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Abstract 

The nucleus basalis magnocellularis (NBM) of the rat, equivalent of Meynert's nucleus in the primate, is the origin of the main 
cholinergic innervation of the cerebral cortex. Stimulation of this area has been previously shown to induced marked, cholinergically 
mediated, blood flow increase~ in the frontal and parietal cortices. However, the complete distribution of the cerebrovascular effects of 
NBM stimulation within the whole brain has not been determined. In the present study, we used the [14C]iodoantipyrine autoradiographic 
method to measure local cerebral blood flow (CBF) in the unanesthetized rat, chronically implanted with a stimulation electrode. We 
performed unilateral electrical stimulation of the NBM in order to compare both the interhemispheric differences in blood flow and the 
differences with a group of sham-stimulated rats. Considerable blood flow increases were found in most neocortical areas, exceeding 
400% in the frontal area, compared to the control group. Marked responses also appeared in discrete subcortical regions such as the zona 
incerta, some thalamic nuclei and structures of the extrapyramidal system. These responses were mostly ipsilateral to the stimulation. The 
significance and the distributio:a of these blood flow increases are related first, to anatomical and functional data on mainly the cholinergic 
projections from the NBM, but also non-cholinergic pathways connected with the NBM, second, to biochemical data on the basalocortical 
system, and third, to the limited ultrastructural data on the innervation of microvascular elements. This cerebrovascular study represents a 
step in the elucidation of the function of the basalocortical system and provides data which may be related to certain deficits of 
degenerative disorders such as Alzheimer's disease in which this system is consistently affected. 
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1. Introduction 

Anatomical studies have shown that the neurons of  the 
nucleus basalis magnocelltdaris (NBM) of  the rat brain 
mainly project to the cortex [20,32,37,66], and that these 
projections constitute the raain cortical cholinergic input 
[55,66]. Meynert 's  nucleus, the homologous structure of  
the NBM in primates, is [anown to consistently undergo 
degeneration in Alzheimer 's  disease associated with con- 
siderable cholinergic deficit and cognitive impairments 
(for review, see [13,31])..Accordingly, many behavioral 
investigations have shown that NBM lesion impaired cog- 
nitive functions such as learning, memory and attention 
[13]. The same conclusion was drawn from studies per- 
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formed in the aged animal [15]. Likewise, electrical or 
chemical activations of  NBM neurons have provided evi- 
dence of  their involvement in cortical arousal [53], modula- 
tion of  the cortical responses to sensory stimuli and facili- 
tation of  thalamocortical transmission [41], accompanied 
by acetylcholine (ACh) release in the cortex [51,57]. 

Simultaneously, several groups have studied the cere- 
brovascular function of  the NBM, either in conscious 
[11,30] or anesthetized rats [7,35,57]. They consistently 
showed that electrical stimulation of  the NBM elicited 
pronounced blood flow increases in the frontal and parietal 
cortices. These vasodilations were shown to be correlated 
with the stimulation frequency and intensity, with cortical 
ACh release, and mediated through central cholinergic 
mechanisms (for review see [57]). They were also shown 
to be reduced in aged rats, suggesting that the basalocorti- 
cal system was sensitive to some aging phenomenon 
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[35,58]. These functional data received early biochemical 
support (for review see [21]), later substantiated by 
anatomical evidence showing a cholinergic innervation of 
microvessels [2,3,8,14]. However, the overall cerebral dis- 
tribution and the pathways of the circulatory responses to 
NBM stimulation are still largely unknown. 

In the present study we aimed to clarify this issue by 
measuring local cerebral blood flow within the whole brain 
using the [a4C]iodoantipyrine autoradiographic technique 
during NBM stimulation. In order to carry out this mea- 
surement in the conscious animal, rats were chronically 
implanted with an electrode, and a reactive site in the 
NBM was defined using laser-Doppler flowmetry (LDF). 
The quantitative cartography obtained provides an ade- 
quate basis when confronted with anatomical and biochem- 
ical data for elaboration of hypotheses on the mechanisms 
involved in the flow increases. The results further demon- 
strate a function of the basalocortical system and allow the 
effects of its functional activation to be tentatively related 
to aging and certain deficits in Alzheimer's disease. 

2. Materials and methods 

Fourteen male Sprague-Dawley rats were used in this 
study. The preparation of the animals involved a two-step 
procedure: electrode implantation during LDF monitoring 
to test the responsiveness of the stimulated NBM site, 
followed by autoradiographic CBF measurement two weeks 
later. 

2.1. Electrode implantation under LDF monitoring (day 1) 

Preparation of the animals 
Rats were anesthetized with halothane (1% progres- 

sively decreased to 0.4%, following induction at 4%) and 
a-chloralose (40 mg /k g ,  s.c.). They were positioned in a 
Kopf stereotaxic frame and the skull surface was drilled to 
translucency unilaterally over the frontoparietal cortex, so 
that the pial vessels were visible. This procedure allows 
atraumatic evaluation of blood flow reactivity to NBM 
stimulation within the cortical area under the remaining 
thin. bone layer over the dura. The probe (0.8 mm o.d. at 
the tip, 3 optical fibers, 1 light emitter and 2 collectors, 
interaxis distance 0.5 mm) of the LDF apparatus (Lasefflo, 
BPM 2, Vasamedics, Mn, USA) was carefully positioned to 
avoi d major cerebral vessels and to obtain low and stable 
values. The cortical region investigated has previously 
been shown to exhibit the highest cortical flow increases 
under NBM stimulation [7,36]. 

