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Abstract—\Volume transmission in the brain is mediated by the diffusion of neurotransmitters, modula-
tors and other neuroactive substances in the extracellular space. The effects of nitric oxide synthase
inhibition on extracellular space diffusion properties were studied using two different approaches, the
histological dextran method and the real-time iontophoretic tetramethylammonium method. The spread of
biotinylated dextran (mol. wt 3000) in the extracellular space was measured morphometrically following
microinjection into the neostriatum of male rats. Two parameters were used to describe the spread of
biotinylated dextran in brain tissue, namely, total volume of spread and the mean grey value. The non-
specific nitric oxide synthase inhibitoM®-nitro-L-arginine methyl ester (10—100 mg/kg) aN8-mono-
methyli-arginine acetate (30—200 mg/kg) decreased the total volume of spread of dextran in a dose-
dependent manner. 7-Nitroindazole monosodium salt (50—-100 mg/kg), a specific neuronal nitric oxide
synthase inhibitor, did not change the total volume of spread of dextran. Using the tetramethylammonium
method, the extracellular space diffusion properties can be described by the volume fracti®x{ra-

cellular space volumeftotal tissue volume), tortuoiih? = free diffusion coefficient/apparent diffusion
coefficient in tissue), and non-specific uptaké¢Nicholson C. and SykoVE. (1998)Trends NeuroscP1,
207-215]. Nitric oxide synthase inhibition B?-nitro-L-arginine methyl ester (50 mg/kg) had relatively

little effect on volume fraction and tortuosity, and no changes were observed\&tieronomethyle.-
arginine acetate (20 mg/kg) or 7-nitroindazole monosodium salt (100 mg/kg) treatment. A substantial
increase was found only in non-specific uptake, by 13% aff&nitro-L-arginine methyl ester and by

16% afterN®-monomethylt-arginine acetate, which correlates with the decreased total volume of spread
of dextran observed with the dextran methdtf-Nitro-L-arginine methyl ester treatment (100 mg/kg)
decreased striatal blood flow and increased mean arterial blood pressure. The changes in dextran spread
and non-specific uptake can be explained by an increased capillary clearance following the inhibition of
endothelial nitric oxide synthase, as neuronal nitric oxide synthase inhibition had no effect.

The observed changes after non-specific nitric oxide synthase inhibition may affect the extracellular
space concentration of neurotransmitters and modulators, and influence volume transmission pathways in
the central nervous system by increased capillary and/or cellular clearance rather than by changes in
extracellular space diffusio® 1999 IBRO. Published by Elsevier Science Ltd.

Key words neostriatum, extracellular space, vascular permeability, diffusion, volume transmission, nitric oxide
synthase.

Intercellular communication in the brain can be clas*private” one-to-one transmission (such as synapses
sified as wiring transmission and volume transmisand gap junctions), with little distance between the

sion (VT)3*41% Wiring transmission includes source and target, and is therefore substantially inde-
pendent of brain extracellular space (ECS). VT,

tTo whom correspondence should be addressed. which is a one-to-many transmission and includes
Abbreviationsa, volume fraction, tortuosity; ADC, apparent paracrine and endocrine-like transmission in the
diffusion coefficient; CBF, cerebral blood flou, diffusion  prain extracellular fluids, is highly dependent on

coefficient; DAB, 3,3-diaminobenzidine tetrahydrochloride; .
ECS, extracellular space; eNOS, endothelial nitric oxidéhe features of brain ECSThe study of ECS and

synthasek’, non-specific uptake;-NAME, Ne-nitro-L-argi-  1ts changes in different physiological and pathologi-
nine methyl ester,.-NMMA, NS-monomethyle-arginine cal conditions are therefore of great interest for VT.
acetate; MAP, mean arterial blood pressure; MGMean Several factors can modify brain ECS and mole-
grey value; 7-NINA, 7-nitroindazole monosodium saltc;|ar diffusion in it. The ECS volume fractionf =

nNOS, neuronal nitric oxide synthase; NO, nitric oxide; .
NOS, nitric oxide synthase; TMA tetramethylammonium; ECS volume/total tissue volume, 0'20) and the ECS

V4, total volume of dextran spread; VT, volume transmissiorfortuosity (), the ratio of free diffusion coefficient
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(D) to brain apparent diffusion coefficient (ADC): striatum, as well as systemic arterial blood pressure)
N = (D/ADC)%5, are such factors. In the normalwere also studied following NOS inhibition with
brain, X varies from 1.5 for small molecules suchN®-nitro-L-arginine methyl ester.L{(NAME) treat-

as transmitters, to 2.5 for large molecules such asent.

albumin® Changes in the morphology and volume

of cells, as well as in the composition and concen- EXPERIMENTAL PROCEDURES

tration of molecules of the extracellular matrix, can

modify botha andX of brain ECS®48For example, Animals

it has been shown that glutamate can cause astrogliaRbout 150 adult male Sprague—Dawley rats (225-485 g,
swelling and ECS volume decrea¥eln general, three to six months old_; B&I_( Universal, S_ollentuna,
g/eden) were used for this project. The experiments were

activity decreases ECS volume (see, e.g., the eﬁe@arried out at the Department of Neuroscience, Karolinska

of repetitive electrical stimulation in rat spinal|ngtityte, Stockholm, Sweden (biotinylated dextran spread
cord*). On the other hand, clearance of moleculesxperiments, cerebral blood flow and morphology) and at
from the ECS depends on uptake by cellulathe Department of Neuroscience, Prague, Czech Republic
clements, degradation by enzymes and leakaffdth difuson measurements) n orderto use the same
Into th_e blood vessels. Therefore, while dlfoSI_O_ umber of rats were sent from Stockholm to' Prague. The
of a given mo_lecule can be controlle(_j by S_pECI_fI%tS were maintained on a regular light—dark cycle (12 h
mechanisms like uptake or degradation, diffusionn/off) in temperature- and humidity-controlled rooms

of all molecules will be influenced by overall (22-24C, 30-40% relative humidity), and fed Beekay
changes in ECS parameters. Rat and Mouse Standard Diet and wagat libitum All

