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Mannitol Deriváte Used as a Marker for Voltammetrically 
Monitored Transport Across t h e Blood-Brain Barrier 
Under Condit ion of Locus Coeruleus Stimulation 
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A b s t r a c t . 1-Deoxy-l-mtio-D-manmtol (DN-Man) was used (femoral vein injec
tion appioxmidte t oncentration in the blood 30 mmol 1_ 1) in pentobaibital anaes
thetized rats as a promising marker detectable b> diffeiential pulse vol tammeti) 
(DPV) to stud\ its transport a a o s s the blood-biam barner (BBB) to the extia-
cellulai space of the f iontopanetal cortex 

DN-Man detection limit in m mtro calibrations (saline, blood) using DPV and 
<aibon hbei micioelectiodes was 0 5 mmol 1 _ 1 with a good linear it> (/ = 0 996) 
ovei the ontue tested range (up to 30 mmol 1_ 1) 

The slow time-couise of the rise of DN-Man signal (ij = 106/(1 + (17 8,/t)3)) 
m tlie cortex conhimed the functional BBB state 

Electncal stimulation of the locus coeruleus (LC) (300 rectangular pulses at a 
fiequencv of 100 Hz, 1 m A, pulse durat ion 0 2 ms) elevated significantly DN-Man 
cmient m the cortex (to 168 ± 59% of the contiol, mean ± S D , n = 8) The 
e\oked permeation m a ease of the BBB to DN-Man was short-lasting (minutes), 
and the second LC stimulation (repeated 5 mm after the first one) was ineffective 
This fact was probably due to the iedu<tion of DN-Man levels in blood and/or an 
alteied response of rmciovessels to neuiotransimtters 

It was shown heie that, undei carefully controlled surgical and experimental 
conditions, DPV and DN-Man might be useful for the monitoring of the íegional 
dynamics of BBB t ransport changes The presented results also suppoit the view 
that BBB t ransport can be influenced by LC neuronal activity 
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Introduct ion 

Tin blood-biam b a m e i (BBB) contiols the passage of diugs and metabolites honi 
the blood into the c eiebial extiacellulai space, and theiefoie plays an impoi tant lole 
m maintaining t h e homeostasis of the brain micioenvironment (Biadbury 1979) 

\ n mcicase m BBB peimeabihty can be achieved bv expeinnental manipula
tions such as osmotic BBB disruption (Roman-Goldstein et al 1994), or mduced 
In ni( (hanu al (Biadbuiv 1979) oi elec tncal insults (Lee and Olszewski 1961 Biad-
h u n 1979) oi initiated b\ pathological pi ex esses such as seizmes (Bolwig et al 
1977) oi inflammation (Tuhlei and Neuwelt 1989) 

To momtoi BBB transport changes undei phv siologie al and pathological con
ditions a suitable tracei and a íehable method aie requned 

The tiacei should be partially peimeable across the BBB, chemicalh meit 
non toxic and have a slow exact ion late Furthermore rt should not cause BBB 
disruption oi influence blood pH oi nuclei go metabolic changes To confoim at 
least some of the aforementioned criteria, we use d an elec tioactive manmtol derrva-
ti\e (DN Man) (1-deoxv-l-mtro-D-maimitol) 

\rr electrochemical method (voltammetry) has been shown to be useful m 
momtoimg the electioac five diug permeation ac loss the BBB (Pa\laseket al 1996, 
1997) The meiits of \oltammetľy are as follows a) It is a drsciete measurement 
probe with a high spatial resolution b) It has a high temporal lesolution with 
measurements made in "leal" time c) The changes in fiee diug concentiation over 
time can be measured rn individual animals, m strratal synaptosomal pieparat ions 
(Mmgas et al 1991) and simultaneous measurement on both sides of the BBB 
(blood bram tissue) rs possible 

The intracerebral noracheneigic cholmeigic and serotonergic innervation tri
geminal mneivation of the cerebial capillaríes has been described (Kalaria et al 
1989 Wahl and Shilling 1993) Electncal stimulation of the locus coeruleus (LC) 
augmented BBB pcrmeabihťy in parietal coitex to sodium fluorescein (Sarmento 
c t al 1994) and to watei (Raichle et al 197r)) LC was found to be i m o h e d in the 
regulation of the BBB mtegrrtv (Belo\a and Sudakov 1989) 