Exploratory stimulation of the substantia innominata (SI) 
A monopolar tungsten electrode (350 /~m o.d., FHC, 

Brunswick USA, isolated except for 300 /zm at the tip) 
was stereotaxically positioned over the NBM at the follow- 
ing coordinates: interaural axis + 7.2 mm; lateral 3.0 mm, 

incisor bar at - 5 . 0  mm. The electrode was then vertically 
lowered into the NBM, by stepwise increments of 0.5 mm 
from H - 5 . 0  mm to H - 7 . 0  mm from the pial surface. A 
stimulation train was delivered at each step, by a cathodal 
current, the animal (anode) being connected to the ground 
by a saline-soaked compress placed around the tail. Elec- 
trical pulses (100 Hz, 0.5 ms, 50 /xA) were generated 
(World Precision Instruments, A310 Accupulser CT, USA) 
and delivered through an isolation unit (WPI, A360) using 
two different stimulation paradigms. 

First, an exploratory stimulation consisting of short 
continuous trains of 10 s was applied to determine a 
responsive site within the NBM as evidenced by a cortical 
blood flow increase monitored by LDF. The stimulation 
site in the NBM was considered optimal when the stimula- 
tion-induced blood flow increase exceeded 100%, a reac- 
tivity commonly found [57]. The electrode was left in 
place at usually - 5 . 5  mm from the pial surface. Second, 
to verify the efficacy in inducing sustained cortical blood 
flow increases, discontinuous stimulation trains (1 s on /1  
s off) were delivered at the same site during 5-20  min. 
The vascular responses elicited by this stimulation were 
less intense, but were sustained throughout the stimulation 
period (data not reported). The discontinuous stimulation 
paradigm was used for the autoradiographic cerebral blood 
flow (CBF) measurements; it was designed to be also 
convenient for future experiments involving measurements 
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Fig. 1. Location of the stimulation sites of the seven rats studied, reported 
on a coronal plane of the brain atlas [47], at 7.20 mm anterior to the 
interaural line. These sites are located in the nucleus basalis magnocellu- 
laris (B) at the inner and outer borders of the internal capsule, a region 
which constitutes the dorsal and medial part of the substantia innomiuata 
(SI). 
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of  cerebral glucose utilization. The electrode was then 

fixed chronically with dental cement. 

2.2. CBF investigation (days 11-14) 

Experimental procedure 
After  11 -14  days of  re, covery from implantation, the 

rats were catheterized in both femoral arteries and in one 
vein under 1% halothane anesthesia. The animals were 
then comfortably installed in a hammock and allowed to 
recover from anesthesia for 2 h 30 until CBF measurement 

as already described [48]. The arterial blood pressure and 
heart rate were recorded, and the arterial blood gases and 
pH were periodically measured (Coming 178 analyzer). 
The rectal temperature was maintained at 37.5°C using a 
heating lamp. The stimulation (1 s o n / 1  s off paradigm as 
described above) started 20 min before the CBF measure- 
ment and its intensity was increased progressively during 2 
min up to 50 /xA (displayed on an oscilloscope). The 
precise location of  the stimulated sites (see Fig. 1), was 
reconstructed from cresyl violet-stained serial sections us- 
ing a Bausch and Lomb vertical microprojector.  
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Fig. 2. Simplified schema of the cortical distribution of blood flow increases induced by ipsilateral electrical stimulation of the NBM. The flow changes 
compared to the control group (not implanted hemisphere) have been classified in six ranges of reactivity (see the exact values in Table 2). The cortical 
areas in a lateral (A) and dorsal (B) view are defined according to Krieg [29], and correspond to those of Table 2. The areas exhibiting the same range of 
reactivity have been connected. "]'hose in white have not been quantitatively examined since no change could be detected de visu. The arrows indicate the 
position of the bregma. 
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Autoradiographic CBF measurement 
The CBF technique is based on the Fick principle using 

[14C]iodoantipyrine as the diffusible tracer [56]. The CBF 
measurement started with the i.v. infusion of a 0.7 ml 
saline solution containing 40 /zCi of tracer (4-iodo-[N- 
methyl-laC]antipyrine, Isotopchim, 54 mCi /mmol )  for a 
period of 30 s. Simultaneously, 10 arterial blood samples 
(about 40/ .d  each) were collected in microtubes every 3 s. 
At the end of infusion the rat was sacrificed by decapita- 
tion. The brain was rapidly removed, frozen in a mixture 
of isopentane/freon ( -40°C) ,  embedded in M1-Lipshaw 
medium and stored at - 8 0 ° C  during less than 24 h, until 
microtome section. 

The arterial blood samples were centrifuged and 20 /xl 
samples of plasma were placed in scintillation vials with 
0.5 ml of a mixture of tissue solubilizer (Solulyte, Baker 
and propanol-2, 4 V, 1 V). The vials were filled with 5 ml 
of scintillation cocktail (Lipofluor, Baker) and their ra- 
dioactivity counted (Tri-carb 1600 TR Packard). The brains 
were cut at - 2 0 ° C  in a cryostat (Bright 5030) in coronal 
20 /xm thick sections in the following sequence: 1 section 
for histological examination, 4 sections collected on cover- 
slips and quickly dried on a hot plate for autoradiography, 
and the following 7 sections being discarded. The sections 
for autoradiography were exposed for 5 days to X-ray film 
(Kodak SB-5) with a set of 14C-standards (ARC 146C). 