L2 . . possible efforts were made to reduce the number of rats
Nitric oxide (NO) is a neuromodulator formed by seq and to minimize the suffering of the rats. Experimental

the enzymatic oxidation af-arginine toL-citrulline.  protocols were approved by the local ethical board in
Three isoforms of nitric oxide synthase (NOS) existStockholm (N202/96) and in Prague.

Two of them, endothelial NOS (eNOS) and neuronal

NOS (nNOS), are constitutive and calciumExperimental protocols for biotinylated dextran spread
calmodulin-dependent enzym&sThe third form,  giereotactical microinjections. The rats were halothane
inducible NOS, is found in many cells, includinganaesthetized (2% in the inspired air) and mounted in a
astrocytes and microgli, and is induced by pro- stereotactic frame (Kopf Instruments, U.S.A.). A midline

inflammatory eventé® NO, once synthesized in incision was made in the skin covering the skull, and a 3-
) ' .mm hole was made using a dental drill (Messner Emtronic,

e.g. ngrve terminals, glial processes_ or en,dOthe"réLttenhausen, Germany). Microinjections (122 min) of
cells, diffuses in the ECS as well as in the intraceldextran (1-10q.g/ul) were made stereotactically into the

lular space towards the target cells, where iightcaudate nucleus (nose—2.5 mm, bregma= 0.5 mm,
increases intracellular guanosineS8-cyclic mono- lateral= 2.5 mm, ventral= —5.0 mm) using glass micro-

ipettes* (tip diameter 50—7@m) made from 1.5 mm
phosphate. NO has been shown to have a bro@ illaries (Bluebrand/Intramark, Germany). The glass

range of effects in the brain, including effects onyicropipettes were back-filled with dextran (mol. wt 3000,

cerebral blood flow?® capillary permeability’'?1~ |ysine fixable; Molecular Probes, Eugene, OR, U.S.A.; no.

2427 yasomotion’, blood flow to the plexus choroi- D-7135), dissolved in mock cerebrospinal fluid (150 mM
. . + + + +

deus®® transmitter releasé and astroglial func- Na', 3.0mM K*, 1.4 mM C&’, 0.8 mM Mg, 1.0 mM

. 61620 . phosphates, 155 mM C) and connected to a Lt Hamilton
tion. All of these effects may influence thesyringe. The microinjection was controlled by a microinjec-

size and geometry of the ECS. Therefore, NQor pump (CMA100, Carnegie Medicine, Stockholm,
which is by itself a VT signal, is likely to influence Sweden) connected to the Hamilton syringe. A temperature
diffusion in the ECS of other VT signals through zcontroller (CMA150, Carnegie Medicine) was used to main-
number of mechanisms. tain constant body temperature (37 0.5°C). After the

. . . icroinjection, th d losed with th t .
The NOS inhibitors used in this study rapldlymlcromjec 'on, the wound was closed wi fee sutures

. . 049 |pipie
increase systemic blood prgssﬂ‘?’ﬁ. Inhibition 566 preparation. The experiment was terminated by
of NOS occurs in _40—60 mifP:2641 For the fU|_| transcardial perfusion under deep barbiturate anaesthesia
effect of NOS inhibitors to develop, a longer time(100 mg/kg, i.p., sodium pentobarbital, Apoteksbolaget,
may be requireé? Our main interest was, however’StOCkhO|m, Sweden), with 0.9% NaCl solution followed

; ~ i y 8% paraformaldehyde in 0.1 M phosphate buffer (pH
in the short-term effects of NOS inhibition, beforeglg). The brains were dissected out and sliced. Brain slices

secondary effects of NOS inhibition develop. (bregma~ — 1.8to + 2.7 mm) were postfixed for 60 min
In this study, we examined the effects of NOSnd cut as 5q:m-thick sections on a Vibratome (Lancer, St
inhibitors on the ECS of the striatum, as assesséduis, MO, U.S.A.) and rinsed in 0.1 M phosphate-buffered

by morphological measurements of tlie vivo saline. Every second section was incubated with streptavi-
g din—horseradish peroxidase solution (1:200; Vectastain
spread of biotinylated dextran (mol. wt 3000}zgc it vector Laboratories, Burlingame, CA, U.S.A)

referred to hereafter as dextran), an ECS markeapyr 45 min. These sections were then reacted for 7 min in
and by determining the diffusion parameters of thB0 mM Tris—HCI buffer (pH 7.4) containing the chromogen
ECS using the tetramethylammonium (TMA 3,3-diaminobenzidine tetrahydrochloride (DAB; 0.2 mg/

34 :l; Sigma no. D-5637) and 04l/ml H,O, (Perhydrol,
method=™ Furthermore, some parameters Whlc'ﬁ/l]erck, Germany). They were rinsed in 50 mM Tris—HCI

may alter ECS diffusion (i.e. the state of the,fier (pH 7.4), mounted on gelatin-coated slides, air dried,
blood—brain barrier and cerebral blood flow in throcessed through alcohol/xylene and coverslipped with
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Fig. 1. The spread of biotinylated dextran (mol. wt 3000; 100 nlu.dQel), 30 min following intrastriatal

injection, detected by the streptavidin—horseradish peroxidase/DAB technique. Two pictures from the same

representative section are shown with (B) and without (A) the superimposed discrimination frame used for
image analysis area determination (Zeiss/Kontron IBAS-system). Scate 580 um.

