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7Abstract

8Changes in regional neuronal activity are accompanied by concurrent temporal and spatial

9changes in the cerebral blood flow and these form the basis of modern brain imaging techniques used

10to map the functional neuronal activity. This neurovascular coupling is achieved by several

11mechanisms that are still poorly understood but ionic, glial, metabolic, and neuronal factors have

12been involved. In the present investigation, we provided evidence that specific populations of

13cortical interneurons, which play a central role in integrating multiple incoming local and afferent

14synaptic and paracrine signals, could act as local integrators of the neuronal activity and cerebral

15blood flow. We showed that different subpopulations of cortical g-amino-butyric acid (GABA)

16interneurons, which colocalize specific vasoactive substances such as nitric oxide (NO), vasoactive

17intestinal polypeptide (VIP), and neuropeptide Y (NPY), could serve as a functional relay in the

18neurovascular coupling that accompanies the activation of basal forebrain acetylcholine (ACh) and

19brainstem raphe nucleus serotonin (5-HT)-neurons. Thus, in addition to direct changes in the

20microvascular tone induced by ACh and 5-HT fibers projecting to cortical microvessels, these

21neurons also send projections to NO, VIP and/or NPY interneurons which, via their direct

22neurovascular projections, can affect the microvascular tone and therein adapt changes in perfusion

23to the local changes in neuronal activity. The results suggest that specific populations of GABA

24interneurons constitute a functional unit with their respective neuronal and vascular effects. D 2002

25Elsevier Science B.V. All rights reserved.
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30311. Introduction

32Changes in the cortical cerebral blood flow have been monitored following the

33electrical or chemical stimulation of basal forebrain cholinergic (acetylcholine (ACh))

34[1] and brainstem serotonergic (serotonin (5-HT)) [2] neurons, or the fastigial nucleus of

35the cerebellum through a relay via the nucleus basalis [3]. Depending on the neuronal

36pathway stimulated, the perfusion responses were selectively blocked by antagonizing the

37neurotransmitter system activated (i.e. antagonists of ACh or 5-HT receptors) (for review,

38see Refs. [1,2]) and, in some cases, by inhibitors of nitric oxide (NO) synthase, suggesting

39a role for NO in the blood flow changes, at least in those mediated through basal forebrain

40neurons [4]. Morphological evidence has confirmed that basal ACh [5] and brainstem

415-HT [2] neurons project to intracortical microvessels including penetrating arteries and

42small arterioles, thus providing means to directly modify the blood flow in cortical areas.

43Additionally, NO neurons were identified as cholinoceptive cells in the cerebral cortex

44[6,7], and were shown to be innervated by basal ACh fibers [8,9]. Interestingly, cortical NO

45neurons, as well as those containing the vasoactive peptides vasoactive intestinal polypep-

46tide (VIP) and neuropeptide Y (NPY) are intimately associated with cortical microvessels

47[10–13] and they all belong to distinct subpopulations of g-amino-butyric acid (GABA)

48interneurons [14]. As GABA interneurons are the local integrator of cortical activity

49[15,16], we suggest that they be strategically positioned to translate incoming neuronal

50signal from subcortical afferents into adapted local neuronal and vascular responses. More

51specifically, we suggest that GABA neurons which activity is modulated by both ACh [17]

52and 5-HT through different 5-HT receptor populations [18,19], act as a functional relay in

53the coupling of cerebral blood flow to neuronal activity. In the present study, we presented

54the evidence that changes in the neuronal activity of basal forebrain ACh and brainstem 5-

55HT neurons may be translated into cortical vascular responses, not only by their direct

56effects on the cortical microcirculation but also via specific populations of cortical GABA

57interneurons.

582. Materials and methods

59

602.1. Immunocytochemical staining and NADPH-D histochemistry

61All anatomical studies were performed as described in detail in our previous

62publications. In short, rats (male, Sprague–Dawley, 250–300 g) were perfused under

63deep anesthesia (Somnotol, 65 mg/kg, i.p.) through the ascending aorta with a 4%

64paraformaldehyde (F 0.05% glutaraldehyde) buffered solution. Brains were removed,

65post-fixed (2 h, 4 jC) in the same solution, cryoprotected and sliced (20 Am thick) on a

66freezing microtome. Free-floating sections were then processed for single or double

67immunocytochemistry for GABA (single labeling) or ACh nerve terminals and intra-

68cortical VIP or NO neuronal cell bodies (identified histochemically for NADPH-D), or for

695-HT nerve terminals and NO/NADPH-D neurons. For this purpose, sections were first