The autoradiograms were analyzed using a computer- 
ized image analysis system (Biocom 2000, France). The 
mean optical density of each brain region was determined 
bilaterally on three consecutive sections. The regions ana- 
lyzed were closely outlined on the basis of the correspond- 
ing cresyl violet-stained slides and the atlas [47]. For the 
cortical areas (see their location in Fig. 2), all the layers 
were included in the shape. The ARC standards were 
previously verified or recalibrated (in nC i /g  tissue equiva- 
lent) using brain homogenates containing different amount 
of [14 C]iodoantipyrine radioactivity counted by liquid scin- 
tillation. The standards were used to quantify the concen- 
tration of the tracer within specific cerebral regions. Local 
CBF (expressed in ml /100  g /min )  was calculated from 
both the time-contamination curve of arterial blood sam- 
ples and the local brain tissue concentration using the 
integrated equation of Kety. The blood-brain partition 
coefficient of iodoantipyrine was reevaluated by in vivo 
experiments. We kept the value of 0.8 previously deter- 
mined [56], which was similar to the one we found. 

2.3. Experimental groups and statistical analysis 

CBF was measured either in sham (n = 7) conditions 
(electrode implanted in the NBM but no current applied) 
or during unilateral stimulation ( n =  7). A one-way 
ANOVA was used to compare and statistically evaluate 
the four series of CBF values obtained in the implanted 
and non-implanted hemibrains of the two groups. Consid- 

Table 1 
Physiological variables in control (sham-stimulated) and nucleus basalis 
magnocellularis (NBM)-stimulated rats 

Control NBM-stimulated 
rat.s rats 

Body weight (g) 346 + 13 361 + 9.8 
Mean arterial pressure (mmHg) 115 -t- 1.5 121 + 1.6 * 
PaCO 2 (mmHg) 40.0 + 2.2 41.6 + 1.9 
PaO 2 (mmHg) 101-1- 6.5 95 + 2.4 
pH 7.39 + 0.02 7.40 + 0.02 
Hematocrit (%) 46.0 + 1.0 47.7 + 0.6 
Heart rate (bpm) 501 + 17 507 + 12 
Rectal temperature (°C) 37.4 + 0.06 37.6 + 0.05 

Results are means + S.E.M. of data obtained in 7 control and 7 NBM- 
stimulated rats at the time of the CBF measurement. 
* P < 0.05, significantly different from the control group (unpaired t-test). 

ering that one series of values could be taken as a common 
reference (non-implanted hemibrains of the non-stimulated 
group), the ANOVA was followed by a Dunnett's multiple 
range test. In addition, side-to-side comparisons between 
homotypic regions of the two hemibrains of both groups 
were analyzed by paired t-test. Intergroup comparisons of 
the peripheral physiological variables were analyzed by 
unpaired t-test. 

3. Results 

3.1. Stimulated sites 

As reported before [62], few sites in the region of the 
substantia innominata (SI) are able to induce a sustained 
cortical blood flow increase when stimulated at 50/.~A, the 
maximal current intensity that can usually be used in the 
awake rat without systematic, obvious behavioral changes. 
The stimulation sites (presented in Fig. 1) that gave rise to 
cerebrovascular responses correspond to the NBM region 
of the substantia innominata (i.e. the dorsal part), particu- 
larly at the inner and outer border of the internal capsule. 

3.2. Physiological variables and behavioral changes 

Table 1 shows that NBM stimulation in the conscious 
rat induced a slight hypertension (less than 5%), which 
remained significant at the time of the measurement pe- 
riod, as previously reported [11,62]. Blood gases and pH 
were not significantly altered. As the intensity of the 
stimulation was progressively increased, the rats exhibited 
increasing stereotyped movements: vibrissae vibrations 
and/or  chewing, and head rotations in some rats. When 
the stimulation intensity was stabilized, these behavioral 
changes decreased and became discontinuous. During the 
30 s of CBF measurement, the rats were usually quiet, 
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with occasional face movements, sometimes with limited 
head rotations. 

3.3. Cerebrovascular effects of unilateral NBM stimulation 

The choice of the regions examined was based on the 
interhemispheric difference.s found by thorough examina- 
tion of the autoradiograms magnified on the Biocom moni- 
tor. NBM stimulation induced significant CBF increases in 
the ipsilateral compared to the contralateral hemibrain in 
18 cerebral structures out of 43 analyzed (Table 2, Table 3, 
Table 4, Table 5). Since the most pronounced flow in- 
creases were located mainly in the cortical areas, the 
cortical mantle was extensively investigated (Fig. 2), but 
some responses appeared in a few subcortical regions (Fig. 
3). Examination of the autoradiograms also indicated that 

the pattern of blood flow changes was fairly reproducible 
from one rat to another, more so in the cortex than in the 
deep regions. This is consistent with the variability coeffi- 
cient (S.D. value expressed as a percentage of the corre- 
sponding blood flow value) which was not excessively 
enhanced in stimulated (43%, mean of all cortical areas) 
compared to control (18%) rats. Further, the simplified 
distribution of the magnitude of the responses as presented 
in Fig. 2 (considering six ranges of reactivity) was con- 
stant. 

Cerebral cortices 
CBF changes elicited during NBM stimulation in the 

different cortical areas as defined according to Krieg [29] 
are presented in Table 2 and Fig. 3. First, side-to-side 
comparisons show the strongest flow increases (162-264%) 

i! tl 

i!i 

Fig. 3. Representative color-coded autoradiograms of cerebral blood flow (CBF) during right NBM stimulation. The coronal levels are the following: A, 
frontal (areas 4 and 6) and pariet.'d (area 2) cortices, caudate-putamen and accumbens nucleus; B, frontal (areas 3 and 4) and parietal (areas 2 and 2a) 
cortices, caudate-putamen (posterior part, not measured) and globus pallidus; C, parietal (areas 2, 7 and 40) cortex, ventrolateral and ventromedial thalamic 
nuclei and ventrobasal complex; 13,, parietal (areas 17 and 18a) cortex, parafascicular nucleus and zona incerta. The color scale is reported on the left. The 
CBF in most regions contralateral to the stimulation being close to control levels (see absolute values in Tables 2-5),  autoradiograms from the control 
group are not presented. 