Mountex (Histolab, Sweden). Throughout the wholespecifically stained area (equal to 1 for a circle and to O
process, the sequence of individual sections was maintainédr a segment).

The possible migration of fixed dextran during the histolo-
gical preparation is unlikely using 8% paraformaldehyde 1, oorse and dose—response experimerif@ obtain
fixation in combination with lysine-fixable dextran. In anyy,q fime_course of spread of dextran, rats were microin-
case, the histological preparation was performed using the o with dextran (3Q.g/ul) and perfused 2, 30, 60 and
same time schedule in all brain slices (60 min postflxatlor{I '

- o X > ! = 120 min @ = 5/group), and 24 h after injectiom & 2). In
90 min sectioning, 45 min ABC kit incubation and 7 min iny, o dose-response experiment, rats were microinjected with

DAB). Every brain was checked for appropriate perfusio .
by verifying the absence of blood cells in the capillaries O%érflu%eg %Oarrr]I?n é?grr?(/ilS?Jrobdgt)l_nylated dextran, and

the striatum.

Nitric oxide synthase inhibition experimentsThe proto-

Image analysis. An IBAS image analysis system (Zeiss/C0Is used in the NOS inhibitor experiments are presented
Kontron) was used for semi-automatic analysis of the ned? Table 1. A concentration of g/l of dextran and a time
striatal sectiond®®Images were digitized (512512 pixels/ interval of 30 min were chosen for the NOS inhibitor experi-
256 grey levels; white= 255/black= 0) into the IBAS ments. Rats were injected i.p. with an NOS inhibitor or
system using a Zeiss Axiophot microscope equipped witpaline (controls), 10 min prior to the microinjection of
a Plan-NEOFLUAR 1.25/0.035 objective, yielding a finaldextran into the neostriatum. Thirty min after micro-
maghnification at the focal plane of 1.25. Obvious artifacts injection, the rats were perfused. The following NOS
were interactively erased during the process. An arbitramhlbltors were usedL-NAME (10, 50 and 100 mg/kg),
but objective criterion (see later) was selected to assess tN&-monomethyle-arginine acetate L{NMMA; 30, 100
limits of diffusion of dextran. Thus, an identical automaticand 200 mg/kg) and 7-nitroindazole monosodium salt
procedure was used to determine the discrimination level {{-NINA; 50 and 100 mg/kg) (Tocris Coockson Ltd.,
all the sections analysed. The background grey level waistol, U.K.). The three NOS inhibitors were given in
obtained from a sample of the contralateral striatum dioses used previously:!831.32383941434 .NAME and L-
each section. The discrimination level for specific stainin%MMA_ have been characterized as non-specific NOS inhi-
was set to a grey value defined as the mean grey value Rjtors, inhibiting all three forms of NOS, althougAiNAME
the background minus 3.0 times the standard deviation 8hows some specificity towards eN&S-NINA is known
the background grey Va|uéq|:|g 1). The specifically tC_) mainly inhibit nNOS45 The NOS Inhlbl_tOI'S were freshly
stained area was delineated using an erosion/dilation prodissolved and administered in 1 ml saline/rat (0.9% NaCl
dure in order to fill small unstained holes and to even th#/v), except for 7-NINA, which was sonicated in 1 ml of
borderss The following parameters were calculated for eaclistilled water until completely dissolved.
section series (brain): volum¥®y{), estimated from the indi-
vidual specifically stained areas in the sections measur
mean grey value (MGY, the overall median of the
mean grey values from the individual specifically stained Experiments were performed on 20 rats anaesthetized
areas in the sections measured; and form factor, i.e. thath an i.p. injection of sodium pentobarbital (65 mg/kg).
ratio between the minimal and maximal axes of th&he skull was opened with a dental drill (bregmd®.5 mm,

efietramethylammonium diffusion measurements
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Table 1. Protocol for the nitric oxide synthase inhibition experiments

Experiment NOS inhibitor Dose (mg/kg, i.p.)*
Dextran spreadt L-NAME 10, 50, 100
L-NMMA 30, 100, 200
7-NINA 50, 100
TMA~ diffusion parameterst L-NAME 50
L-NMMA 20
7-NINA 100
Cerebral blood flow§ L-NAME 100
Blood—brain barrier leakagie L-NAME 100

The effects of NOS inhibitors were studied in the following experiments, all performed in the neostriatum of male rats. Dextran
spread: the spread of microinjected biotinylated dextran (mol. wt 3000) was semi-quantified by image analysisliff\dion
parameters: the diffusion parameters were measured by the real-time iotophoretit fethod. Cerebral blood flow: the
cerebral blood flow was recorded using a laser Doppler flow meter. Blood—brain barrier leakage: morphological evaluation of
blood—brain barrier leakage.