In oiclei to voiif\ the suitability of DN-Man as a maikei foi voltammetnc 
momtoimg of the BBB transport functions, a model referred to the involvement oi 
the central noradrenergic control of the BBB functions (Saimento et al 1994) was 
used It included electncal stimulation of LC, and its effect on DN-Man t ianspoit 
acioss the BBB to the extiacellulai space within the biarn was voltammetrrcallv 
monitored The results suggest that LC stimulation evokes a tiansient increase of 
BBB peimeation to DN-Man 
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M a t e r i a l s and M e t h o d s 

The expenments were carrred out on male Wrstar rats with an average body weight 
(w) of 290 ± 30 g The animals weie anaesthetized with pentobaibital (Spofa 
Prague Czech Republic) 5% solution m salme 0 1 ml/100 g w , i p About orre 
thud of this dose was added after approximately 40 mm (the duiation of the expei 
lment drd rrot usually exceed 120 mm) All experiments were performed at room 
terrrperature the animals were protected against the lowcinrg of therr body tem
p a atui c clue to heat loss The femoral vein was canirulated for drug and salme 
administration and the tail arterv was cannulated for blood sampling 

The animals weic fixed in a stereotaxic apparatus and four small openings 
wore drilled into the skull thiee for voltammetnc olectiodes (Fig 14) woikmg 
( \ \ ( ) auxihaiy (AX), and lefeience (R) and the fouith one foi placement of a 
stimulating elec ti ode ST (Fig IB) Incisions m the dura mater were made f oi the 
\ \ c and ST electrodes, AX and R vol tammetnc electrodes were placed eprdurallv 

The electiochemrcally treated (Mermet and Gonon 1988) voltammetnc elec
trode \ \ c (glass mrcropipette wrth carbon fibers, Pavlasek et al 1994) was placed 
in the left frontoparietal cortex (Figs 14 IB) with steieotaxic cooidmates AP 

+ 1 0 L 1 5 V 1 5 (Paxmos and Watson 1982) The AX electrode (Ag wrre wrth 
0 5 mm diameter) and the R electrode (Ag/AgCl wne with 0 5 mm diametei) weic 
positioned m the paneta l and frontoparietal legion of the right hermspheie 

Diffeiential pulse voltammetrv (DPV, Justrce 1987) was used to record electro
chemical signals A polar ogiaphic analyzei (PA 4, Laboiatory Equrpment, Pi ague 
Czech Republic) with three electrode system (Fig 1A) was used for DPV with the 
following parameters speed of the linear potential sweep 100 m \ s _ 1 , potential 
hmrts from —1500 mV to +1200 mV, pulse amplitude 50 mV, pulse duiat ion 60 
ms (current sanrphng 20 ms before the pulse and again 20 ms before the end of the 
pulse), pulse period 0 2 s The voltammetnc srgnal was drawn with an x ij plottei 
(XY 4106, Laboratory Equrpment, Prague, Czech Republic) The mteival between 
consecutive vol tammetnc lecordmgs was 1 mm 

Stimulation (Electíostimulatoi ST-3, Medrcor, Budapest, Hungary) of the lo-
cus coeruleus (LC, stereotaxic coordinates AP —9 8, L 1 4, V 7 0) (Figs IB and 
2) was peiformed with a train of 300 rectangular 1 mA pulses (cathodic nr the case 
of the monopolar stimulation) with a fiequency of 100 Hz and pulse duiation of 
0 2 ms Two types of ST electrodes (monopolar, brpolar) were used The brpolar 
stimulating electrode (Disa electronic, outer drameter 0 46 mm) was used rn 5 ex
penments The monopolar strmulatmg electrode, used in 3 experiments, was made 
of insulated nickel-chromium wrre (drameter 0 2 mm, the length of the exposed trp 
was about 1 mm), a srlver plate wrth an area of 25 mm 2 was posrtroned on the left 
tempoial side of the skull, and seived as the indifferent electrode 

Histological identification of the LC and the position of the ST were carried 
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Figure 1. \pphc ation of differential pulse voltammetrv (DPV) to studv the neurogenic 
íegulation of the blood-biam bainei (BBB) 4) Experimental setup used for DPV Place
ment oi the woikmg electiode m the left frontoparietal cortex (Wc) of the rat, and local
ization of the refeience (if) and auxihaiv (AX) electiodes on the opposite hemispheie is 
shown B) \ diagiam illustrating the noradrenergic projections (dashed lines) of the lotus 
coeiuleus (LC) to the forebraui The DPV device with \\\ and a stimulator (ST) with a 
stimulating electrode positioned m the LC is shown C) In vitro voltammetnc recording 
of 0 J mmol 1_1 1-deoxv-l-mtro-mannitol (DN-Man) m salme The redox potential of the 
Z)A< Man was about —1100 m\ (the dashed line with the airow) D) In vitio voltammetnc 
calibrations of the DN Man in salme The height of the DN Man peak (current m n\ 
oulmate) foi tested concentrations (abscissa) was expressed as percentage of the DN Man 
anient in 30 mmol l"1 solution (100%) Six measurements with diffeient electrodes were 
made 