62 E. Vaucher et al. / Brain Research 691 (1995) 57-68 

in the ipsilateral frontal cortex (areas 3, 4, 6 and 10) and to 
a lesser degree (28-108%) in the ipsilateral parietal cortex 
(areas 8, 2, 2a, 7, 17, 18a and 40, decreasing in that order). 
The differences in the temporal (area 41, auditory) and 
occipital (areas 17, 18a, visual) cortices were lower and 
not significant. Second, comparisons with the non-im- 
planted hemisphere of the control group show that the flow 
increases in all the neocortical areas of the stimulated 
hemisphere, except the temporal cortex, were significant. 
Noticeably, the relative size of the contralateral flow 

changes ( A C s -  Cc% compared to a l s -  ic%, Table 2) 
increased from rostral to caudal regions. However, the 
values of the contralateral responses did not reach signifi- 
cance although they attained up to 35% (temporal cortex). 
Among the meso- and allocortical areas investigated, only 
the blood flow in the cingulate cortex was reproducibly 
and significantly increased compared to the control group, 
and this response was bilateral. 

In sham-stimulated (control) rats some cortices pre- 
sented significant, although limited, flow decreases in the 

Table 2 
Effects of nucleus basalis magnoceilularis (NBM) stimulation on local cerebral blood flow (ICBF) in the cerebral cortices in contra- (C) and ipsilateral (I) 
hemispheres 

Cortical 1CBF in control 1CBF in NBM-stimulated A(Cs - Cc)% 
areas (c) rats (s) rats A(Is  - Ic)% 

Neocortex 
Frontal (area 10 rostral) C 

I 
Frontal (area 10 caudal) C 

I 

Frontal (areas 4,6) C 
I 

Frontal (areas 3,4 rostral) C 
I 

Frontal (areas 3,4 caudal) C 
I 

Parietal (area 8) C 
I 

Parietal (area 2) C 
I 

Parietal (area 2a) C 
I 

Parietal (areas 2,40) C 
I 

Parietal (areas 2,7) C 
I 

Parietal (areas 17,18a) C 
I 

Occipital (areas 17,18a) C 
I 

Temporal (area 41) C 
I 

Mesocortex 
Cingular (area 32) C 

I 
Retrosplenial (areas 29b, c) C 

I 
Insular (area 13) C 

I 
Perirhinal (area 13) C 

I 
Allocortex 
Entorhinal (area 28a) C 

I 
White matter 
Genu of corpus callosum 

131-t- 5 143± 9 10 
123± 3 375_ 81 * '° 204 
138+ 7 152± 8 10 
130 ± 7 550_  123 * '° 322 
144+ 6 156+ 11 9 
122+ 7 * 536± 72 * '° 338 
147± 5 195± 16 33 
127± 9 711+114 * '° 461 
153±11 191+ 16 24 
118+ 9 502+ 93 * "° 324 
153±12  156+ 9 2 
160 + 15 325 + 99 * '° 103 
147+ 7 158+ 10 8 
145± 9 285± 48 * '° 96 
153+ 9 181+ 14 18 
163±18  277± 49 * '° 70 
149±10  172± 13 15 
145±10  221± 20 * '° 52 
153±13 192± 19 26 
140 ± 12 272 ± 46 * '° 94 
114+ 9 138+ 10 21 
101+ 8 * 190± 29 ° 89 
133 ± 10 157± 9 18 
121± 9 * 172± 15 ° 42 
179 ± 19 241 + 41 35 
203 4- 30 300 ± 40 48 

173+10  251+ 38 ° 45 
162+12  316+ 26 ° 95 
123 + 12 138 + 9 11 
122+11 145+ 10 19 
115 + 8 125 + 8 9 
114+ 7 151+ 16 33 
116± 6 131± 12 13 
117± 8 155± 19 32 

106 + 8 109 + 9 3 
115+12  114+ 11 - 1  

5 0 +  3 5 3 +  6 6 

Results are mean 1CBF values in ml/100 g /min  + S.E.M. of data obtained in 7 control and 7 NBM-stimulated rats. The nomenclature of the cortical areas 
is based on Krieg [29]. The column on the right reports the % differences compared to the corresponding hemisphere of the control group (Cs - Cc and 
Is - Ic). 
* P < 0.05, significantly different from the contralateral hemisphere of the same (stimulated) group (paired t-test). 
* P < 0.05, significantly different from the contralateral (non-implanted) hemisphere of the control group (ANOVA plus Dunnett's test). 
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Table 3 
Effects of nucleus basalis magnccellularis (NBM) stimulation on local 
cerebral blood flow (ICBF) in the contra- (C) and ipsilateral (I) structures 
of the extrapyramidai system 

Structures 1CB F in 1CBF in NBM- A(Cs- Cc)% 
control stimulated (s) A(Is -- Ic)% 
(c) tats rats 

