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A commentary on

Stimulus-induced changes in blood flow
and 2-deoxyglucose uptake dissociate in
ipsilateral somatosensory cortex.

by Devor A., Hillman, E.M., Tian, P, Waeber, C.,
Teng, 1.C., Ruvinskaya, L., Shalinsky, M.H.,
Zhu, H., Haslinger, R.H., Narayanan, S.N.,
Ulbert, I, Dunn, A.K.,, Lo, E.H., Rosen, B.R,,
Dale, A.M., Kleinfeld, D., and Boas, D.A.
(2008). . Neurosci. 28, 14347-14357.

Brain metabolism dictates the polarity of
astrocyte control over arterioles

by Gordon, G.R.C., Choi, H.B., Rungta, R.L.,
Ellis-Davies, G.C.R., and MacVicar, B.A.
(2008). Nature 456, 745-750.

Anticipatory haemodynamic signals in
sensory cortex not predicted by local neu-
ronal activity
by Sirotin, Y.B., and Das, A. (2009). Nature,
457, 475-479.

No one with common sense would believe
that in a house, water movements in
pipes could tell you how many lamps are
on and how much fuel is used for heat-
ing. Surprisingly most neuroscientists are
convinced that in the brain monitoring
local cerebral blood flow (CBF) what I call
plumbing, is a reliable surrogate method
to localize electrical neuronal activity and
monitor metabolic events. This is usually
done by functional magnetic resonance
imaging (fMRI) a technique that meas-
ures haemodynamic changes. In fMRI,
the blood-oxygen-level-dependent (BOLD)
signal resulting from the paramagnetic
properties of deoxyhaemoglobin in red
blood cells is measured with precise local
and time resolution. In most neuroimaging
fMRI studies, activation of the brain with
cognitive tasks or sensory stimuli results
in a local functional hyperaemia, most of
the time accompanied by an increase in
the local field potentials (LFP) (Logothetis,
2008). How activation of the brain trans-
mutes in functional hyperaemia is the topic

of intense debate among neuroscientists
with two hypothesis, the “metabolic” and
the “neurogenic” (Estrada and DeFelipe,
1998; Hamel, 2006).

The metabolic hypothesis assumes a
causal link between neuronal energy demand
and the regulation of local CBE. The general
assumption, which is supported by PET
findings showing comparable functional
increases in blood flow and glucose uptake
(Raichle and Mintun, 2006), is that CBF is
coupled to regional glucose utilization, which
in turn is directly related to neuronal activ-
ity (Magistretti, 2006). Excitatory neuronal
activity releases glutamate which activates
glia through metabotropic glutamate recep-
tors. The activation of glial cells will induce
at the same time an increase in the diameter
of nearby blood vessels and stimulation of
glucose uptake. In this metabolic hypothesis,
the activity-dependent regulation of local
CBF is a feedback mechanism that does not
anticipate possible demand.

The metabolic hypothesis was supported
by the original observation by Zonta et al.
(2003) that astrocytic endfeet surrounding
brain blood vessels were releasing vasodi-
lating substances; since then other observa-
tions have shown that astrocytes could also
provoke vasoconstrictions. These opposite
observations were confirmed: activation
of astrocytes triggers the formation of ara-
chidonic acid that is either converted to
20-hydroxyeicosatetraenoicacid (20-HETE)
in smooth muscle causing vasocontrac-
tion or to prostaglandin E, (PGE,) caus-
ing vasodilation. These intriguing findings
are now explained in an elegant paper of
MacVicar’s group where they demonstrate
that in slices, the final fate of arachidonic
acid is guided to the vasodilator PGE, if
oxygen levels are low and to vasoconstrictor
20-HETE if oxygen levels are high (Gordon
et al., 2008).

The importance given to p,, by this work
on astrocytes in brain slices is puzzling. It
is known since the 1986 work of Fox and
Raichle (1986) that the increase in CBF
induced by brain activation is not correlated

with O, metabolism; indeed when neuro-
nal activity increases locally in the brain,
regional blood flow increases more than
oxygen consumption. Changing experimen-
tally pO, does not affect regional increase in
CBF during brain activation. Mintun et al.
(2001) demonstrated in human volunteers
that the regional increase in CBF during vis-
ual activation was not affected by hypoxia.
More recently Leithner etal. (2005) have
shown that in the rat, hyperbaric hyperoxy-
genation did not affect the regional increase
of CBF induced by functional activation.
Anyway relevant or not to the physiologi-
cal control of CBE, the work of MacVicar’s
group has resolved the apparent opposite
effect observed in slices after the activation
of astrocytes.

