance that does not penetrate the BBB under normal circumstances.

It was studied in two independent experiments: (i) penetration of 3H-labeled dopamine from its mixture with 10–5 M H2O2

into hypothalamus and striatum structures of intact rat brain, and (ii) effect of unlabeled dopamine from a mixture with

H2O2 on the rat motor activity in a haloperidol catalepsy model. It was shown that (i) at the third minute after nasal appli-

cation of the dopamine + H2O2 mixture, the dopamine level increases 45-fold in the hypothalamus and almost 30-fold in

the striatum and (ii) motility of animals in the catalepsy haloperidol model is recovered 90 sec after intranasal introduction

of dopamine. No such effects were observed after replacement of H2O2 by 0.9% NaCl solution. Thus, it was shown on the

example of dopamine that its introduction into the nasal cavity simultaneously with H2O2 provides for rapid delivery of the

drug into the brain. These results expand our knowledge concerning the biological role of exoROS in modulating BBB per-

meability and may contribute to the development of a new therapeutic strategy for neurological diseases.
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activity of the organism. This opinion has recently

changed due to the recognition that О�
2 not only intro-

duces “bad changes” and that “in a healthy cell there is

an optimal balance between superoxide production and

its removal” [4]. Present-day concepts of the role of

endoROS are considered in [5].

Recently proofs of vitally important biological role of

the gaseous superoxide О�
2 (GS) in surrounding air have

appeared [6]. Unlike endoROS, GS together with the

product of dismutation (H2O2) is exoROS. In toxicologi-

cal investigation of exoROS, no pathological changes

were revealed in rodents [7].

ExoROS applied onto the nasal mucosa are able to

induce in animals inhibition of monoamine oxidase A

and B (MAO-A and MAO-B) activities in hypothalamus,

basal ganglia, and brain stem, increase in brain dopamine

activity, enhancement of neuroprotector and neurorescue

effects after action of 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) neurotoxin, enhancement of

resistance to toxic action of hyperbaric oxygenation

(HBO), and enhancement of pain-relieving effects of

narcotics and non-narcotic analgesics [7-10].

The latter effect served as the basis for the supposi-

tion concerning exoROS enhancing drug substance pen-

etration into the brain after nasal application. In particu-

lar, this is supported by significantly more pronounced

effects of enteral analgesia of different pain-relieving sub-

stances in combination with GS inhalation [9].

Introduction of superoxide dismutase (SOD) into the

nasal cavity simultaneously with GS inhalation signifi-

cantly enhanced the GS potentiating effects, which was

considered by the authors as evidence of a determining

role of micromolar (10–5 M) concentration of H2O2 as the

superoxide dismutation product. In fact, an analogous

effect was achieved by nasal introduction of equimolar

H2O2 amounts, and this completely disappeared after

nasal introduction of catalase [10].

Detected physiological and therapeutic properties of

H2O2 after nasal application of micromolar amounts were

used with a new anti-Parkinson drug [11, 12]. Taken

together, these data served as the basis for a working

hypothesis concerning the ability of exoROS, mainly

H2O2, to modulate permeability of blood–brain barrier

(BBB) structures and facilitate transport of substances

from the nasal cavity to the brain. This also follows from

data of other authors who showed that permeability of

BBB structures for a number of substances could be mod-

ulated by mediators of inflammation [13] and oxidative

stress [14-17]. These works do not consider the problem

of possible use of these factors for delivery from nasal cav-

ity to brain of drug substances, in particular, preparations

not penetrating the BBB under the usual routs of intro-

duction into the organism.

We supposed that nasal introduction of drug prepa-

rations in a pharmaceutical mixture with micromolar

H2O2 can be an efficient and practical procedure for

rapid and noninvasive delivery of drug substances from

the nasal cavity into the brain. Results of the first experi-

ments confirmed the therapeutic efficiency of this

method [18].