Claustrum C 168 + 17 198 + 15 18 
I 170+22 209-1-11 23 

Accumbens nucleus C 179 + 18 204 + 18 14 
I 177+16 210+18 19 

Candate-putamen C 133+ 7 154+13 16 
I 131_+ 7 181+15"°  39 

Globus pallidus C 71-1- 5 85 _+ 9 21 
I 68+ 4 93+10 36 

Ventro-lateral and medial C 132_+ 7 144 + 13 10 
thalamicnuclei I 129+ 7 288+49 *'* 124 
Parafascicularnucleus C 1085:9 1545:17 43 

I 1055:7 183-1-31 *'* 74 
Zona incerta C 121+11 1645:26 36 

I 1245:13 359+91 *'° 188 
Substantia nigra C 86 + 6 99 5 : 9  16 

I 92 5 : 9  139 5:26 50 
Red nucleus C 137+ 9 1495:13 9 

I 1385:14 188+21 36 
Cerebellar cortex C 79 5 : 8  108 + 17 38 

I 77+ 3 94 5:13 '  21 
Cerebellar nucleus C 140 + 16 228 + 35 63 

I 145+20 204+23 41 
Vestibular nucleus C 151 5:15 259 5:30 * 71 

I 166_+13" 232 5: 30" 40 

Results are mean 1CBF values in ml/100 g/min+S.E.M, of data 
obtained in 7 control and 7 NBM-stimulated rats. The column on the right 
reports the % differences comparod to the corresponding hemibrain of the 
control group (Cs -Cc  and I s -  Ic). 
* P < 0.05, significantly differenl from the contralateral hemibrain of the 
same (stimulated) group (paired t-test). 
° P < 0.05, significantly differenl: from the contralateral (non-implanted) 
hemibrain of the control group (ANOVA plus Dunnett's test). 

implan ted  hemisphe re  (Table  2). A l though  remote  f rom the 

e lec t rode  track, these  ef fec ts  obse rved  in a f e w  rats are 

p robab ly  related to incomple te  recovery  f rom implanta t ion.  

Subcort ical  regions 
Marked  vasodi la t ions  were  induced  in s o m e  subcor t ica l  

reg ions  (Table  3, Table  4, Table  5 and Fig. 3), especia l ly  

in the zona  incerta  o f  the b ra ins tem (188% increase  versus  

the control  group)  (Table  3), the ven t ro la te ra l -ven t romedia l  

nuclei  and the ven t robasa l  c o m p l e x  o f  the tha lamus  (124% 

and 55% f low increases ,  respec t ive ly)  ( Tables  3 and 4). In 

these reg ions  the f l ow changes  were  mos t ly  ipsilateral.  

S igni f icant  f low increases  were  also obse rved  in several  

o ther  reg ions  o f  the ex t rapyramida l  sys tem,  such as the 

parafascicular  tha lamic  nuc leus  and the cauda te -pu tamen  

(Table  3). Surpr is ing,  p redominan t ly  contralateral  f low 

increases  were  found  in the ves t ibular  nuc leus  (Table  3) 

and the infer ior  col l iculus  (Table  4). The cerebel la r  nu- 

c leus  and cor tex exhib i ted  a s imilar  t rend (Table  3). In the 

l imbic  sys t em and non  spec i f ic  areas (Table  5), apart f rom 

Table 4 
Effects of nucleus basalis magnocellularis (NBM) stimulation on local 
cerebral blood flow (ICBF) in the contra- (C) and ipsilateral (I) structures 
of the visual, auditory and somatosensorial systems 

Structures 1CBF in ICBF in NBM- A(Cs-- Cc)% 
control stimulated (s) A(Is -- Ic)% 
(c) rats rats 

Thalamicventrobasal C 125+ 6 139+14 11 
complex I 125+ 7 194+22 *'° 55 
Medial geniculate C 169 + 13 212 + 25 25 
body I 171+19 212+27 24 
Superior colliculus C 132 + 14 145 -t- 12 9 

I 1 3 5 + 1 6  142+13 5 
Inferior collieulus C 187 + 20 297 + 28 * 59 

I 211-1-28 264+22 25 
Lateral lemniscus C 140 + 14 161 + 10 15 
nucleus I 151+22 170+ 12 12 
Superior olive C 157 + 17 191 + 12 21 

I 159+21 202+14 27 

Results are mean ICBF values in ml/100 g/min+S.E.M, of data 
obtained in 7 control and 7 NBM-stimulated rats. The column on the right 
reports the % differences compared to the corresponding hemibrain of the 
control group (Cs -  Cc and I s -  Ic). 
* P < 0.05, significantly different from the contralateral hemibrain of the 
same (stimulated) group (paired t-test). 
° P < 0.05, significantly different from the contralateral (non-implanted) 
hemibrain of the control group (ANOVA plus Dunnett's test). 

the s t ructures  related to the ex t rapyramida l  sys tem,  the 

f low increases  were  low (at mos t  + 34%) and not  s ignif i -  

cant  co mp a red  to the control  group.  The dorsal  raphe  

Table 5 
Effects of nucleus basalis magnocellularis (NBM) stimulation on local 
cerebral blood flow (1CBF) in the contra- (C) and ipsilateral (I) structures 
of the limbic system and non-specific areas 

Structures ICBF in ICBF NBM- A(Cs- Cc)% 
control stimulated A(Is - Ic)% 
(c) rats rats 