70incubated (overnight, room temperature) with either a mouse antibody directed against the

71terminal isoform of the GABA synthesizing enzyme glutamic acid decarboxylase
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72(GAD65, 1/3000, Boehringer) [20], a monoclonal antibody against the ACh synthesizing

73enzyme choline acetyltransferase (ChAT, anti-ChAT17, 2 Ag/ml) [5] or a rabbit polyclonal

74anti-5-HT antibody (1/10,000). Tissue sections were then incubated with appropriate

75secondary antibodies, the ABC kit and the reaction product revealed a 3,3V-diaminoben-

76zidine tetrachloride (DAB) (brown reaction). For double-immunocytochemistry, following

77the revelation of the first antibody, the sections were then subsequently incubated

78(overnight, room temperature) with the anti-VIP antibody (rabbit polyclonal antibody,

791:5000, Peninsula) [11], appropriate secondary antibodies, the ABC kit and the reaction

80visualized with the SG reagent kit (Vector Labs) (blue reaction). Other sections were

81incubated (f 30 min) for NADPH-D histochemistry with 0.01% nitroblue tetrazolium

82chloride and 0.1% h-NADPH-D, as we described previously [9]. Sections were embedded

83into Araldite and semithin sections (1–2 Am) obtained on an ultramicrotome for the

84quantitative analysis of the interactions between ACh, 5-HT and/or GABA nerve terminals

85with VIP and/or NO/NADPH-D neurons, as described in detail before [8,20]. In some rats,

86a unilateral neurotoxic lesion of the substantia innominata was performed with quisqualic

87acid [20] in order to identify the basal origin of the cortical fibers.

88

892.2. Expression of receptors in intracortical microvascular smooth and endothelial cells

90Expression of receptors for vasoactive peptides such as VIP was determined by RT-

91PCR in cultures of human cerebromicrovascular smooth muscle cells generated from

92tissues obtained at surgery for the treatment of epilepsy, as previously described [21]. After

93the RNA extraction, some samples were reverse transcribed while others were not to

94monitor for possible DNA contamination. Primers were either designed with the Oligo5

95program or taken from previous publications [22]. PCR products were identified by gel

96electrophoresis and/or sequencing.

97

982.3. Microvascular reactivity in isolated intracortical arterioles

99The vasomotor responses to neurotransmitters were evaluated on isolated bovine and/or

100human intracortical arterioles (luminal diameter f 48–50 Am), as we described recently

101[23,24]. In short, penetrating arteries were isolated from the cortical parenchyma,

102cannulated and pressurized as described originally [25] and the reactivity of the micro-

103vessels to ACh or 5-HT and specific agonists and/or antagonists tested. The receptors

104involved were characterized pharmacologically with appropriate antagonists and their

105potency compared to previously published data at the cloned receptors.

1063. Results

107In sections that are single-labeled for the GABAergic nerve terminals, a very dense

108network of cortical punctate fibers was present and several of these neuronal varicosities

109were in direct contact with the local intracortical microvessels, including penetrating

110arteries, intraparenchymal arterioles and capillaries. More importantly, effective lesion (i.e.

111inducing f 80% decrease in ChAT nerve terminals) of the substantia innominata had no
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112significant effect on the number of cortical GABAergic nerve fibers, including those

113associated with the microvessels. These findings clearly indicated that the vast majority of

114GABAergic nerve terminals in the cerebral cortex originated from the local intracortical

115interneurons [20]. Such findings are consistent with the central role of GABA neurons in

116the regulation of cortical activity. In this respect, in sections double-labeled for cholinergic

117(ChAT) or serotonergic (5-HT) nerve terminals and NO neurons, it was apparent that NO

118neurons were richly innervated by both basalocortical ACh fibers [8] and brainstem 5-HT

119nerve fibers [this presentation]. In fact, about half of the NO neurons in the cerebral cortex

120were reached by either ACh or 5-HT (53% or 56% of all NO neurons, respectively) nerve

121terminals on their cell soma and proximal dendrites. In the case of cortical VIP neurons,

122we found that about 28% of all cortical VIP neurons are contacted by cholinergic nerve

123terminals immunoreactive for ChAT (Fig. 1).

124We previously reported the expression of specific subtypes of receptors for ACh and

1255-HT in the endothelial and/or smooth muscle cells of cortical microarterioles and

126capillaries [26,27] and suggested that ACh and 5-HT can exert direct microvascular effects.

