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Interactions Between Electrical Activity and Cortical
Microcirculation Revealed by Imaging Spectroscopy:
Implications for Functional Brain Mapping

Dov Malonek and Amiram Grinvald

Modern neuroimaging techniques use signals originating from microcirculation to map
brain function. In this study, activity-dependent changes in oxyhemoglobin, deoxyhe-
moglobin, and light scattering were characterized by an imaging spectroscopy approach
that offers high spatial, temporal, and spectral resolution. Sensory stimulation of cortical
columns initiates tissue hypoxia and vascular responses that occur within the first 3
seconds and are highly localized to individual cortical columns. However, the later phase
of the vascular response is less localized, spreading over distances of 3 to 5 millimeters.

Regional changes in cerebral blood flow
and blood oxygenation “co-localize” with
regions of increased neuronal activity (I,
2). Signals that reflect these changes have
been used by positron-emission tomography
(PET) and functional magnetic resonance
imaging (f-MRI) to both understand corti-
cal metabolism and investigate cognitive
and perceptual processes by rapid identifi-
cation of functionally distinct cortical areas
(3, 4). Furthermore, the study of spatial
relationships between individual cortical
columns within a given brain area has be-
come feasible with optical imaging based on
intrinsic signals, at a spatial resolution of
about 50 pwm (5-7). However, there are
outstanding  controversies  concerning
whether cortical metabolism is aerobic or
anaerobic, and indeed, the physiological
events underlying these secondary signals
have not been fully assessed (2, 3). It is
necessary to clarify the spatiotemporal char-
acteristics of the intrinsic signals (8) in
order to reveal the electrical activity under-
lying these signals and assess cognitive
functions. Such clarification would set fun-
damental limits on the spatial and temporal
resolutions for several functional brain im-
aging techniques.

Here we characterize the spatial preci-
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sion and dynamics of blood oxygenation
signals using in vivo intrinsic optical signals
reflected from the exposed visual cortex.
Previous optical imaging studies (5, 9) sug-
gested that the intrinsic signal observed in
vivo is composed of several components,
each of which reflects different vascular and
metabolic sources. However, the temporal
dynamics and spatial precision of these
components were not determined.

To identify the spatiotemporal charac-

Fig. 1. The system for
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teristics of the individual components of
the intrinsic signal at many cortical loca-
tions, we designed the imaging spectroscope
illustrated schematically in Fig. 1. A nar-
row, slitlike region from the exposed cortex
of an anesthetized cat was projected onto a
dispersing grating and focused on the cam-
era detector. The image thus obtained rep-
resents multiple displaced versions of the
isolated “slitlike cortical image,” each of
which is displaced as a function of wave-
length. From the intensity variations in this
spatiospectral image (y”, A\), we obtained
the reflection spectrum of each imaged cor-
tical point. In other words, the intensity
profile of each horizontal line represented
the reflection spectrum of a given location
in the imaged cortex. The intensity profile
along a vertical line represented the spatial
pattern of cortical activation at a given
wavelength. During the experiment, a se-
quence of such spatiospectral images was
recorded after sensory stimulation.

Several important features of the spatio-
spectral image are immediately apparent in
Fig. 2. Large absorption (lower intensity of
reflection, dark image) is evident at the wave-
length range of 500 to 600 nm, and signifi-
cantly less light was absorbed (higher intensi-

Imaging spectroscope

standard optical imaging
6, 11, 22). The inset at
the right shows the
scheme of the imaging
spectroscope. It contains
two tandem-lens macro-
scopes, diffraction grat-
ing (22), and an opaque
disk with a transparent
slit. The cortical surface i
(bottom image) is illumi- |

\

\

nated with white light (\
= 500 to 700 nm) and im- 5
aged through the first E E
macroscope onto the L 8
first image plane, where
an opaque disk with a slit

Computer

Stimulus
display

[

Digital camera
controller

Light-guide
illuminator
Video

camera

oy -
A Image
A plane

Grating
Imaging

spectroscope

Exposed
cortex

is positioned. The light thus isolated is collimated, passed through a diffraction grating whose light
dispersion is perpendicular to the slit, and then focused on the camera target (top image). The axes show
the different optical transformations that the cortical image undergoes. Temporal resolution was up to

100 ms. Spectral resolution, 1 to 4 nm.
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ty of reflection, light image) at the 660 nm
end of the spectral image (Fig. 2B). The fuzzy
dark regions in the spatiospectral maps origi-
nate primarily from the decreased reflection
resulting from increased absorption by capil-
laries, small arterioles, and venules at a wave-
length range of 500 to 600 nm. These multi-
ple spectra (intensity variations along hori-
zontal lines) were in good agreement with
hemoglobin reflection spectra measured from
scattering tissue (10).