Nucleus accumbens C 179 + 18 204 + 18 14 
I 177+16 2104-18 19 

Substantia innominata C 80 + 3 84 + 7 5 
I 8 2 +  4 8 9 +  7 8 

Basolateral amygdala C 91 + 5 106-I- 9 16 
I 9 1 +  5 115+10 26 

Hippocampus C 71 + 6 84 + 7 18 
I 71-t- 5 83+ 6 17 

Parafascicular nucleus C 108 + 9 154 + 17 43 
I 105-1- 7 183+31 *'° 74 

Zona incerta C 121 + 11 164 + 26 36 
I 124-t-13 359+91"°  188 

Laterodorsal tegmentum C 132 + 13 173 + 13 30 
I 141-1-17 189-t-18 34 

Dorsal raphe nucleus 120-1-12 82 + 35 - 32 

Results are mean 1CBF values in ml/100 g/min+S.E.M, of data 
obtained in 7 control and 7-NBM stimulated rats. The column on the right 
reports the % differences compared to the corresponding hemibrain of the 
control group (Cs -Cc  and I s -  Ic). 
* P < 0.05, significantly different from the contralateral hemibrain of the 
same (stimulated) group (paired t-test). 
* P < 0.05, significantly different from the contralateral (non-implanted) 
hemibrain of the control group (ANOVA plus Dunnett's test). 
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nucleus was the unique region where the blood flow 
decreased under NBM stimulation, though not significantly 
SO. 

lady affected in the present experiment. Thus, the NBM 
might be a component of the SI able to bring into play a 
functional link between a cortical ictal phenomenon and 
blood supply, by inducing a huge, sustained flow increase. 

4. Discussion 

This autoradiographic study describes for the first time 
the precise, widespread, quantified distribution of the cere- 
brovascular effects of NBM stimulation, both in cortical 
and subcortical areas. Local CBF was found to be consid- 
erably enhanced in the neocortex, with a predominance in 
the frontal areas, but also in discrete subcortical regions 
ipsilateral to the stimulation, particularly in the extrapyra- 
midal system such as the zona incerta and thalamic nuclei. 
Smaller, more bilateral responses were observed in a few 
other discrete brain regions. We shall discuss (1) the 
magnitude of the cerebrovascular effects of NBM stimula- 
tion, (2) the relationship between the stimulation sites and 
cortical distribution of the CBF changes, (3) the correlation 
of these changes with anatomical and functional data, (4) 
the correlation with data related to brain vascular innerva- 
tion, and (5) the possible mechanisms involved in the 
responses. 

4.1. Magnitude and specificity of the cerebrovascular ef- 
fects of NBM stimulation 

The magnitude of the response to NBM stimulation in 
the frontoparietal cortex ( +  320-460% flow increases) is 
to be compared to the approximately 100% flow increase 
found with (1) the helium clearance technique using a 
similar experimental protocol [11,30], (2) LDF with an 
equivalent stimulation intensity [7,35], or (3) the 
[14C]iodoantipyrine technique combined with brain tissue 
sampling [35,57]. The commonly observed higher sensitiv- 
ity of the autoradiographic technique can be ascribed to its 
much better spatial resolution. 

Such high cortical flow increases which occurred while 
the arterial blood pressure, blood gases and behavior re- 
mained practically unchanged by the stimulation have 
never been reported. Comparatively, we observed more 
marked behavioral changes in our previous investigations 
[11,30] and a bilateral response in the parietal cortex, two 
differences that we ascribe to stimulation of various parts 
of the SI, instead of more specifically the NBM region, as 
here. Again, the behavioral changes did not seem systemat- 
ically correlated with the extent of the cerebrovascular 
response. 

The magnitude of these flow increases is comparable to 
that of seizures [26,49], although no electrocorticographic 
or behavioral ictal signs have been reported during NBM 
stimulation [30]. Recent studies showed that a portion of 
the substantia innominata (SI) is involved in seizure phe- 
nomenon [10], in relation with the amygdala and the motor 
cortex [43]. Surprisingly, the amygdala was not particu- 

4.2. Stimulation sites and cortical distribution of the re- 
sponses 

Very localized activation of the NBM can be achieved 
using electrical stimulation [30], so that it is theoretically 
possible to correlate each stimulation site with a pattern of 
CBF response. However, in the present study, the auto- 
radiograms exhibited similar images of cortical blood flow 
and the same hierarchy of flow increases (see Fig. 2 and 
the variability coefficient in Section 3.3) from one stimu- 
lated rat brain to another despite the difference in stimula- 
tion sites (see Fig. 1), and many sites remote from the 
NBM did not induce CBF changes [62]. Compared to the 
present data, the stimulation sites of our previous investi- 
gations [11,30] were more ventrally situated and more 
lateral from the internal capsule, but the responses they 
induced in the ipsilateral cortex were equivalent. Consis- 
tently, Biesold et al. [7] reported that stimulation sites 3 
mm apart in the SI elicited almost identical blood flow 
responses in one cortical area. 

Paradoxically, the SI is known to be topographically 
organized and its cortical projections highly ordered 
[32,37,55], from which one would expect differential pat- 
terns of cerebrovascular responses to NBM stimulation. 
Moreover, the NBM projections are known to have a very 
limited cortical arborization and very little collateralization 
(Biesold, 1989, personal communication, and see [6,66]). 
The apparent contradiction between the organization in the 
NBM and the common pattern of blood flow changes in 
the cortex can be understood if either fibers of passage are 
reproducibly activated, which cannot be excluded, or there 
exists an important overlap among groups of NBM neu- 
rons that project to different cortical regions. Such an 
overlapping was supported by early studies (see [66]), and 
has recently received precise corroboration [6]. Therefore, 
the activated neurons behave as if they belong to a single 
population, being recruited by electrical microstimulation 
through their interconnections, and they thus ensure the 
common cerebrovascular function. 