out using light microscopv (Fig 2) An electrolytrc lesion (+5 V D C foi 10 s) 
made at the veiy end of the experiment maiked the localization of the ST tip 
Subsequently, the bram was removed, fixated with 10% formalin and embedded 
aftei normal hrstologrcal processmg, m paraffin 6 rim coional sections were cut and 
stained with hematoxylin and eosm 
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Figure 2. Miciophotograph of a coronal see tion of the brainstem of the rat Localization 
of the stimulating electrode tip (anow) and lotus toeruleus (LC) Hematoxylin and eosm 
stammg Magnification 16x 

A mamntol derrvatrve 1-deoxy-l-rritro marrmtol (DN-Man) (MW 211 2, svrr-
thesi/ed by J Kubala, Biatislava, Slovak Republic), was dissolved m 0 5 ml of 
piewarmed (37°C) salme shortly prror to rts admrnistration via the femoral vein 
The concentratron of the admrnrstered DN-Man sohrtron was varred (minrmum 
0 95 mol I'1, maximum 1 27 mol 1_ 1) so that m eveiy experiment, rn sprte of the 
drfferences rn anrmals' werght, the same DN-Man concentratron rn the blood (30 
mmol l " 1 ) was at tamed, while keeping the injected volume (0 5 nrl) constant The 
foinrula used foi the calculation of the blood volume ( ľ ) was as grven by Lee and 
Blaufox (1985) 

T (ml) = (w x 0 0 6 ) + 0.77, 
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wheie w is weight m grams DN-Man rnjectron over a 2 5 mm perrod was followed 
by infusion of 100 units of heparin m 0 2 ml saline 

The experimental protocol rn 8 experiments was as follows After finrshrng 
surgery and as soon as vol tammetnc signals stabrhzed (5-10 recordings at 1 mm 
intervals) the rnjectron of DN-Man was started, and the vol tammetnc measure
ments continued (at 1 m m mteivals) until the end of the experiment The ST 
elec t iode was mseited to the vicinity of the LC 31 mm after the hist DN-Man m-
jection In srx out of eight experiments, the second injection of the same DN-Man 
close was applied orre mmute after ST electrode mseitiorr The first stmiulation was 
per for med 37 mm after the first DN-Man rnjectron, m other words, m six expen-
ments with the lepeated DN-Man adnumstiat ion, strmulatron was applied 5 mm 
after the stait of the second DN-Man nrjection In each case, stimulation started 5 
s before subsequent vol tammetnc recording The stimulus t r a m was repeated twice 
at J mm inter \als 

To assess DN-Man concent r atrorr irr the blood, three samples (1 rrrl each) were 
taken from the tarl artery The first one was taken immediately aftei the suigeiv 
(no DN Man in the circulation) and a known amount of DN-Man was added to it 
to yield a concentration of 30 mmol 1 _ 1 The other two samples wore taken 10 and 
30 mm after the first DN-Man admmrstratron respectrvely All sarrrples wore stored 
m heparimzcd test-tubes m a refrrgerator, and m vitro voltammetnc measurements 
weie made in an experimental chambei at the end of the experrment (Fig 3C) 
The volume of each blood sample was rmmedrately replenrshed bv the same volume 
of the salme infusion ovei a 2 mm period, applied via the femoial verrr 

The quarrtrficatron of the electrochemrcal srgnals recorded wrth the DPV was 
performed by measuring the amplitude of the peaks representrng the redox c urrerrt 
(Fig AB b) Student s ŕ-test was used to evaluate the results (arithmetic means 
and standaid deviations are shown) 

R e s u l t s 

As observed m m vitio measuiements wrth DPV, 1-deoxy-l-rritro manmtol (DN-
Man solution m salme or m blood) gives a cleaily sepaiable and stable voltammet 
ire srgnal with its maximum ranging from —1150 m \ to —950 m\ Tire DN Man 
peak rn salme (Fig 1C) was linearly pioportional (y = A + Br, A = 3 8, B = 3 2, 
i = 0 996) t o its concentration within the range of 0 5 mrrrol 1 _ 1 (detectable limit) 
to at least 30 mmol l " 1 (Fig ID) 