*NOS inhibitior was given 10 min before the start of the respective experiment.

TNeostriatal microinjection (0.l) of biotinylated dextran (mol. wt 3000; 1g/w.l; 30 min duration).

FMeasuring time: 60 min.

8Recording time: 150 min.

|| Duration of the experiment: 30 min.

lateral= 2.5 mm) and the dura removed. The animal waéfter measuring the reference voltage corresponding to

secured on a heated pad to keep body temperature arouncthM TMA™*, the array was lowered to the appropriate

37°C. Atrtificial cerebrospinal fluid with 1 mM tetramethyl- depth, and recorded diffusion curves analysed to yégld

ammonium chloride heated to %7 was dripped onto the A\ and non-specific uptaké/ (s™1), in the brain.a, A and

surface of the exposed skull so as to make a little pool ovéf in the striatum were determined, and then followed for

the brain surfac& The animal breathed spontaneously. about 1 h following treatment with an NOS inhibitor. The
ECS diffusion parametersy( A and k') were measured following treatments were used:NAME (50 mg/kg, i.p.),

using the real-time iontophoretic TMAmethod. A TMA™-  L-NMMA (20 mg/kg, i.p.) or 7-NINA (100 mg/kg, i.p.).

selective microelectrode was used to measure, in real time,

the diffusion profile of an iontophoretically applied ion, ) ’ ’

TMA * *that is restricted to the extracellular Compartmengr);psinmemal protocol for striatal blood flow and arterial blood
M X ; : ure measurements

Diffusion curves were obtained and the time-dependent rise

and fall of the extracellular concentration of TMAwvas Rats were halothane anaesthetized during the experiment
fitted to a radial diffusion equation modified to account forand respiration maintained via a tracheal cannula connected
extracellular volume fraction and tortuosity. to an artificial respirator. They were injected with saline

Double-barrelled TMA-selective electrodes were fabri- (controls) orr.-NAME (100 mg/kg, i.p.). Cerebral blood
cated as described by SyKo¥aThe tip of the TMA*-  flow (CBF) in the neostriatum and mean arterial blood pres-
sensing barrel was filled with Corning *Kexchanger sure (MAP) were monitored continuously during 150 min
477317 and the rest of the channel was back-filled witfollowing either treatment. Arterial CQension p,CO,) and
100 mM tetramethylammonium chloride. The referenc@artial pressure of oxygemO,) levels were analysed and
barrel contained 150 mM NacCl. lontophoretic micropipette&ept at normo-oxaemia. Body temperature was maintained
were prepared from theta glass capillaries. Their shafts weae 37 = 0.5°C by means of a heating pad.
bent so that they could be aligned parallel to those of the The method for CBF has been used previously in our
TMA *-selective microelectrodes. They were then bacKaboratory (for details, see Ref. 51). A laser-Doppler flow
filled with 100 mM tetramethylammonium chloride. Elec-meter probe (0.45 mm diameter; PF2B; Perimed, Sweden)
trode arrays were made by gluing together an iontophoresigs inserted into the neostriatum (coordinates as for dextran
pipette and a TMA-selective microelectrode with a tip microinjections; see above) and the flux signals from the
separation of 100-20@m. Typical iontophoresis para- laser-Doppler flowmeter were recorded. The tissue included
meters were + 20 nA bias current (continuously appliedin the measurement consisted of a hemisphere with a radius
to maintain a constant transport number), with eitdeB0-  of 1 mm 33 CBF values were expressed as a percentage of
or + 180-nA current steps of 60 s duration to generate thtae mean value found during the 40 min prior to treatment
diffusion curve®? (baseline). No absolute blood flow values in ml/min can be

Potentials recorded on the reference barrel of the TMA obtained using this technique.
selective microelectrode were subtracted from the ion-selec-MAP was monitored continuously by means of a hepar-
tive voltage measurements by means of buffer and subtranized plastic catheter (PE-50) inserted into the common
tion amplifiers. TMA" diffusion curves were captured on acarotid artery, connected to a Statham PC23 d.c. transducer
digital oscilloscope (Nicolet 310) and then transferred to étatham, Puerto Rico) and a pen recorder. MAP values
PC-compatible, 486 computer, where they were analysed byere expressed as a percentage of the baseline mean value
fitting the data to a solution of the diffusion equation using40 min) prior to treatment.
the program VOLTORO (Nicholson C., unpublished obser-
vations).

TMA* concentration
0.3% agar gel (Difco, Agar Noble) in 150 mM NaCl, 3mM  Forty minutes after treatment with saline (1 ml, i.p.),
KCl and 1 mM tetramethylammonium chloride to yield NAME (100 mg/kg, i.p.) on-phenylephrine (2@ug/kg/min
electrode transport number and TMAliffusion coefficient. for 5min, i.v.) (W = 3 in each group) rats were deeply

—_time curves were first recorded irIFxpenmentaI protocol to visualize blood—brain barrier leakage
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Table 2. Time-course and dose—response for spread of biotinylated dextran (mol. wt 3000) microinjected into the neostriatum:
microdensitometrical and morphometrical parameters using the discriminative method

Volume Mean grey value Form factor
Vd (mm3) (MGVd)
Time (min) 2 16+ 2 30+ 3 0.65+ 0.03
30 43+ 62 302 0.78=* 0.01°
60 56+ 32 25+ 1 0.78=+ 0.0
120 66+ 152 21+ 2b 0.77+ 0.01°
Dose (.g/ul) 1 20+ 3 24+ 3 0.82+ 0.02
10 21+ 4 24+ 2 0.78+ 0.0Z
30 50+ 3d 32+ 2¢ 0.81+ 0.01
100 54+ gd 28+ 1 0.81+ 0.01