We started by mapping orientation col-
umns in cat area 18 using standard optical
imaging (7, 11). Functional maps for orienta-
tion were obtained by computing the differ-
ence between cortical images obtained during
stimulation by full-field, moving gratings of
orthogonal orientations. Next, we selected
the position for the “slitlike cortical image”
(Fig. 2A) so that it contained several clearly
segregated iso-orientation domains (~0.5 mm

across) (arrows in Fig. 2C) and repeated the
experiment after positioning the slit and dif-
fraction grating in the imaging spectroscope
(Fig. 1). Spatiospectral activity maps were
computed in a fashion similar to that of stan-
dard maps (6, 7). First, the difference between
responses to an effective stimulus, such as the
moving gratings, and a control blank stimulus
was obtained. Throughout this report, we will
refer to such a map as the global map and to
the underlying signals as global signals. Sec-
ond, the differences between responses to
gratings of orthogonal orientations were eval-
uated. We will refer to these maps as differ-
ential orientation maps and to the corre-
sponding signals as mapping signals. The re-
sulting spatiospectral maps contain the global
and mapping signals acquired simultaneously
not only at multiple cortical locations but also
at multiple wavelengths.

A differential orientation map in the spa-

620 580 540 500 620 580 540 500
E A (nm)

———

= ; .hlfﬁl .
" .J §;J~J\” J_J_]!{Jh,ﬁﬁﬁjhﬁf‘
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Fig. 2. Principles of optical imaging spectroscopy. (A) Cortical surface, illuminated at 570 nm. The slitlike
cortical image is highlighted. (B) Spatiospectral image obtained while the cortex was iiluminated with
broad spectrum light. An increase in light absorption is seen at wavelengths below 600 nm (darkening).
The fuzzy dark regions show signals from the capillary bed. The sharp, horizontal dark lines show the
absorption spectra of superficial blood vessels (white arrows in A, B, and D). (C) Orientation map
calculated for the slitlike cortical region (\ = 605 nm). (D) Spatiospectral orientation map. In both (C) and
(D), the wide dark bands show cortical regions selective for vertical stimuli (oblique arrows). Dark and light
thin lines correspond to signals from superficial blood vessels. (E) Time course of the global signal after 2
s of stimulation (wavelength range, 520 to 650 nm). Each frame is a spatiospectral image that shows
reflection spectra (horizontal axis) obtained from 6 mm of cortical surface (vertical axis). This series was
obtained by subtracting images acquired during blank stimulus presentation from images acquired
during gratings presentation. The most pronounced features of these maps were the dark vertical stripes
that peaked at 540 and 580 nm, corresponding to oxyhemoglobin absorption, which appeared at all
cortical locations. The locations of horizontal thin lines coincide with the locations of superficial blood
vessels. (F) Time course of the mapping signal after the 2 s of stimulation, obtained by subtracting
responses to vertical stimuli from responses to horizontal stimuli. (G) Time course of the average global
spectra. (Inset) Two expanded spectra obtained from frames 3 and 9. (H) Time course of the average
mapping spectra (13). (Inset) Textbook absorption spectra of oxy (solid line) and deoxy (dotted line)
hemoglobin. The double peak (increase in HbO,) appears clearly only after about 2 s.
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tiospectral domain is shown in Fig. 2D. The
pattern of intensity variation along the ver-
tical axis (spatial domain) was similar at all
wavelengths, although its amplitude was not
constant, appearing as long, horizontal dark
and light bands. Thus, cortical locations
marked by the dark bands were preferentially
activated by the vertical grating, whereas
those marked by light bands, by the horizon-
tal grating (5, 6). From the classical studies
of Hubel and Wiesel (12), it is well known
that vertical gratings produce spiking activ-
ity in areas that would correspond to regions
marked here by the dark bands, whereas
horizontal gratings electrically activate only
regions marked here by the light bands (7).