Essential foi the analysis of the blood-brain barner (BBB) t ransport rs the 
information about the diug levels on both sides of the BBB (circulating blood and 
nervous tissue) Therefoie, the DN-Man redox potential m blood samples collected 
10 and 30 mm following the first i v DN-Man injection was measured by DPV As 
tested in mtio (DN-Man added to a known volume of the blood), there was just 
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a small lowerrng (by 4%) of the rnrtral DN Man peak amphtude (representing 30 
mmol 1 l concentratron) durmg the first ten mrnutes of the cahbratron (Frg 2>C 

operr squares) The results obtamed fronr crrculatmg blood were qurte drfferent Ten 
mrnutes after r v admrnrstratron of the first DN Man dose (expected rrrrtral DN-

Man concentration in circulating blood 30 mmol \~l see Matenals and Methods) 
DN-Man peak amplitude attained about twenty percent of that measured m vitro 

(Frg 3C, solrd squares) Only arr insignificant deciease was obseived dunrrg next 
20 minutes 

Prror to the DN Man rnjectron, three clearly rdentrfiable peaks (1, 2, 3) were 
present on the voltammetrrc recordmgs from the cortex (Frg 3B) Peak 1 (Frg 3 5 , 
b) formed at the lower voltage (130 ± 60 mV) corresponds to ascorbic acrd, while 
peak 2 (Fig 3B,c) with the maximum at a polarization voltage of 490 ± 50 mV 
represents a c atechol-oxrdatrve current (Lane et al 1976 Guadalupe et al 1992 
Pavlasek et al 1994) Peak 3 (Frg 3B, a) wrth an oxidation potential at 740 ± 
40 mV is iclated to 5-hydroxyindoles and/or therr metabohtes (Guadalupe et al 
1992) 

Between 4 and 15 mrnutes (9 2 ± 4 2 mm, n = 6) after the first DN Man 

injection, a distinct peak (4) occmred at —1040 + 50 mV that repiesented the DN-

Man íedox current (Fig 2>B,c) The data in Fig 3B l l lustiatmg the tnne-couise 
of the DN Man peak amphtude changes provide information about the DN Man 

t iansport dynamics across BBB in the fiontopanetal cortex A maximum of the 
DN-Man current was at tained within 30 mm aftei DN Man rnjectron The best 
paiametersof the da ta fit curve with the equation y = A/(l + (k/r)'') weie A = 106 
t, = 17 8, p = 3 

Locus coeruleus (LC) stimulation (Fig 4 4) was lepeated two-times at 5 
mm intervals The DN-Man peak which directly pieceded the first stimulation 
(Fig AB,a and Fig AC, time io + 2 mm) served as a control 

The first LC strmulatron caused a sudden increase m the DN-Man peak rn the 
cortex (Frg AB, a, b, Frg AC) The values ranged from 109% to 279% of the control 
(168 ± 59%, n = 8, P < 0 02, column II m Fig AD) A maximum of the DN Man 

peak augmentation was achieved 2 1 + 0 6 mm (n = 8) after the stmiulation and 
a reduction of the DN Man peak was observed thereafter 

After the second L C stimulation, the changes of the DN-Man peak amplitude 
were insignificant (117 ± 23%, n = 8, P > 0 05) 

In order to exclude the possrbihty that the observed effects were the result 
of a charrge in the electrochemrcal sensrtrvrty of the workrng electrode caused bv 
the stimulating current, the effect of strmulatron was tested agarn after the am 
rnal's death (r e about 15 mm after respuatron had stopped) The results shown 
m Frg AD column III (89 ± 11%, n = 3, P > 0 05) rule out thrs possrbrhty 
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Figure 3. Dynamics of the manmtol derivative (DN Man) transport across the blood-
biam barnei (BBB) in the cortex of the rat monitored with differential pulse voltammetrv 
(DP\ ) (A B) and conelated with concentration changes of DN-Man in blood (C) 4) 
Scheme of the drug transfer (solid triangle) fiom the circulating blood (arrows) across the 
BBB of a capillary into the extracellular space of the cortex The application of the DPV 
method is illustrated (W( - working electrode in the cortex) B) Kinetics of DN-Man 
transport across the BBB to the bram The time course of DN-Man current changes m 
the coitex of six rats expressed as percentages of the DN Man maximum cm rent (100% 

maximum current attained within 30 mm after i v DN-Man administration m each 
expeimieiit) The initial DN-Man concentration rn the circulatmg blood was 30 mmol 1_1 

a b c DPV voltammograms recorded m the coitex 8 (a), 14 (b), 30 (c) minutes after DN-
Man administration during one experiment The jjeak representrng the DN-Man current 
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D i s c u s s i o n 

Calibrations m saline arrd in blood samples revealed that 0.5 mmol . l - 1 DN-Man 

concentration was minimum detectable level and that the relationship between 
DN-Man concentration and DN-Man redox peak amplitude was linear and stable 
(Fig. 3C). These results indicated that DN-Man t ransport into the blood cells arrd 
its interaction with plasma proteins or with other blood components were weak. 