The goal of this work was to investigate the effect of

micromolar H2O2 on dopamine (DA) delivery into the

brain in combined introduction into the nasal cavity. The

choice of DA as a test substance was due to the fact that

this substance does not penetrate into the brain through

the BBB in generally accepted ways of introduction into

the organism (except intrathecal). Penetration of 3H-

labeled DA into the hypothalamus and striatum structures

was estimated by measurement of radioactivity associated

with DA and its metabolite 3,4-dihydroxyphenylacetic

acid (DOPAC). In the second part of this work, we esti-

mated the physiological activity of DA that penetrated

into the striatum. To do this, we studied rat motor activi-

ty in the model of haloperidol catalepsy.

MATERIALS AND METHODS

Preparation of tritium-labeled dopamine. [3H-

G]Dopamine was obtained in reaction of high-tempera-

ture solid-phase catalytic isotopic hydrogen exchange for

tritium [19] in dopamine hydrochloride preparation. The

resulting [3H]DA preparation was purified on a Kromasil

C18 column (8 × 150 mm) in a concentration gradient of

aqueous acetonitrile solution in the presence of 0.1%

heptafluorobutyric acid. The preparation was quantita-

tively analyzed by HPLC using dopamine standard

(Sigma-Aldrich, Germany). The specific radioactivity of

the uniformly labeled DA was 20 Ci/mol. Aqueous stock

solution of the preparation contained 10–2 M DA with

volume activity 0.75 mCi/ml.

Preparation and nasal introduction of dopamine solu-

tion. The mixture for nasal introduction was prepared ex

tempore by fusion of [3H]DA solution (concentration

4·10–2 M, volume activity 0.75 Ci/ml) with isotonic solu-

tion of stabilized hydrogen peroxide (Sigma-Aldrich).

Final concentrations in solution for nasal introduction

for DA and H2O2 were 10–2 and 10–5 M, respectively. In

the experimental group of animals nasal introduction of

[3H]DA + H2O2 was used. Animals of control group

received solution [3H]DA + 0.9% NaCl.

Preparation of samples for chromatographic analysis.

Three minutes after nasal introduction of [3H]DA solu-

tion, the brain was removed and the hypothalamus and

both parts of the striatum were excised and placed onto a

cold (4°C) support as described earlier [20]. The isolated

brain structures were weighed for 35-40 sec, frozen in liq-

uid nitrogen, and placed in Eppendorf tubes (Eppendorf

AG, Germany). Frozen samples were lyophilized for

48 h, after which they were extracted by 200 µl of solution

containing 0.1 M HClO4, 100 µg/ml DA, and 100 µg/ml

DOPAC (Sigma-Aldrich). Samples were centrifuged for
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15 min at 10,000g, and the supernatant was used for

determination of [3H]DA and [3H]DOPAC.

[3H]DA and [3H]DOPAC analysis by HPLC. Since

final concentrations of DA and DOPAC in samples were

not enough for UV detection of fractions containing

radioactive derivatives of these substances against the

background of blood plasma peaks, 10 µg of unlabeled

DA and DOPAC standards were added to tissue extract

before chromatographic separation. The extract in 0.1 M

HClO4 was analyzed by chromatography on a Kromasil

C18-5 µm (4 × 150 mm) column at 20°C using gradient

elution by acetonitrile (4-24%) in 0.1% heptafluorobu-

tyric acid. The eluate was simultaneously monitored at

254 and 220 nm with a Beckman model 165 (Altex) spec-

trophotometer, sample volume 100 µl. Fractions of brain

structure extracts of each animal of experimental and

control groups containing separately [3H]DA and

[3H]DOPAC were analyzed quantitatively on a liquid

scintillation counter. Figure 1 shows typical chro-

matograms of extracting solution, hypothalamus, and

striatum extracts containing DOPAC and DA.