4.3. Neural pathways and functional correlates of the 
distribution of the responses 

Cortical areas 
Our results are in accordance with those of previous 

cerebrovascular studies which investigated only a few 
cortical regions [11,30,35,57]. They show that the most 
reactive frontal cortical areas (areas 3 and 4) correspond to 
primary motor projections from the head (vibrissae) and 
forelimb, and the primary somatosensory projections of the 
vibrissae and jaws [6]. This frontoparietal predominance of 
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the response is consistent with the following anatomical 
and functional data. First, a preferentially neocortical dis- 
tribution of the responses is supported by a large body of 
evidence in favor of the involvement of direct, ipsilateral 
basalocortical projections [20,32,37,55,66], (orthodromi- 
cally activated, since the cortical input to the basal fore- 
brain restrictively originates in allocortical areas [67]). 
Second, the cortical circulatory reactivity is in accordance 
with functional studies implicating the NBM in various 
processes such as auditory [23,41] and especially so- 
matosensory and sensorimotor ones [6,27,57], suggesting 
that the NBM modulates the state of neocortical activation 
([53], and see [13] for review). 

The contralateral corticalt responses, increasing caudally 
can probably be ascribed tc indirect multisynaptic connec- 
tions, including the bilateral thalamocortical connections 
already postulated [35,62], since their distribution is quite 
different from that of the ipsilateral responses. The impli- 
cation of corticocortical pathways can be excluded, except 
perhaps for the cingulate cortex (bilateral response). Sur- 
prisingly, the retrosplenial, insular and perirhinal cortices 
exhibited modest flow increases, whereas they receive 
dense projections from the NBM [32,37,55,66]. 

Subcort ical  areas 

These responses, like those in the zona incerta and the 
thalamic nuclei, were generally less reproducible than 
those in the cortex and sometimes not significant, as in the 
substantia nigra and the red nucleus, reflecting a frequent 
but not systematic local circulatory influence of the NBM. 
The blood flow increase in the zona incerta could be 
related to direct ipsilateral projections from the SI which 
intervene in locomotor activity [42]. However, the pedun- 
culopontine nucleus, another major target of the SI, was 
not activated and microstimulation mapping of the basal 
forebrain revealed that the SI generally does not elicit 
locomotor response [60]. Thus, it is likely that only part of 
the pallidosubthalamic pathway has influenced its projec- 
tion areas, including the globus pallidus, the ventromedial 
and parafascicular thalamic nuclei and the red nucleus 
[4,20,42,66]. The large contingent of afferents from the 
somatosensory cortex to the zona incerta [54] may have 
concurrently participated in its blood flow increase, like- 
wise more generally, directly activated cortical fibers of 
passage in the internal capsule descending to the midbrain 
and brainstem [38]. The various flow increases observed in 
the extrapyramidal structures suggest that the NBM con- 
tributes to integrative activity of the dopaminergic system 
[4]. 

As for the NBM, stimulation of the centromedian-para- 
fascicular thalamic complex increased blood flow in the 
zona incerta [45]. This functional evidence corroborates 
that these two nuclei have common efferences [42,55], 
especially the ventrolateral thalamic nucleus and the cingu- 
late cortex. They might explain the tendency towards flow 
increases in the non-specific laterodorsal tegmental nu- 

cleus, and the anatomically-supported bilateral response in 
the inferior colliculus [59]. Overall, the descending influ- 
ence of the basal forebrain to the brainstem ascending 
activating centers appears rather discrete. 

The flow increases we observed in the somatomotor 
thalamic nuclei are consistent with those measured glob- 
ally in the thalamus [35]. They can be ascribed to (1) basal 
forebrain projections to the reticular thalamic nucleus 
[9,28,34], indirectly reaching the other thalamic nuclei, (2) 
secondary projections from the zona incerta to the ven- 
trobasal and parafascicular complexes [54], or (3) direct 
NBM projections, although rather scarce, to the ventropos- 
terior and ventromedial nuclei [61]. They substantiate a 
modulation by the NBM on the thalamocortical activity 
often supported [9,28,34,50], and might account for the 
prominent cerebrovascular effects of NBM stimulation in 
the somatomotor, somesthetic and auditory structures. 

The circulatory responses in the cerebellar and vestibu- 
lar regions, also observed by Linville and Arneric [35] are 
likely indirect, since first, they are bilateral and even 
predominantly contralateral, and second, these regions have 
not been reported to receive projections from the SI. In 
agreement with these results, the corticopontocerebellar 
pathway, functionally linking the sensory-motor cortex and 
contralateral cerebellar regions has been shown to be 
involved in memory and somatosensory activation [5]. Our 
data might thus reflect a crossed circulatory facilitation of 
this circuit by the NBM. 

4.4. Correlates with the data on brain microvascular  

innervation 

The focal and selective cerebrovascular effects of NBM 
stimulation let predict the involvement of microcirculation, 
at the intraparenchymal rather than pial level as already 
postulated [11]. This has been recently substantiated by 
Adachi et al. [1], who showed that the diameter of the pial 
arteries and arterioles remained unchanged during NBM 
stimulation. The cortical flow increases in response to 
NBM stimulation is demonstrated to be mainly cholinergi- 
cally mediated, potentiated by an acetylcholinesterase in- 
hibitor [11,30], and reduced by cholinergic receptors antag- 
onists [7,11,36], but the question arises as to whether NBM 
fibers actually reach microvessels. 