The possibility of local destruction of BBB functions caused by the insertion of 
the voltammetrie microelectrode had to be considered. Allen et al. (1992) showed 
that 20 min after slow (over 2 min) insertion of a microdialysis probe (0.2 mm o. 
d.), the BBB functions were intact. Therefore, we used a slow implantation pro-
c eduro of the working electrode followed by 10-15 min recovery period before the 
voltamniotric recordings started. The slow time-course of the DN-Man redox po
tential oecunence irr the nervous tissue after DN-Man injection (Fig. 3f?) indicates 
that BBB damage with the voltammetrie microelectrode was unlikely. 

In this study, DN-Man concentrations in the circulating blood were much lower 
(30 inmol . l - 1 ) than the mannitol concentration used for osmotic BBB disruption 
(25%i solution, i.e. approximately 1.2 mol . l" 1 ) . Moreover, slow administration into 
the femoral vein was used instead of carotid artery injection. As verified in blood 
samples, 30 mmol.l~J DN-Man negligibly lowered pH (by 0.02 unit); theiefore BBB 

opening caused by a pH shift (Oldendorf et al. 1994) was unlikely. 

There was a considerable decrease irr the DN-Man peak in circulating blood, 
to about 20% of its initial value, during the first ten minutes after the injection. 
This might reflect DN-Man interaction with the vascular bed, its distribution into 
the extravaseular compartments, rrretabolic transformation and/or elimination. An
other mannitol derivative (2,5-anhydro-D-mannitol) is taken up into the liver arrd 
rapidly phosphorylated in the rat (Park et al. 1995). It cannot be excluded tha t a 
similar mechanism might also account for the DN-Man decrease. 

In the rat, the brain uptake index (BUI) for mannitol yields only a small 

(indicated by 4 above the peak) appeared at —1050 mV The figures above other peaks 
indicate the respective redox currents of ascorbic acid (1), catecholamines (2). and 5-
hydroxytryptamme (3) The calibration represents 1 nA for all voltammograms (a,b,c). 
C) Changes m the DN-Man current in the blood. Open squares - redox current of 30 
mrnol l - 1 DN-Man measured in vitro in a blood sample (taken prior to the DN-Man 
injection) immediately after the addition of DN-Man to the blood sample (six rats, 100%) 
and 10 mm later (one experiment) Solid squares represent the DN-Man current in samples 
of the circulating blood taken from six rats 10 and 30 mm after i.v admrnrstratron of 
DN-Man and measured in vitro at the end of each experiment Values are expressed as 
percentages of the DN-Man redox current of 30 inmol.l -1 DN-Man rn blood samples 
(first open square). The initial DN-Man concentration in the circulating blood was 30 
mmol 1_1 
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Figure 4. The effect of locus coeiuleus (LC) stimulation upon the concentiation of the 
mannrtol derivative m the íat coitex, studied using differential pulse voltammetry (DPV) 
4) A schedule showing the experimental layout to studv the effect of LC stimulation on 
substiate transfer (solid triangle) from circulating blood (arrows) across the blood-bram 
barrrer of a capillar y (C A) into the cortex Note the noradrenergrc projections fronr the L C 
to the cortex mdrcated bv the broken fine The DPV device with the working electrode 
placed m the cortex (W,) and a stimulator (ST) with the stimulating electrode positioned 
m the LC aie shown B) DPV voltammogram representing the mannitol derivative (DN 
Man) peak m the coitex 4 mm after the second i v administration of DN Man (a), and 
the maximal DN Man peak reached 2 mm after LC stimulation, i e 6 mm after the second 
DN Man administration (b) The dashed line indicates the peak amplitude C) The effect 
of LC stimulation on the time-course of the DN-Man peak changes m the cortex Ordinate 
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value (Beglev et al 1990), radroactrvely labeled manrrrtol (14C-marrnrtol) crossed 
the BBB very slowly (Danrel et al 1981) and rt drd not exceed 6 7% of rts plasma 
concerrtratrorr rn the bram cortex (Amtorp 1980) There was a gradual increase 
m the peak lepreserrtmg the DN-Man redox current dining the 30 mm period 
aftei DN Man i v administration A slow DN Man elevation m the extracellulai 
imcioenvnonment of the cortex mrght restrrct DN-Man perretratron across BBB 