127We recently provided evidence that intracortical arterioles either at spontaneously devel-

128oped tone or after a pharmacologically induced tone can dilate in response to ACh, an effect

129blocked by inhibitors of NO synthase and by muscarinic receptor antagonists with affinity

Fig. 1. Double immunocytochemistry showing the innervation of VIP neurons (dark blue) by ACh nerve

terminals (immunolabeled for ACh-synthesizing enzyme ChAT, brown reaction). The ACh nerve terminals

(arrows) can be seen on the cell soma of the VIP neurons. Quantitative analysis revealed that about 28% of all

cortical VIP neurons are innervated by ACh nerve terminals.
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130at the M3/M5 receptors but not at the M1 or M2 muscarinic receptor subtypes [23]. In

131contrast, intracortical arterioles constricted in response to 5-HT, an effect which was

132antagonized by the 5-HT1 receptor antagonist GR127935. Interestingly, when 5-HT1

133receptors agonists were tested, only those with affinity at the 5-HT1B receptor subtype,

134which is highly expressed in the cerebromicrovascular smooth muscle cells [27], were able

135to induce a vasocontractile response [24], therefore indicating that this receptor is the

136mediator of the local decrease in tone of microarterioles following the perivascular release

137of 5-HT. With regards to the neuropeptide receptors, the vascocontractile NPY-Y1 receptors

138have been shown to be expressed in cortical microarterioles [21], and more specifically, in

139those that are surrounded by the NPY-immunoreactive fibers [28]. We now show that VIP

140receptors of the type 1 (or VPAC1 receptors) are highly expressed in smooth muscle cells of

141intracortical arterioles (Fig. 2), similar to their localization in cerebral and pial arteries

142where they are believed to mediate dilation [29].

1434. Discussion

144Altogether, the anatomical results suggest that several of the intracortical neuro-

145transmitter systems that have been shown to be intimately associated with local micro-

146vessels correspond to specific populations of GABA interneurons that are innervated by

Fig. 2. Gel electrophoresis of PCR products for the VIP1 (VPAC1) receptors expression in primary cultures of the

human cerebromicrovascular smooth muscle cells (SMC). Samples with (+) and without (� ) reverse trans-

criptase were run in parallel to monitor for possible DNA contamination.
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147subcortical basal forebrain ACh and/or brainstem 5-HT nerve fibers. Indeed, VIP and NO

148neurons belong to distinct populations of GABA neurons while NO and NPY colocalized

149within the same subpopulation [14]. Moreover, the size of VIP, NOS, and NPY nerve

150terminals in the cerebral cortex (0.56F 0.4, 0.53F 0.4, and 0.58F 0.2 Am2, respectively)

151[10,11,13], corresponded very well to that of GABAergic nerve terminals (0.50F 0.3

152Am2) [20], strongly indicating that they belong to common neuronal populations. In this

153regard, the much smaller size of the subcortical ACh and 5-HT nerve terminals

154(0.32F 0.02 and 0.37F 0.02 Am2, respectively) [2,5] was strongly supportive of their

155distinct origin. Our results also showed that cortical GABA nerve terminals were the most

156numerous around blood vessels of all perivascular terminals studied so far (see Ref. [20]),

157possibly suggesting that they are particularly important in the regulation of cerebrovas-

158cular functions. GABA has previously been shown to play a role in local neurovascular

159signaling in the brain parenchyma, albeit in hippocampal microvessels [30]. Our results

160would suggest that this role might be fulfilled and/or modulated by the different neuro-

161peptides that are colocalized within GABA neurons, and also able to modulate the

162microvascular tone. In fact, the presence of muscarinic M2 receptors on the intracortical

163NO neurons [6,7], and of nicotinic receptors on a specific population of cortical VIP

164neurons [31] could explain the modulation of the cortical blood flow response elicited by

165the basal forebrain stimulation by muscarinic and nicotinic receptor antagonists, and by

166nitric oxide synthase inhibitors (for review, see Refs. [1,4]). However, a direct neurogenic

167modulation of the cortical blood flow by basal forebrain NO neurons, which have recently

168been shown to directly project to cortical microvessels [13], can also participate in the

169overall perfusion response. Further, the present results show that intracortical NO neurons

170are a frequent target for brainstem 5-HT nerve terminals. Their activation/inhibition via

171different 5-HT receptors could possibly explain the dual flow response observed following

172the stimulation of specific subregions of the dorsal raphe nucleus [32] (for review, see Ref.

173[2]), a hypothesis that will need to be substantiated. Whether or not VIP neurons are a

174target for 5-HT terminals still remains to be elucidated.