A sequence of global maps in the spatio-
spectral domain is shown in Fig. 2E. No
visible indications for different functional
domains were seen in these global maps.
This lack of functional segregation is sur-
prising given the single unit mapping results
discussed in the previous paragraph (12).
This lack of segregation indicates that the
activity-dependent global signals were not
confined to regions of increased spiking
activity; some components of the global
signals exist beyond the cortical sites of
spiking activity. To extract the average re-
flection spectra from each global map (Fig.
2E), we averaged the rows from all cortical
regions that did not contain large blood
vessels (Fig. 2G). Pronounced changes of
the spectrum shape as a function of time
were detected. These spectra are most in-
formative, acting like fingerprints; for ex-
ample, the shape of frame 3 reflects primar-
ily the activity-dependent increase in de-
oxyhemoglobin, whereas the shape of frame
9 reflects primarily oxyhemoglobin increase
and deoxyhemoglobin decrease (Fig. 2G,
inset; compare to Fig. 2H, inset).

The time course of the differential ori-
entation maps (mapping signals) in the spa-
tiospectral domain is shown in Fig. 2F. In
contrast with the images of the global sig-
nals, here we observed interlaced dark and
light horizontal bands. Thus, functional do-
mains that were selective for vertical or
horizontal stimuli were clearly apparent at
all imaged wavelengths. The averaged spec-
tra of the mapping signals are shown in Fig.
2H (13). The temporal behavior of the
mapping spectra is markedly different from
the global spectra: they decayed to baseline
much more slowly than the global signals.
Again, these spectra serve as fingerprints:
The shape of the first three spectra reflects
primarily a difference in deoxyhemoglobin,
and in later frames, the contribution of
oxyhemoglobin is observed but is much less
pronounced than that observed in the glob-
al spectra.

To test whether the activity-dependent
changes in the average reflection spectra ob-
served here could be accounted for primarily
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by activity-dependent hemodynamics and
light scattering changes, the individual
spectra changes (Fig. 2G) were fitted (14)
to the textbook spectra of oxyhemoglobin,
deoxyhemoglobin, and light scattering
components (HbO,, Hbr, and LS, respec-
tively) (Fig. 3A). A good fit between the
model and the experimental results was
obtained. The amplitudes of all three com-
ponents (HbO, and the late phases of Hbr
and LS) increased with increased stimulus
duration from 0.5 to 8 s. However, further
increasing stimulus duration beyond 8 s
produced no further increase in amplitude
or time to peak. The signals remained ele-
vated for as long as the stimulus persisted
and returned to baseline some 4 to 6 s after
the stimulus was terminated. These changes
in Hbr and HbO, tissue concentrations
were presumably caused by the net effect of
changes in oxygen extraction, cerebral
blood flow, and blood volume.

The mapping components but not the
global components co-localized with the co-
lumnar architecture. Therefore, we extracted
the individual mapping components by com-
puting the difference between two time series
of spatiospectral images, each of which was
obtained after grating stimulus of orthogonal
orientations (15). The time course in Fig. 3B
illustrates the activity-dependent spatial pat-
tern of each component (mapping signal).
Intensity changes along a horizontal line rep-
resent the time course at a given cortical
location. Intensity changes along a vertical
line represent the amplitude of the mapping
signal at different cortical locations at a given
time. The orientation bands are apparent for
the Hbr and LS components but are much
fuzzier for the HbO, component.

To quantify the spatial precision of the
various components, we computed the ratio
between the amplitudes of the global signals
and mapping signals for each component.
This ratio offers a quantitative measure of
the relative spatial precision of each compo-
nent. We defined the instantaneous ampli-
tude of each mapping component as the
average amplitude in space at a given time.
A marked difference in the average time
course of each mapping component was ob-
served (Fig. 3C). The Hbr component lin-
early increased throughout stimulus, a dura-
tion of 1 to 6 s, and decayed for more than
15 s. The latency to the onset and the peak
of the HbO, was larger than that of the Hbr
by 1 to 2 s. The LS component is faster in
latency, rise time, and decay time relative to
the Hbr component. At 2 s, the magnitude
of the Hbr mapping component comprised
31 £ 6% (SD, N = 4) of its global compo-
nent. For the HbO, it was only 4.5 * 1.5%
at its maximum. For the LS component, the
ratio was 21 * 7% at 2 s (16). These ratios
suggested that the early Hbr mapping com-
ponents were 6- to 10-fold more localized

than the HbO, mapping component.