and rts rnetabohc degradatron and/or ehnunatron 

The L C inneivates marry bram aieas (Mooie and Bloom 1978) including the 
ceiebial coitex (Fntschv and Grzanrra 1992) To a lesser extent, there are also 
neurons contarrrmg dopamine (Veisteeg et al 1976) and 5HT (Palkovits et al 1974) 
m the LC besides noradrerrergrc cells (Chamba et al 1991) The presence of the 
c n/ymc nitnc oxide synthase in some L C neurons has also beerr demonstrated (Xu 
ct al 1994) Contacts between the axonal endings of LCneuions arrd the basement 
nrerirbrarrc of the mrcrovessel wall of the bram capillaries have been confirmed 
(Renrrels and Nelsorr 1975 Swarrson et al 1977) 

As proved m a study on rat bram slices (Pahj and Stamford 1994), electrrcal 
stimulation of the LC evokes noradrenaline efflux (verrficd by pharmacological arrd 
electrochemical criteria) As compared to the above authors, m oui m vivo study 
the LC was stimulated with lowei current intensity (1 niA instead of 10 m A) but 
with laigei rrurrrber of pulses (300 instead of 30) 

Oui íesults suggested an increased DN Man transport across the BBB induced 
by electrical stimulation of the LC There was no drfference rn BBB permeability 
changes between monopolar or brpolar strmulatron (electrode placement was con
firmed by hrstological examination) However, L C stimulation elicited a rapid sig 
nificant mc re ase of LW Man concentration m the extracellular space of the cerebral 
cortex (Frg AC) The dyrrarnrc changes of tins mcrease differs from the trme-course 
of the gradual DN-Man use observed after the administration a DN-Man dose 
into the blood circulation (Fig 3B) Taken together, our hndrngs concerning LC 

stimulation may reflect the tiansient character of the BBB openmg \ l though the 
present results do not provide an explanation of the precrse mechanism of this phe 
nomenon, we assume that the change of BBB permeability is probably associated 
with alpha-adrenoreceptor stimulation (Pieskorn et al 1982), due to activation of 
the mechanisms responsible foi pmocytotic potentiation m the endothelial cell of 

percentages of the DN Man control current (DN Man peak at io + 2 mm was taken as 
100%) Abscissa trnie in mm Stimulation is indicated by the arrow Results from one 
experiment D) The effect of LC strmulation on the DN Man peak in the cortex The hist 
column (I) control (100%) approximately 1 mm before stimulation The second column 
(II) maximal values of DN-Man peak after LC stimulation (attained between 1 and 3 
mm after L C strmulation) Results from erght experrments Hatched column (III) LC 
stimulation after the animal s death Results from three experiments 
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the bram capillaries (Sannento et al 1991) 

It could be expected that iepeated stimulation might lead to a more pro
nounced drug level me r ease m the b iam But this was not the case the second 
stimulation was ineffective This c air be explained bv a loweimg of the DN-Man 

concentration m the blood, altered transport capabrhtios of the BBB, decreased 
tiansmittcr hbeiat ion or bv various forms of caprllarv rec eptor desensrtrzation (re
ceptor uncoupling receptor affinity changes, down-regulation of receptor numbers) 
(Srblev and Lefkowit/ 1985) Altered sensitivity of the unciovessels to neurotrans
mitters has been observed (Palmer 1986) 

Aceordrrrg to the expeimiental data piosentod heiein DN-Man seems to be" 
a pronnsmg marker for voltammetnc monrtorrng of changes m BBB t ransport 
Nevertheless, care should be taken when mterpretmg of the i elation between the 
a n i e n t and the concentiation of the compound The results eorifiimed that LC 

stimulation increases cerebral vascular leakage for some compounds 

Acknowledgements . Suppoit to J P , M H and Cs H bv a giant from the Slovak 
Grant Agencv foi Science (AEGA 2/1006/97) is acknowledged 

R e f e r e n c e s 

Allen D D Crooks P A , Aokel R A 4-Tnmejthv lammomum antipvnne A quaternaiv 
ammonium nomadionuchde marker foi blood-brain barrier integrity during in vivo 
microdialvsis J Phaimarol Toxicol Method 28, 129—135 

Amtorp O (1980) Estimation of c apillarv permeabihtv of mulm sucrose and mannitol 
m i at bram cortex Acta Phy siol Scand 110,337 342 

Beglev D I Squires L K , Zlokovic B V Mitiovic D M Hughes C C Revest P A 
Greenwood I (1990) Permeabihtv of the blood-biam barrier to the immunosup
pressive c vchc peptide cyclosporin A I Neurochem 55,1222 1230 