The time-course and dose—response relationship for the spread of biotinylated dextran (mol. wt 3000) microinjected into the
neostriatum. The rats were halothane anaesthetized and dextran was microinjectegdlinfGriock cerebrospinal fluid. A
concentration of 3@.g/pl of biotinylated dextran and a 30-min time interval were used in the time-course and dose—response
experiments, respectively. The following parameters were calculated for each section series (brain): Vglwestniated from
the individual specifically stained areas in the sections measured; mean grey valug)(fh@&\dverall median of the mean grey
values from the individual specifically stained areas in the sections measured; form factor, i.e. overall ratio between the minimal
and maximal perpendicular length of the specifically stained area. Data are presented as 18damd.;n = 5 in each group.
One-way ANOVA followed by Fisher's PLSD post hoc comparison was used in the statistical arakgsis05 was considered a
statistically significant difference. Statistically significant trenBs<( 0.05) were found folVy of the time-course and dose
response and for the form factor of the time-course, using a Jonckheere—Terpstra tretfifésient from 2 min; different
from 2 and 30 min&ifferent from 1 and 1Qug/pl groups;edifferent from 1 and 1Qug/ul groups;'different from 1p.g/ul group.

anaesthetized (pentobarbital) and killed by transcardidiGV, (Table 2). At the 24-h time interval, the;
perfusion of saline (50 ml), followed by fixative (100 ml; \yas very low, namely 1.8 0.3 mn®, the MGV

4% paraformaldehyde and 0.2% picric acid in 0.1 M phos-
phate buffer, pH 6.9). Slices of the brains were kept in tr}vas 23+ 2 and the form factor was 0.4% 0.1

fixative for 90 min and then immersed in 10% sucrose i = 2). _ _
0.1 M phosphate buffer. Vascular protein leakage was visua- In the dose—response experiment, using doses of
lized by immunocytochemistry. Two primary antibodiesgextran from 1 up to 10Q.g/ul, the volume ¥) of

were used, biotinylated anti-rat immunoglobulin G (1:100j56]led dextran in the neostriatum increased signif-

Vector) and rabbit anti-rat albumin (1:250; Nordic),. .
followed by an ABC kit (Vector) with DAB as chromogen. icantly, from 20+ 3 to 54 * 8 mn®, in a dose-

Three rats were given 3 mi/kg of 2% Evan’s Blue in 0.9%dependent manner, 30 min following microinjection

NaCl (i.v.) 20 min before treatment. (Table 2). In the same experiment, the Mgara-
meter increased from 24 3 to 32+ 2 (30 ug/ul).
Statistical analysis Statistically significant differences were found for

The statistical analysis of the dose—response, time-comlol'ée Vd’_ MGV, and form factor param_eters, when
and NOS inhibitor experiments was carried out by means @nalysing the dose-response data with a one-way
a one-way ANOVA followed by Fisher's PLSD test, andANOVA. A significant monotonic trend § <
also further analysed with a Jonckheere—Terpstra trend tegtgs, Jonckheere—Terpstra test) toward an increase

Student’'s-test was used for the electrophysiological experi-
ments. In order to compare the integrated (area under s found for the/y, but not for the MGV and form

curve) values and peak values of the CBF/MAP curves, tHactor (Table 2).
Mann—-Whitney U-test was used. Data are presented as

means* S.E.M.P < 0.05 was considered to be a statisti- - . S
cally significant difference. Effects of nitric oxide synthase inhibition on the

spread of biotinylated dextran

RESULTS L-NAME treatment with 50 or 100 mg/kg, but not
with 10 mg/kg, significantly decreased thg of
labelled dextran to 65 2% and 63+ 4%, respec-
The volume V) of labelled dextran (3@.g/wl) in  tively, of control value in the neostriatum 30 min
the neostriatum increased from 2 to 120 min pos&fter microinjection. In the same experiment,
injection (from 16+ 2 to 66 = 15 mn?), and the MGV decreased significantly to 6& 11% of
MGV, values decreased from 30 3 to 21 = 2 control value byL-NAME treatment (50 mg/kg).
(Table 2, Fig. 1). Significant differences wereThe form factor was not changed by any dose of
found for theVy, MGV, and form factor parameters, L-NAME treatment (Fig. 2A).
when analysing the time-course data with a one-way L.-NMMA treatment with 30, 100 or 200 mg/kg
ANOVA. A significant monotonic trendR < 0.05, significantly decreased th¥, of labelled dextran
Jonckheere—Terpstra test) toward an increase was58 = 11%, 48+ 10% and 52+ 7% of control
found for the V4 and form factor, but not for value, respectively, 30 min after microinjection into

Spread of biotinylated dextran
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7-NINA treatment with 50 or 100 mg/kg did not
change the/y, MGV, or form factor parameters of
dextran 30 min after microinjection into the
neostriatum (Fig. 2C).