In contrast with the metabolic feed-
back hypothesis, the neurogenic hypoth-
esis (Estrada and DeFelipe, 1998; Hamel,
2006) describes a feedforward mechanism
where the hyperaemia evoked by cerebral
activation is linked to synaptic signalling
rather than to the metabolic needs of the
tissue. The neurogenic hypothesis was high-
lighted recently by Sirotin and Das (2009)
who have found a large haemodynamic sig-
nal that could deliver arterial blood to the
sensory cortex in anticipation of an increase
oflocal neuronal activity. In short plumbing
could precede wiring.

In alert behaving monkeys, Sirotin and
Das have developed a task that minimized
visual input while preserving trial timing.
In a dark room, the animals were required
to fix their gaze periodically on a tiny fixa-
tion point to get a reward. Intrinsic signal
optical imaging and LFP were monitored in
the primary visual cortex while the animals
performed this task. Even though monkeys
were in virtually total darkness with no
exposure to visual stimuli, they expressed
robust unexpected haemodynamic signals
in the visual cortex at the trial frequency.
Then, while the animals performed the same
fixation task, vigorous visual stimuli were
presented; this visual stimuli added a second
distinct component to the haemodynamic
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signal. The component generated by visual
stimuli was associated with strong LFP. The
other vascular signal related to task struc-
ture was not accompanied by changes in
electrical activities. It is interpreted by the
authors as an anticipatory haemodynamic
signal that could prime the visual cortex for
the expected subsequent strong visual stim-
uli. The existence of electrical anticipatory
signals preceding expected stimuli in the
cortex is not new; anticipatory signals were
described as early as 1964 by Walter et al.
(1964) and reviewed recently by Moore and
Cao (2008).

The findings of anticipatory increase in
blood flow cannot be explained by the meta-
bolic hypothesis assuming a link between
neuronal energy demand and local CBE
These results support the existence of a
neuronal network involved in the control
of cerebral arteries. The anatomy of the
neurovascular net controlling intracerebral
blood vessels is expected to be complex with
interplay between neurons, glia and vascu-
lar smooth muscle cells. This neurovascular
unit includes pericytes which are specialised
cerebral smooth muscle cells, and several
different interneurons containing nitric
oxide synthase and various neuropeptides
(Cauli etal., 2004; Estrada and DeFelipe,
1998; Hamel, 2006; Rancillac et al. 2006).

The debate among neuroscientists
between “metabolic” versus “neurogenic”
for the control of CBF has received support
in favour of the neurogenic hypothesis in
the recent report of Devor et al. (2008), that
addressed the relationship between blood
flow and glucose consumption in rat primary
somatosensory cortex in vivo. Devor et al.
examined neuronal and haemodynamic
changes and glucose uptake in response to
unilateral forepaw stimulation. In contrast
to the contralateral forepaw area, where neu-
ronal activity, blood flow and glucose uptake
increased in unison, they observed, in the
ipsilateral cortex, a blood flow decrease in
the presence of increased glucose uptake.
Electrophysiological recordings revealed

an increase in ipsilateral electrical activity
consistent with the observed increase in
glucose uptake. The decrease in blood flow
in the presence of an increase in glucose
uptake in the ipsilateral cortex contradicts
the prominent metabolic hypothesis regard-
ing the regulation of CBE which postulates
that energy consumption determines the
regional blood flow through the production
of vasoactive metabolites. In brief fuelling
and plumbing are not always correlated.

In a recent magistral review Logothetis
(2008) has described in details the pros
and cons of fMRI-BOLD for visualising
brain activation. The general consensus is
that BOLD is most of the time an excellent
surrogate measure of neuronal activity and
metabolism. The two recent papers (Devor
et al., 2008; Sirotin and Das, 2009) reviewed
in the present general commentary indi-
cate that fMRI-BOLD could not always
be coupled to neuronal electrical activity
nor to metabolism. The intrinsic BOLD
signal is directly linked to cerebral blood
vessels dilation or contraction by smooth
muscles. The control of those seems to be
neurogenic making BOLD signalling an
exquisite measure of the neuronal control
of cerebral blood vessels.

REFERENCES

Cauli, B., Tong, X. K., Rancillac, A., Serluca, N.,
Lambolez, B., Rossier, J., and Hamel, E. (2004).
Cortical GABA interneurons in neurovascular cou-
pling: relays for subcortical vasoactive pathways.
J. Neurosci. 41, 8940-8949.