175In addition, our functional data on isolated cortical microarterioles indicate that direct

176vascular effects exerted by ACh and 5-HT on the cortical microcirculation have to be

177considered in the global perfusion response to either basal forebrain or dorsal raphe

178stimulation. ACh, via muscarinic receptors corresponding to the M3/M5 subtypes, elicits

179dilation of intracortical arterioles [23], and 5-HT predominantly constricted the arterioles

180by acting on 5-HT1B receptors. Interestingly, small size arterioles ( < 100 Am) dilated at

181low doses of the 5-HT1B receptor agonist sumatriptan [24]. The presence of VIP1

182(VPAC1) (Fig. 2) and NPY-Y1 [21,28] receptors in the intracortical arterioles strongly

183suggest that these neuropeptides are able to modulate the microvascular tone and/or restrict

184the extent of an NO-mediated dilation, as suggested for NPY which is colocalized with

185NO in a subpopulation of GABA neurons [10,33]. The role of these peptides on cortical

186microarterioles will be an important determinant to conclude that they are local regulators

187of the intracortical perfusion in response to the neuronal activation.

188In conclusion, we suggest that GABA neurons can act as local integrators of the

189incoming and intrinsic information in the cerebral cortex to adjust and/or maintain local

190perfusion to the neuronal activity (Fig. 3). Such an organization could be complementary

191to other mechanisms involving ionic, metabolic, and astroglial factors. These factors could
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192participate in a fully integrated neurovascular coupling response as a function of increased

193brain activity.

1943.1.3.7. On-Site Discussion

1953.1.3.7.1. Question: (Bryan) How do these nerves traverse the Virchow–Robin space?

196Answer: (Hamel)We believe that the nerves are reaching the lower segment of penetrating

197arteries when parenchyma and vessel wall are quite closely apposed.

1983.1.3.7.2. Question: (Pelligrino) What muscarinic receptor mediates acetylcholine effects

199on arterioles? Your figure suggestsM3/M5 but our own immunohistochemical results would

Fig. 3. Schematic representation of the suggested role for different populations of cortical GABA neurons

(illustrated here only by their neuropeptide or NO content) in the local control of microvascular tone and how they

could act as neurovascular relay for the subcortical ACh and 5-HT neurons. Note also that ACh and 5-HT can

directly modulate the microvascular tone via their respective receptors. ACh: acetylcholine; CCK: cholecys-

tokinin; NO: nitric oxide; NPY: neuropeptide Y; SS: somatostatin; VIP: vasoactive intestinal polypeptide. Inspired

from B. Lambolez and J. Rossier.
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200indicate that M2 is the major arteriolar receptor, and it seems to be localized to the en-

201dothelial/smooth muscle junction. We have never found M3, M4, or M5 on arterioles or

202venules. Perhaps we need better antibodies but our results seem similar to those of Alan

203Levy.

204Answer: (Hamel) We have found M2 in the endothelial cell and M5 in the muscarinic

205receptor expression. However, in dilation, we have a pharmacology, which does not

206correspond to M2 but to M3/M5 as the dilation is blocked by M3/M5 receptor antagonists

207but not by antagonist with high affinity for M2 receptors. We never found M4 but M1 and

208M5 are expressed in the smooth muscle cells and coupled to their signalling pathways.

2093.1.3.7.3. Question: (Kalaria) Several years ago, we had described that the noradrenergic

210afferents from the locus coeruleus may innervate cortical microvessels. Therefore, where

211do the noradrenergic afferents fit into the innervation/modulation of the cerebral arterioles

212in your scenario?

213Answer: (Hamel) When we looked at noradrenergic nerve terminals in the cerebral cortex,

214we observed that their main targets were astrocytes, whether located in the parenchyma or

215perivascularly. This is in agreement with the work of others. So, these morphological data

216suggested that they are not particularly concerned with the microcirculation. This is in

217agreement with physiological studies, which showed rather small changes in CBF

218following the locus coeruleus stimulation.

2193.1.3.7.4. Question: (Krause) It is interesting that GABA interneurons appear to be a

220major input in the cortical vasculature. Years ago, we showed that GABA produced

221vasodilation in pial vessels. Thus, GABA may also be a vasodilator in the cortex. Have

222you looked at the effects of GABA in your cortical microartery preparation?

223Answer: (Hamel) No, but the work of K. Lee and A. Fergus has shown that GABA may

224dilate microvessels in hippocampus (J. Cereb. Blood Flow Metab. 17 (1997) (9) 992;

225Brain Res. 754 (1997) (1–2) 35).
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