Tetramethylammonium diffusion parameters in the
neostriatum following nitric oxide synthase
inhibition

% of respective control group

mean value

0 10 50

+ H H H
Dose (mg/kg) TMA * diffusion curves were recorded at various

depths of the striatum. The electrodes were inserted
2.9 mm below the surface of the brain and diffusion
L-NMMA curves were taken every 0.2 mm down to a depth of
3.7 mm. All measurements were made with the tips
of the electrodes aligned transverse to the sagittal
suture. Diffusion parameters did not vary with
depth. Volume fraction ) in the striatum was
0.22 = 0.007 (mean*= S.E.M.), tortuosityh =
1.60 + 0.02 and non-specific uptaké = 5.8 +
0.6 (102 s™Y). After several control measurements,
the NOS inhibitor was given (i.p.) and the diffusion
parameters followed for about 1 h. Diffusion curves
were taken at 5-min intervals. Figure 3A, C and D
shows the time-course ef, A andk’ following L-
7-NINA NAME treatment. For statistical analysis, the mean
of all measurements 0—30 min before the NOS inhi-
bitor application (control value) was compared with
the mean of measurements made in the time interval
of maximal response after the treatment (Table 3,
&= Vd Fig. 3B). FollowingL-NAME (50 mg/kg) treatment,
mMevd  volume fraction, tortuosity and non-specific uptake
increased significantly, while following-NMMA
(20 mg/kg), only the non-specific uptake increased
significantly. However, with.-NAME, the changes
Dose (mg/kg) in volume fraction (8%) and tortuosity (2%, i.e. a 4%
Fig. 2. Dose-related effects of NOS inhibition on the spread dlecrease in ADC) were relatively small. 7-NINA
biotinylated dextran (mol. wt 3000), following microinjection (100 mg/kg) treatment did not significantly change
into tfhe Zﬁ?{?ﬁé‘?&;’?@&ﬂ rﬁgfa%ig?eggz dsiéf:;dd‘g ‘i%tefm’éiny of the diffusion parameters. The possible effect
and gi;?wificantly foIIowingL-NAJI)\/IE (A) and LNMMA ®) Yof the observed changes on the TMAnd possibly
treatment, but not after 7-NINA (C) treatmentNAME treat- @ISO the dextran spread can be demonstrated using
ment decreased MG\significantly (A; P < 0.05). The form  TMA™ isoconcentration spheres, representing
{actft)f (FFt) V'I\'I?S nOtchanged_byf\lAMl_E, L-NMl\t/lAtor/z'\-/lNElNA surfaces where TMA reaches a concentration of
reatment. e rats were given saline (contrak) , L- i i i i i 1
NMMA or 7-NINA 10 min p?ior to the de>(<tran mi):roinjection, O']'_MM 10 mlpg after Its- lontophoretic application
and 30 min after the microinjection the rats were killed. Dextrar(I . 180X 10" A, 60 S) in the centre of the sph.ere
was visualized with streptavidin—horseradish peroxidase usitfrig- 3E, F). The sphere afterNAME treatment is
DAB as chromogen in serial sections (/1:2 sections) smaller, i.e. TMA" spread is reduced. A similar
throughout the neostriatunvy, MGV, and form factor for the Change could be demonstrated farNMMA,

specific labelling following microinjection of dextran were ; ;
determined by image analysis. The graphs show the mean re. al-thOUQh the most important factor was the increase

tive change compared to respective control vatu8.E.M. o= 1N Uptake.

3-5 in each group). Statistical analysis was made with a one-

way ANOVA followed by a PLSD test @ < 0.05). Mean L . o .
baseline values\; MGVy; form factor; for variability, see Effects of nitric oxide synthase inhibition on striatal

figure):L-NAME treatment (26 mrf 26; 0.79).-NMMAtreat-  blood flow and mean arterial blood pressure

ment (16 mni; 20; 0.79), 7-NINA treatment (18 min22; 0.79). .
Treatment with L-NAME (100 mg/kg) slowly

reduced the relative CBF during 150 min (Fig.
the neostriatum. In the same experiment, the NGWA). When considering the percentage CBF change
was reduced, although not significantly, by%CBF) integrated over time (area under the curve),
L-NMMA treatment (100 and 200 mg/kg). Thea significant decrease was found. During 150 min,
form factor was not changed hyNMMA treatment the relative MAP increased significantly (Y%oMAP
(Fig. 2B). change integrated over time) followingNAME
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Fig. 3. Neostriatal ECS diffusion parameters measured with the real-time iontophoreti¢ fidthod following
L-NAME treatment (50 mg/kg, i.p.). (A, C, D) Time-course of volume fractiej {ortuosity §) and non-specific
uptake k') before and after-NAME application. Maximal changes i andk’ were found 10—30 min aftar-
NAME application. Maximal changes were observed 30—40 min after the treatment. Data presented s mean
S.E.M. f1 = 14). (B) Two characteristic TMA diffusion curves (control and-NAME treatment, 20 min),
together with the respective values far A and k’. (E, F) Isoconcentration spheres representing surfaces
where TMA" reaches an extracellular concentration of @M 10 min after its application (= 180 X
1079A, 60 s) in the centre of the sphere. Mean values of the ECS diffusion parametersagdk’) before
and aften.-NAME treatment (see Table 3), as well as parameters typical for Thh&asurement®(= 1.311x
10°m?s at 37C, n = 0.3; D = diffusion coefficientn = transport number), were used. The isoconcentration

sphere after.-NAME treatment is smaller than the isoconcentration sphere before the treatment.
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Table 3. Effects of nitric oxide synthase inhibition on the striatal diffusion parameters