Quantitative analysis of rat hypothalamus and stria-

tum extracts. Radioactivity bound with [3H]DA and

[3H]DOPAC in chromatographic fractions of hypothala-

mus and striatum, corresponding to DA and DOPAC

standards, was measured using a TriCarb 2900TR liquid

scintillation counter (Perkin Elmer, USA). Radioactivity

of extracts from each of eight rats of control and experi-

mental groups were measured as dpm; to convert these

values to µCi, the conversion factor 2.22·106 was used.

Average counting efficiency was 49%. Conversion to DA

amount was based on the [3H]DA stock solution concen-

tration 10–2 M and volume activity 0.75 mCi/ml.

Haloperidol-induced catalepsy model in rats. The

catalepsy state in rats was stimulated by a single intraperi-

toneal injection of haloperidol (Ratiopharm, Germany)

at the dose of 0.25 mg/kg. After development of catalep-

sy determined as 85% decrease in spontaneous motor

activity in the absence of reaction to external stimuli, ani-

mals of three separate groups received corresponding

applications of solutions 10–2 M DA, 10–5 M H2O2, or

DA + H2O2 mixture. The applied volume of solution per

each nasal meatus was 50 µl. The single dose of applied

DA was 0.8 mg/kg; the dose of H2O2 was 34 ng per ani-

mal. The “open field” test was used to estimate sponta-

neous activity of the animals. The test area was formed by

a round field 80 cm in diameter with wooden floor ruled

into 16 equal sectors subdivided by two concentric circles;

the height of the area barrier was 40 cm. For measure-

ment of spontaneous motor activity, each animal was

placed into the center of the area and the number of hor-

izontal transitions between sectors was registered for

2 min [21, 22]. Observations began 90 sec after applica-

tion of the preparations.

Experimental animals. The work was carried out on

laboratory animals in accordance with the requirements

of the Institute Counsel on Ethics. Experimental results

were obtained on 51 male Wistar rats of 220-250 g. The

animals were kept under standard vivarium conditions

with unlimited food and water. During three days before

start of experiments, the rats were trained for contact with

the researcher (“handling”).

Statistic analysis. Non-Gaussian distribution of

radioisotope counts per minute of DA and DOPAC was

supposed in the brain tissue, but due to the small sample

for reliable check of distribution, the Kolmogorov–

Smirnov test was inapplicable. For this reason, P values

for this part of experiment were calculated using the one-

sided nonparametric Mann–Whitney test. Results were

considered as reliable at P < 0.05. During analysis of rat

experimental catalepsy, spontaneous motor activity of

animals was expressed in conditional units of visual regis-

tration, which made it possible to suppose non-Gaussian

distribution of parameters.

Fig. 1. HPLC chromatograms of extracting solution containing

DOPAC, DA, and brain tissue extracts. a) DOPAC (10 µg) (1)

and DA (10 µg) (2) in extracting solution. b, c) Extracts of,

respectively, hypothalamus and striatum of experimental animals

containing DOPAC and DA standards. UV detection: ch1)

220 nm (1 A); ch2) 254 nm (0.2 A).
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RESULTS AND DISCUSSION

Quantitative analysis of [3H]DA and [3H]DOPAC in

extracts. Radioactivity bound to [3H]DA and

[3H]DOPAC and found in hypothalamus and striatum

was much higher in experimental group compared to

control. Calculated DA and DOPAC concentrations in

hypothalamus and striatum of the experimental rats were

much higher than in the control, as shown in the table.

Physiological correlation. Injection of haloperidol

caused significant inhibition of random activity of the

animals. The latent period for development of catalepsy

after intraperitoneal haloperidol injection was 9.4 [8.9;

9.8] min; the duration of catalepsy was estimated as 57.1

[54.8; 59.4] min. Nasal introduction of DA + H2O2 mix-

ture caused during 90 sec significant recovery of sponta-

neous motor activity; injection of isotonic DA or H2O2

solutions in control groups did not result in recovery of

motor activity in animals during the whole period of

catalepsy (Fig. 2).