Devor, A., Hillman, E. M., Tian, P., Waeber, C.,
Teng, I. C., Ruvinskaya, L., Shalinsky, M. H., Zhu, H.,
Haslinger, R. H., Narayanan, S. N., Ulbert, I,
Dunn, A. K, Lo, E. H,, Rosen, B. R,, Dale, A. M.,
Kleinfeld, D., and Boas, D. A. (2008). Stimulus-
induced changes in blood flow and 2-deoxyglucose
uptake dissociate in ipsilateral somatosensory cortex.
J. Neurosci. 28, 14347-14357.

Estrada, C., and DeFelipe, J. (1998). Nitric oxide-
producing neurons in the neocortex: morphological
and functional relationship with intraparenchymal
microvasculature. Cereb. Cortex 8, 193-203.

Fox, P. T., and Raichle M. E. (1986). Focal physiologi-
cal uncoupling of cerebral blood flow and oxidative
metabolism during somatosensory stimulation

in human subjects. Proc. Natl. Acad. Sci. USA 83,
1140-1144.

Gordon, G. R. C,, Choi, H. B., Rungta, R. L., Ellis-
Davies, G. C. R., and MacVicar, B. A. (2008). Brain
metabolism dictates the polarity of astrocyte control
over arterioles. Nature 456, 745-750.

Hamel, E. J. (2006). Perivascular nerves and the regu-
lation of cerebrovascular tone. J. Appl. Physiol. 100,
1059-1064.

Leithner, C., Sellien, H., Rohrer, B., Royl, G.,
Megow, D, Steinbrink, J., Kohl-Bareis, M.,
Dirnagl, U., and Lindauer, U. (2005). Allosteric
release of nitric oxide from haemoglobin does not
mediate neurovascular coupling. J. Cereb. Blood Flow
Metab. 25, S207.

Logothetis, N. K. (2008). What we can do and what we
cannot do with fMRI. Nature 453, 869-878.

Magistretti, P. ]. (2006). Neuron—glia metabolic coupling
and plasticity. J. Exp. Biol. 209, 2304-2311.

Mintun, M. A., Lundstrom, B. N., Snyder, A. Z.,
Vlassenko, A. G., Shulman, G. L., and Raichle, M. E.
(2001). Blood flow and oxygen delivery to human
brain during functional activity: theoretical model-
ling and experimental data. Proc. Natl. Acad. Sci. USA
98, 6859-6864.

Moore, C. 1., and Cao, R. (2008). The hemo-neural
hypothesis: on the role of blood flow in information
processing. J. Neurophysiol. 99, 2035-2047.

Raichle, M. E.,and Mintun, M. A. (2006). Brain work and
brain imaging. Annu. Rev. Neurosci. 29, 449-476.
Rancillac, A., Rossier, J., Guille, M., Tong, X. K.,
Geoffroy, H., Amatore, C., Arbault, S., Hamel, E.,and
Cauli, B. (2006). Glutamatergic control of microvas-
cular tone by distinct GABA neurons in the cerebel-

lum. J. Neurosci. 26, 6997-7006.

Sirotin, Y. B.,and Das, A. (2009). Anticipatory haemody-
namic signals in sensory cortex not predicted by local
neuronal activity. Nature 457, 475-479.

Walter, D.W., Cooper, R.,Aldridge, V. G.,McCallum, W. C.,
and Winter, A. L. (1964). Contigent negative varia-
tion: an electric sign of sensori-motor association
and expectancy in the human brain. Nature 203,
380-384.

Zonta, M., Angulo, M. C., Gobbo, S., Rosengarten, B.,
Hossmann, K. A., Pozzan, T., and Carmignoto, G.
(2003). Neuron-to-astrocyte signaling is central to
the dynamic control of brain microcirculation. Nat.
Neurosci. 6, 43-50.

Received: 21 January 2009; published: 24 February 2009
Citation: Rossier ] (2009) Wiring and plum-
bing in the brain. Front. Hum. Neurosci. 3:2. doi:
10.3389/neuro.09.002.2009

Copyright: © 2009 Rossier. This is an open-access publication
subject to an exclusive license agreement between the authors
and the Frontiers Research Foundation, which permits unre-
stricted use, distribution, and reproduction in any medium,
provided the original authors and source are credited.

Frontiers in Human Neuroscience

www.frontiersin.org

February 2009 | Volume 3 | Article 2 | 2




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