Treatment Parameter Control value Maximal response
L-NAME (50 mg/kg) a 0.22+ 0.01 0.24+ 0.01*

N 159+ 0.02 1.62+ 0.03*

K 6.4= 0.7 7.2+ 0.8*
L-NMMA (20 mg/kg) a 0.23+ 0.01 0.23+ 0.01

N 1.61+ 0.01 1.63+ 0.01

K 6.1+ 04 7.1+ 0.2*
7-NINA (100 mg/kg) a 0.20+ 0.01 0.20+ 0.01

N 1.63+ 0.01 1.60=x 0.02

K 42+0.9 29+ 04

Striatal diffusion parameters were measured using the real-time iontophoretic T#hod. The mean of all measurements 0—
30 min before NOS inhibitor application (control value) was compared with the mean of measurements made in the time interval
of maximal response after the treatment. All values are expressed asn®&&nM. Paired Studenttstest was used for statistical
analysis in the case a-NAME (n = 14) treatment. For-NMMA (n = 11) and 7-NINA ( = 8), unpairedt-test was used.
Significant changes are marked with asterigks<(0.05).«, volume fraction\, tortuosity;k’, non-specific uptake (16 s™%); n,
number of measurements.

>

MAP treatment (Fig. 4B). The increase in MAP was rapid,
with a significant maximal change at 10 min
(+51%), and outlasted the observation period
(150 min).

80 -

Evaluation of vascular protein leakage

The effects of.-NAME treatment on the blood—
brain barrier were evaluated by visualizing the leak-
age of blood proteins into the cerebral ECS. As a

* T comparison, the effects of a hypertensive treatment
Y 10 20 45 90 150 known to increase the vascular permeability
Time (min) (phenylephrine, 2@.g/min, 5 min}’ and reported
to increase MAP by the order of 50% were
evaluated. In the dextran experiments, the rats
were killed 40 min after NOS inhibitor injection.
B CBF Therefore, a similar time interval was used in this
experiment. Vascular permeability was not substan-
tially increased by.-NAME or phenylephrine, as
visualized by rat albumin immunoreactivity or
Evan’s Blue fluorescence (Fig. 5). Analysis of rat
immunoglobulin G immunoreactivity gave similar
results (data not shown).

value

% of respective baseline mean

% of respective baseline
mean value

DISCUSSION

-120 L e S S The present paper analyses the influence of NOS
10 20 45 90 150 jnhibition on ECS diffusion parameters by measur-
Time (min) ing the spread of biotinylated dextran (mol. wt 3000)

Fig. 4. Effects of systemic-NAME (100 mg/kg) treatment on iN brain tissuein vivo and the diffusion of TMA.
striatal blood flow (CBF; A) and MAP (B). Following-NAME ~ Dextran has been used in the study of the ECS.
treatment, CBF decreased significantly and MAP _increaseNicholson and Tad® as well as Bjelkeet al.®
significantly compared to saline-treated controls. The valu ave studied how macromolecules like albumins

are shown as a percentage of the respective baseline val ued dext ith diff t | | ight
(mean+ S.E.M.). Filled diamonds indicate control and filleg@1d d€Xtrans wi fierent  molecular weights

squares indicate-NAME treatmentn = 3 or 4 in each group. A_Migrate in the ECS? NO has been shown to regu-
comparison of the total area under the curve for each treatmdaite processes like capillary permeabflity?1-2427
was made with a Mann-Whitney-test (P < 0.05). a, MAP  gnd astroglial functiof:!*?° Therefore, NO could

peak value different from controP(< 0.05). Baseline values ; ;
were: for saline treatment (CBF; MAP), 123 LDF units; 68+ influence the size and geometry of the ECS and
3 mmHg; forL-NAME treatment (CBF; MAP), 16+ 1LDF ~modulate the spread of macromolecules.