Drug delivery into the brain with minimal systemic

side-effects is of great significance in therapy of neuro-

logical diseases such as Parkinson’s and Alzheimer’s dis-

eases, epilepsy, migraine, depression, stroke, pain, brain

tumors, etc. One of the problems in therapy of these dis-

eases is associated with the low permeability of the BBB

to most drugs. Therapeutic methods for crossing the BBB

include decrease in mucociliary clearance [23], modula-

tion of transporter expression [24], the use of anesthetics

[25], ultrasound [26], etc. Recently there has been an

increased number of investigations dealing with vascular

permeability modulation under conditions of oxidative

stress [27]. These works do not consider the use of these

factors for delivery from the nasal cavity to the brain of

drug substances that do not penetrate through the BBB in

usual ways of introduction into the organism. Universal

and safe methods for clinical drug delivery into the brain

do not appear in the available literature [13, 28]. At the

same time, the nasal introduction of drugs by an alterna-

tive way (through the BBB) has evident advantages in

rate, dose decrease, and minimization of undesirable sys-

temic effects.

In this work, we investigated unlocking the BBB by

nasal introduction of a composition of drug substance DA

and 10–5 M H2O2. It was shown on the example of DA as

a test substance that nasal introduction of H2O2 in micro-

molar concentration is able to rapidly switch off the pro-

tective mechanism of the BBB. Thus, only 3 min after

nasal introduction, significant increase in DA and

DOPAC content in the rat hypothalamus and striatum

was observed, and in this case DA peaks on HPLC chro-

matograms of extracts completely coincide with the peak

of introduced DA standard. In control animals, nasal

introduction of [3H]DA in combination with physiologi-

cal solution did not increase DA content in the brain

structures.

It is seen in the table that introduction into the nasal

cavity of DA + 10–5 M H2O2 resulted in a 45-fold increase

in DA content in hypothalamus and almost 30-fold

increase in striatum. Comparison with average DA and

DOPAC content, respectively, of 5 and 3 pmol/mg tissue

in rat hypothalamus and 70 and 7 pmol/mg in striatum

[29], revealed significant difference in percent increase in

DA and DOPAC levels between experimental and control

animals. In the experimental group the DA and DOPAC

content in hypothalamus increased, respectively, by 372.0

and 210.3%, which exceeds the corresponding increase

by 8.2 and 5.0% in the control. Similarly, the DA and

DOPAC content in striatum increased, respectively, by

12.2 and 24.7%, which is higher than the corresponding

DA**

8.53
[7.43,
9.99]

0.31
[0.29,
0.33]

[3H]DA*

24 003
[20 150, 
26 685]

887
[872,
1014]

DOPAC**

6.31
[5.64, 10.76]

0.15
[0.13, 0.16]

[3H]DOPAC*

4653
[4112, 9523]

111
[106, 123]

DA**

18.60
[16.66,
24.68]

0.41
[0.37,
0.44]

[3H]DA*

14 810
[9687, 
22 558]

285
[269,
302]

Animal
group

Experiment (I) 
(n = 8) 
[3H]DA + H2O2

Control (II) (n = 8) 
[3H]DA + saline

I/II

DOPAC**

1.73
[1.49,
2.11]

0.07
[0.06,
0.08]

Effect of micromolar H2O2 on nasal delivery of dopamine into rat brain structures

[3H]DOPAC*

5327
[4478, 6179]

214
[197, 235]

Hypothalamus

Notes: Values are given as medians [1st quartile; 3rd quartile]. P = 0.0004 (calculated using the one-sided Mann–Whitney test). The volume of

introduced solution was 2 × 50 µl. The doses of introduced substances: DA, 0.8 mg/kg; H2O2, 34 ng.

* Counts per minute.

** pmol/mg tissue.

Striatum

45.4                                    42.1                                      27.5                                      24.7
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increase by 0.4 and 1.0% in the control. The DOPAC/DA

ratio did not undergo pronounced changes and reached,

respectively, in experimental and control groups 0.34 vs.