A growing body of experimental evidence supports the 
hypothesis that cerebral microvessels are innervated by 
cholinergic NBM neurons. First, the blood flow increases 
in the frontoparietal cortex have been consistently related 
to basalocortical fibers [30,35,57], 80-90% of which are 
cholinergic [6,55,66]. This result is presently extended to 
the whole cortical mantle, showing that cortical areas 
which display weak or no blood flow increase are poorly 
innervated by cholinergic NBM projections. Second, the 
cortical cartography of vascular reactivity, which presents 
a frontoparietal predominance, is very consistent with that 
of the changes in choline acetyltransferase (CHAT) activity 
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(the enzyme of ACh synthesis) following NBM lesion [48]. 
Third, the presence of cholinergic receptors or markers 
associated with microvessels postulated early on (see [21] 
for review) has been confirmed [17,44]. Fourth, ultrastrnc- 
tural studies have shown that cholinergic fibers contact 
microvessels [2,3,8,14], some of which have been recently 
demonstrated to originate in the NBM/SI  [63]. 

Nonetheless, the dense projections of NBM neurons to 
the temporal, entorhinal, perirhinal, insular and retrosple- 
nial cortices [32,37,55,63], or to the reticular thalamic 
nucleus or the basalolateral amygdala [22,37,66] were not 
associated with significant flow changes, although they 
possibly contact microvessels, e.g. in the amygdala [2] and 
the perirhinal cortex [63]. Conversely, the very responsive 
zona incerta and the several thalamic nuclei in which the 
blood flow increased are neither major nor direct targets of 
NBM neurons [20,54,66]. These discrepancies can be ex- 
plained by (1) selective activation of a definite group of 
NBM neurons or fibers of passage within the NBM which 
predominantly project to the frontoparietal cortex and the 
midbrain and brainstem (see Section 4.3.2), and/or  (2) 
complex, differentiated effects of cholinergic and non- 
cholinergic NBM projections, resulting in an integrated 
circulatory response. 

Non-cholinergic NBM projections to the cortex often 
run parallel to the cholinergic projections [34,66], some of 
which contain GABA [16,66]. In the ventromedial and 
reticular thalamic nuclei as well as in the basalolateral 
amygdala, NBM fibers have been shown to be non- 
cholinergic or assorted with non-cholinergic fibers 
[28,34,40,63], or even to present an immunohistochemical 
heterogeneity [9,22]. 

Interneurons have been demonstrated not to intervene in 
the NBM-induced cortical vasodilation by Linville and 
Arneric [36] who showed that lesion of all cortical neurons 
does not alter the response to NBM stimulation, thereby 
supporting a direct basalocortical neurovascular connec- 
tion. However, this result appears in contradiction to the 
results of Galea et al. [17], who showed that the ChAT 
activity associated with cortical microvessels was un- 
changed by NBM lesion. Among the different types of 
cortical interneurons which might be brought into play by 
NBM activation, some have been depicted to contact mi- 
crovessels, as cortical bipolar neurons, containing chole- 
cystokinin [24], ACh and/or  VIP [3,8,14,39], as well as 
nitrergic neurons (see [25] for review). 

relevance to our study that muscarinic antagonist has been 
shown to abolish the cerebrovascular response to so- 
matosensory stimulation [46], whereas it did not affect the 
response to hypercapnia [11]. 

Additionally, many phenomena may interfere with neu- 
rovascular transmission, resulting in an integrated influ- 
ence on the microcirculation. For instance, VIP is able to 
facilitate neuronal cholinergic activity (see [8,33]), and 
hence influence the blood flow response. On the contrary, 
the GABAergic neurotransmission may inhibit ACh re- 
lease, as in the cortex [16] or the amygdala [40,43]. Thus, 
interactions with the other neurotransmitter systems [13] 
are likely to contribute to NBM control in the microvascu- 
lar environment, involving astrocytes [8,39]. 

The above anatomical data combined with our func- 
tional data substantiate the concept of a neurogenic control 
of the brain microcirculation, but this concerns specific 
areas and does not exclude a metabolically-coupled re- 
sponse in others. Since, on the one hand, the behavioral 
and cerebrovascular functions of the NBM are reduced by 
ageing [15,35,58], and on the other hand, a deficiency of 
the basalocortical system is involved in Alzheimer disease 
[31], the question arises as to how deleterious might be an 
impaired activity of this highly potent intracerebral va- 
sodilatory system. In this respect, the observations of 
denervation microangiopathy in Alzheimer's disease 
[12,64] and cerebrovascular disturbance [65] raise funda- 
mental hypotheses. Experimental investigation of the basa- 
locortical system provides functional data which are poten- 
tially valuable in understanding whether the systems acti- 
vated are implicated in Alzheimer's disease, both in the 
resting state (see [48] for references) or during physio- 
logical activation [19]. Furthermore, such data are of value 
in assessing the use of cerebrovascular reactivity to cholin- 
ergic agents for diagnostic or therapeutic purposes [18,48]. 

Acknowledgements 

We are grateful to Dr. Gilles Bonvento for his valuable 
advice regarding the autoradiographic quantification analy- 
sis. This work was supported by grants from the Centre 
National de la Recherche Scientifique (U.A. 641) and the 
Universit6 Paris 7 -Denis Diderot. E.V. is a doctoral 
fellow of the Minist~re de la Recherche et de l'Espace. 

4.5. Neurovascular mechanisms o f  the CBF responses and 
implications 

We presently observe that cholinergic projections are 
related to vasodilation in most brain regions. Cortical ACh 
is released in an intensity- and frequency-dependent man- 
ner by NBM stimulation [51], and cholinomimetics are 
known to have in vivo vasodilatory effects on the cerebral 
vascular bed [52] (and see [8] for references). It is of 
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