Belov a T I Sudakov K \ (1989) Blood-bram barrier and emotional stiess In Stress 
Neurochemical and Humoral Mechanisms (Eds G R van Loon R Kvetnanskv 
R McCartv ] Axelrod) pp 313 323 Goidon and Breach Science Publishers 
New Aork 

Bol wig T G Hertz M M Paulson O B , Spot oft H Rafaelsen O 1 (1977) The 
peimeability of the blood-bram barrrer dunng electncallv induced seizures in man 
Eur I Clin Invest 7, 87 93 

Bradburv M W B (1979) The Concept of the Blood-Brain Barriei Wiley New York 
Chamba G Weissmann D Rousset C Renaud B Pujol I F (1991) Distribution of 

alpha-1 and alpha-2 binding sites m the rat locus coeruleus Bram Res Bull 26, 
185 193 

Daniel P M Lam D K Pratt O E (1981) Changes m the effectiveness of the blood-
bram and blood-spinal cord barners m experimental allergic encephalomyelitis I 
Neurol Sci 52, 211 219 

Fritschv I M , Gi/anna R (1992) Restoration of ascending noradrenergic projections bv 
residual locus coeruleus neurons compensatory responses to neurotoxm-mduced 
cell death m the adult rat bram I Comp Neurol 321,421—441 



\ o l t a m m e t n c a l h Determined Transjjort Across the Blood-Bram B a m e i 3 2 1 

G u a d a l u p e T Gon/ales Mora I L Fumero B Mas M (1992) Vol tammetnc m o m t o i m g 
of bram extracellular levels of serotonin, 5-hydroxymdoleacetic acid and uric acid 
as assessed bv simultaneorrs rmcrodialvsis J Neurosci M e t h 4 5 , 159 —164 

luhler M Neuwelt E A (1989) T h e blood-bram barrrer and t h e i m m u n e svstem In 
Implications of the Blood-Bram B a m e r and its Manipulat ion (Ed E A Neuwelt) 
p p 261 —292, P lenum P u b l Co New Aork 

lust ice I B Jr (1987) Introduct ion t o m vivo vol tammetrv Irr Voltammetrv rn the 
Neuroseiences (Ed J B Justice J r ) pp 3 101 T h e H u m a n a Press Clifton New 
lersev 

K d l a n a H N Stockmeier C A H a n k S I (1989) Bram rmcrovessels are innervated bv 
locus coeruleus noradrenergic neurons Neurosci Lett 9 7 , 203 -208 

Lane R F H u b b a r d A T Fukunaga K Blauchard R I (1976) B r a m catecholamines 
Detection m vivo by means of diffeiential pulse vol tammetrv at surface modified 
p la t inum electrodes B r a m Res 1 1 4 , 3 4 6 - 352 

Lee H B Blaufox M D (1985) Blood volume m the rat I Nucl Med 2 5 , 7 2 76 
Lee 1 Ols/ewski I (1961) Increased cerebral perme ability after repeated elect roshocks 

Neuiologv (~NY) 1 1 , 515 519 
Mermet C C Gorron F G (1988) E t h e r stress st imulates noradrenaline release m h\ 

pothalamic paraventricular nucleus Nemoeueloe nnology 4 7 , 7 5 82 
Mooie R A Bloom F E (1978) Centra l catecholamine neuiorr systems Anatomv and 

phvsiologv of the dopamine sy s tems Arm Rev Neurosci 1 129 — 169 
Muigas K Orhckv J Pavlasek I (1991) Monitoring of potass ium-st imulated cate

cholamine changes m str iatal synaptosomal preparat ions and m corpus s t r i a t u m of 
ra t s a comparat ive v o l t a m m e t n c s tudv Gen Physiol Biophvs 10 4 2 1 - 4 3 2 

Oldendorf W H , Stoller B E Tishler T A Williams I L Oldendoif S Z (1994) 
Transient blood-biam barrier passage of polar compounds at low pH Amer J 
Phvsiol 2 6 7 , H2229 - H 2 2 3 6 

Pali] P Stamford I A (1994) Real-t ime monitoring of endogenous noradrenal ine re 
lease m í a t bram slices usmg fast cvehc voltammetrv 3 Selective detection of 
noradrenal ine efflux m t h e locus coeruleus Bram Res 6 3 4 , 275— 282 

Palkovits M Brownstem M , Saavedra I M (1974) Serotonin content of t h e b r a m stemi 
nucler m the rat Bram Res 8 0 , 237—249 