0.37 in hypothalamus and 0.20 vs. 0.23 in striatum. This

shows that nasal introduction of H2O2 has no effect on

DA metabolism in the studied brain structures.

Rapid development of the specific physiological

activity of DA in striatum was revealed in the model of

haloperidol catalepsy in rats. As shown in Fig. 2, motor

activity in animals receiving only DA or only H2O2 did

not change. On the contrary, the combination DA + H2O2

only 90 sec after application resulted in lowered catalepsy

symptoms. These results show that DA penetrating into

the striatum retains physiological activity by rapid relief

of haloperidol blocking of dopamine (D2) receptors.

Micromolar H2O2 undergoes rapid decomposition in the

nasal mucosa and does not penetrate the brain structures.

Taking into account that H2O2 in low concentrations

in vitro acts as a vasodilator and modulator of membrane

permeability [17, 30], the vomeronasal organ, located at

the anteroinferior part of the nasal septum [7, 31], and

capillaries of the Kisselbach’s plexus can be the main

points of action for the introduced H2O2 and “fenestras”

from the nasal cavity into the BBB for drug substances.

Since mixture of DA and H2O2 solutions for nasal

application was prepared ex tempore, formation of DA

oxidation products was a fortiori excluded. It should also

be taken into consideration that toxic product of DA oxi-

dation – 6-hydroxydopamine (6-OHDA) – does not

exhibit DA activity and is used in Parkinson’s disease

modeling in experiments [32].

The difference in DA level increase in hypothalamus

and striatum of experimental animals can be explained

by time-dependent parameters of distribution of DA

penetrating into the brain. However, it seems unlikely

that the regions of radioactive label penetration are lim-

ited to the two studied structures. This follows from

results of investigation of combined application of anal-

gesics and nasal form of exoROS [7, 9, 10] showing that

the higher subcortical centers of pain sensitivity in the

thalamus can be involved in the physiological response.

Different “traces” of exoROS were found in the brain

stem [7] having afferent and efferent connections

between thalamus, hypothalamus, limbic system, and

cerebral cortex.

The described results confirm our earlier observa-

tions of prolonged action of substances introduced into

the nasal cavity [18]. It can be supposed that ligands that

were introduced via the nose and reached the appropriate

brain receptors are temporarily retained in these struc-

tures. This can happen in presynaptic endings of DA

synapses of the basal ganglia where excess DA undergoes

Fig. 2. Effect of nasal application of dopamine (DA) on spontaneous motor activity of rats in the model of haloperidol (HP) catalepsy. H2O2,

hydrogen peroxide (10–5 M). One conventional unit corresponds to crossing of one sector in the “open field” test. Spontaneous motor activ-

ity of rats: group I, intact control; group II, after intraperitoneal introduction of HP; groups III and IV, after nasal application of DA or H2O2

isotonic solution; group V, after introduction of DA + H2O2 mixture. Indices in groups III-V were measured against the background of the

effect of HP. The number of rats in each group n = 7. Animals of each group (I -V) were tested separately. Values and errors are expressed as

medians [1st quartile; 3rd quartile]. P values were calculated using the one-sided Mann–Whitney test.
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reverse capture and is deposited in vesicles with gradual

release into synapses.

Data of this work can be used to explain most physi-

ological reactions caused by exoROS and correlate with

the hypothesis about the important biological role of

exoROS [7, 31], including therapeutic potential of

micromolar hydrogen peroxide as a new vector for over-

coming the protective BBB threshold. More complete

understanding of the interaction between exoROS, nasal

cavity structures, and BBB will stimulate development of

new methods of drug delivery directly into the brain.

Authors are grateful to Prof. Y. A. Vladimirov for

helpful discussions and comments on the manuscript and

to Mr. A. S. Terterov for organization and coordination of
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manuscript preparation.
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