units; 72+ 3 mmHg. The dose-response and time-course experiments
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of the present study were performed to estimate thistamine-induce® increases in vascular perme-
effect of NOS inhibition on the spread of dextranability were reduced by NOS inhibition. However,
With time, there is a significant increase\fpand a these experiments are only partly comparable with
decrease in MGY indicating a spread of dextram the present study. First, we did not use a pathological
vivo in the neostriatum. Injections of increasingnodel (hypertension or inflammation); second, we
concentrations of dextran result in a largérand suggest a change in brain to blood permeability and
a higher MG\ (Table 2). Quenching of the signalsnot the opposite. The present results are more in
could explain why there is no further increase in thagreement with the papers by KuBeand Kurose
V4 and MGV following injection of 100u.g/ul of et al,? in which increased intestinal capillary
biotinylated dextran compared to the dose gbermeability followed NOS inhibition. In this
30 pg/pl. To avoid quenching, a low dose of dextrarcomparison, however, the differences between
(1 pg/pl) was used in the NOS inhibitor experi-brain and intestinal capillaries must be considered.
ments. The form factor values show that there i¥o further evaluate the effects of NOS inhibition on
an anisotropic diffusion of dextran along the needlthe blood—brain barrier, dextran could have been
tract, since the values are lower than 1. This anisgystemically administered and detected in the brain
tropy is most clearly evident at 2 min, when the formissue?® but that was beyond the scope of this
factor is significantly reduced compared to thénvestigation.
longer time intervals. These results indicate that In line with previous result$® L-NAME
the ECS is available for the spread of dextran, afecreased the striatal blood flow and increased
demonstrated previousliyn vitro,% and that thein  systemic MAP. These changes may, at least partly,
vivo spread of dextran may be semi-quantified bgontribute to the changes observed in the spread of
this method. dextran. However, a decreased CBF alone should
result in an increased retention of dextran in the
brain tissue due to reduced flow in the capillary
bed, and therefore increases Wy and MGV,
However, in the dextran experiments, using two
A substantial reduction of the total volume ofdifferent NOS inhibitors, the opposite effect was
dextran was demonstrated following acute found, namely a decreaseV and MGV,. Further-
NAME andL-NMMA treatment. 7-NINA treatment more, we could not find any brain leakage of blood
did not alter the total volume of labelled dextranproteins 30 min after NOS inhibition or after a
Treatment withL.-NAME or L-NMMA inhibits all pharmacological treatment (phenylephrine) which
three isoforms of NOS, while 7-NINA mainly causes an increase in MAP comparable to that of
inhibits NNOS* Since only a small contribution of L-NAME. This last result may, however, be partly
NO comes from inducible NOS in the normal braindependent on the relative insensitivity of our
the main difference between these treatments is theethods and on the large size of these proteins
inhibition of eNOS byL-NAME/L-NMMA but not compared with dextran (mol. wt 3000), and with
by 7-NINA. That bothL-NAME andL.-NMMA are another method, increased penetration of fluorescent
effective inV, reduction also makes it unlikely thatalbumin over the blood—brain barrier following
non-specific effects of the drugs, such as phenylephrine-induced hypertension has been
muscarinic antagonistic effect oft.-NAME,* shown?® The influence of blood flow and blood
contribute to the observed effect. pressure changes on the present results is therefore
Overall, our data suggest that eNOS and thgrobably not critical.
subsequent reduction in vascular NO production

results in an increased leakage of dextran from tgﬁfl ence of nitric oxide svnthase inhibition on
ECS to the lumen of the brain capillaries. Thi u Y

would explain the reduction of total labelled dextraﬁxf[racellular space d|ffu5|on'parameters measured

volume found after.-NAME/L-NMMA treatment. YS'"9 the tetramethylammonium method

Increased clearance to the blood is also consistentThe diffusion parameters in the striatum that we

with the finding of significant decreases in dextrambtained with the real-time iontophoretic TMA

concentration in brain ECS as evaluated by method closely resemble those obtained previously

decrease in MGY The observed change in MGV with radiotracer methods vivo!*3” and with the

is dependent on an accurate determination of thitMA* method in brain slice®) After L-NAME

parameter. Another interpretation cannot bg&eatment, ECS volume fractiam, tortuosity\ and

excluded, e.g., an increase in tortuosity alone, babn-specific uptakek’ were slightly, but signifi-

this is less likely in view of the results obtained withcantly (P < 0.05), increased. After-NMMA, only

the TMA* method (see below). non-specific uptakek’ increased significantly,
The interpretation favoured in this paper is appawhereas after 7-NINA treatment no changes were

ently in disagreement with previous results on thebserved. As discussed earlier, these changes are

effects of NOS inhibition on vascular permeability probably due to eNOS inhibition.

in which acute hypertensior?, glutamate® or We may try to estimate the influence of these

Influence of nitric oxide synthase inhibition on
dextran spread
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Fig. 5. The effects of saline (A, B)-NAME (C, D) or phenylephrine (E, F) treatment on perivascular Evan’'s

Blue fluorescence (A, C, E) and rat albumin immunoreactivity (B, D, F), 30 min after respective treatment.

SystemicL-NAME treatment (30 min, 100 mg/kg, i.p.) was compared with a treatment known previously to

disrupt the blood—brain barrier due to acute hypertension (phenylephrineg/R§/min, 5 min, i.v.). Saline-

treated rats served as controls. There is an increased labelling of endothelial cells with both treatments compared
to saline, and a minor vascular leakage was shown following phenylephrine treatment (E).

changes on dextran spread after NOS inhibitor treat-NAME, i.e. a 4% change in the TMAapparent
ment (Fig. 3E, F). The increase in volume fractiomiffusion coefficient) is too small to have any detect-
(8% after.-NAME) is small and has no direct effectable influence. The only larger change after bioth
on dextran spread. The increase in tortuosity (2% f&dMMA and L-NAME treatment is the increase in
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non-specific uptake (13% farNAME and 16% for dextran capillary clearance. Endothelial NOS may
L-NMMA). The observed increase in non-specifibe important in mediating this effect since 7-NINA,
TMA * uptake may represent either increased uptake nNOS inhibitor, was without effect. In support of
by cells or increased clearance over the bloadthis hypothesis, bothL.-NAME and r-NMMA
vessels. Increased uptake leads to a reduction poduce a substantial increase in non-specific
TMA ™ diffusion and could lead to a reduction inTMA * uptake.L-NAME treatment increased ECS
dextran spread (in the time scale used, i.e. wlume fraction and tortuosity to a relatively small
30-min dextran spread; see Fig. 3E, F). If, in thigxtent, and.-NMMA was ineffective in this respect.
experimental model, increased non-specific uptakieaken together, by regulating vascular permeability
is due to increased clearance to the blood, this effeftom the brain parenchyma to the vessels, endothe-
could also explain the observed decrease in MGVial NO may possibly be involved in the regulation
Thus, we may conclude that the observed changesadfvolume transmission in the brain.
dextran spread best correlate with the increase in
uptake.
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