Palmer G C (1986) Neurochemical coupled actions of t ransmi t te r s in t h e micro\ascula 
tare of t h e b r a m Neurosci Biobehav Rev 10, 79— 101 

P a i k C R SeelevR I Benthem L Frredman M I Woods S C (1995) Whole boch c n 
ergv expendi ture and fuel oxidation after 2 5 anhvdro-D mannito l adminis t ra t ion 
Amer I Physiol 2 6 8 , R299 R302 

Pavlasek I Mašanova C , Haburčak M , Murgaš K (1994) Catec holamrne overflow withm 
rat s t r i a t u m T h e influence of miciost imulatron and electroconvulsive st imulat ion 
as observed with vo l tammetrv Exp Phvsiol 7 9 , 327 335 

Pavlasek I Haburčak M , Mašanova C , Stole S (1996) Transport of antrhypoxrc drug 
s tobadme across t h e b lood-bram barrrer in ra t s t r ra tum arrd rts influence on ca-
techolamme-oxidative current A v o l t a m m e t n c s tudv under normal a n d anoxic/is-
chaemrc conchtrons Physiol Res 4 5 , 1 9 3 — 2 0 4 

Pavlasek J Haburčak M Mašanova C (1997) Uric acid passage across blood-bram 
barrier to t h e cerebral cortex and corpus s t r ia tum of t h e ra t as moni tored with 
differential pulse v o l t a m m e t r v ( D P V ) and fai>t scan cyclic v o l t a m m e t r v (FCV) In 

file:///oltammetncalh


322 Pavlasek et al 

Drug Transpor t Across t he Blood-Bram Barriei (Eds A G deBoei W Sutauto) 
pp 189 - 1 9 9 , Harwood Academic Publishers G m b H 

Paxmos G Watson C (1982) The Ra t Bram m Stereotaxic Coordinates Academic Press 
London 

P ieskom S H , H a r t m a n B K I iwin G H Hughes C W (1982) Role of central adren
ergic svstem in mediat ing ami t r ip tv lme induced al terat ions m mammal ian blood-
brarn barrrer m vivo I Pharmacol Exp Ther 2 2 3 , 388—395 

Raichle M E , H a r t m a n B K , Eichlmg I O Shaipe L G (1975) Central noradrenergic 
regulation of cerebral flow and vascular permeabihtv Proc Nat l Acad Sci USA 
72, 3726 3730 

Ronnols M L Nelson E (1975) Capillar v innervation m mammal ian central nervous 
system an deetrorr microscopic demonstrat ion Amer I Anat 1 4 4 , 2 3 3 241 

Roman-Goldstein S , Chime D A , Stevens I , Hogan R , Monard I , Ramsey F , Neuwelt 
E A (1994) Osmotic blood-brain barrier disruption C T and radronuc hde imaging 
Amer I Neuioradrol 15 , 581 - 5 9 0 

Sarmento A Borges N , Azevedo I (1991) Adrenergic influences on the control of blood-
brarrr barrrer permeabil i ty Naunyn-Sehmiedebeig s Arch Pharnr 3 4 3 , 633 637 

Sarmento A Borges N Lima D (1994) Influence of electneal st imulation of locus 
coeruleus on the rat blood-bram barrier permeabihtv to sodium fluorescein Acta 
Neúrodní (Vienna) 1 2 7 , 2 1 5 - 2 1 9 

Siblev D R Lefkowit /R I (1985) Molecular mechanisms of receptor desensit i /at ion us
ing the ^-adrenergic íeceptor-coupled adeny4ate c vc lase svstem as a model Nature 
3 1 7 , 124 129 

Swanson L W Connellv M A H a r t m a n B K (1977) Ultr astrue tur al evidence for 
central monoammeigie innervation of blood vessels m the paraventricular nucleus 
of the h\ po tha lamus Brairr Res 1 3 6 , 1 6 6 173 

\ e r s t e e g D H G \ an den Gugten J De long W Palkovits M (1976) Regional c on-
eentrations of noradrenaline and dopamine irr rat b ram Bram Res 1 1 3 , 5 6 3 574 

Wahl M Shilling L (1993) Regulation of cerebral blood flow-a brief íeview Ac t a Neú
rodn í Suppl (Vienna) 5 9 , 3 - 10 

Xu Z Q Pienbone Y A , Zhang X , Grillner S Hokfdt T (1994) A functional role 
for nitric oxide m locus coeruleus mrmunohistoc hemic al and electrophysiological 
studies Exp Bram Res 9 8 , 75—83 

Final version accepted November 11 1998 

file:///ersteegD