Qur results shed light on several contro-
versies raised by previous PET and f-MRI
studies. We confirmed that sensory stimula-
tion gives rise to a large increase in blood
oxygenation. However, neither PET nor most
f-MRI studies observed an initial increase in
deoxyhemoglobin (“initial dip”), and hence,
both postulated an initial phase of anaerobic
metabolism. Our observations (17) revealed
an early increase in deoxyhemoglobin con-
centration (Fig. 2G, inset, and Fig. 3A, mid-
dle panel), consistent with direct Po, mea-
surements from other groups (18) and indicat-
ing that aerobic metabolism took place imme-
diately after sensory stimulation. Recently,
two f-MRI studies confirmed the results de-
rived from optical imaging (19). Because the
optical signals shown here originated pri-
marily from the capillaries, the failure of
most f-MRI studies to detect the initial dip
and visualize cortical columnar organiza-
tion raises the possibility that these mea-
surements were not sufficiently sensitive to
signals from the capillaries. It remains to be
seen whether the spatial resolution of f-
MRI can be improved by stimulation pro-
tocols and data analysis procedures similar
to those used during optical imaging.

The above spectroscopic data suggest the

Fig. 3. (A) Time courses of the global
signals for the Hbr, HbO,, and LS
components. Error bars (+1 SD, N

>

Hbr

following sequence of three different physio-
logical events after a brief sensory stimulation.
First, the initial increase in deoxyhemoglobin
(Fig. 3A) indicated that a localized increase of
neuronal activity was accompanied by aerobic
metabolism. This metabolic process develops
local gradients of tissue oxygen levels (Fig. 3,
B and C) between active and inactive regions
(spiking). Surprisingly, even though we clear-
ly detected the increase in deoxyhemoglobin,
the complementary reduction in oxyhemoglo-
bin was very small if it existed at all (Fig. 3, A
and B). This observation suggests that a sec-
ond physiological event immediately compen-
sated for the initial oxyhemoglobin decrease.
Previous reports (20) have suggested that a
fast and highly localized blood volume and
flow redistribution in the capillaries may ac-
count for this cancellation. The third event
was the delayed increase of the global oxyhe-
moglobin and the delayed undershoot of the
global deoxyhemoglobin signals presumably
caused by the well-known, large activity-de-
pendent increase of blood volume and flow to
the tissue. Furthermore, this late blood-flow
and volume change must be regulated at rath-
er a coarse spatial scale because they do not
quickly eliminate the local gradients in deoxy-
hemoglobin (mapping signal) created by in-
creased electrical activity, which instead con-

Hbo, LS

= 4) were calculated for four repeat-
ed measurements from the same
cortical region (4-s stimuli). The de-
crease in deoxyhemoglobin started
before stimulus termination. The
time and amplitude of this peak was
insensitive to stimulus  duration

A CI(x104)

above 2 s. AC is a change in tissue
concentration and/is the path length
of light in the tissue. Both Hbor and B
HbO,, are measured in the same ar-
bitrary units. Two models were used
to examine the LS contribution (74):
() one wavelength-independent
component (solid line), and (i) a
wavelength-independent  compo-
nent (dotted line) plus a A=* compo-
nent (dashed line). The three LS
curves (16) were normalized and
plotted in arbitrary units. (B) Time
course and spatial precision of maps
produced by the Hor, HbO,, and LS
components. Global components
obtained while stimulating with verti-
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tinued to decay very slowly (compare middle
panels of Fig. 3, A and C). This large mis-
match between oxygen consumption and sup-
ply probably underscores the importance of
adequate oxygen supply: watering the entire
garden for the sake of one thirsty flower (21).
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Ocular Dominance Plasticity Under Metabotropic
Glutamate Receptor Blockade

Takao K. Hensch and Michael P. Stryker*

Occluding vision through one eye during a critical period in early life nearly abolishes
responses to that eye in visual cortex. This phenomenon is mimicked by long-term
depression of synaptic transmission in vitro, which may require metabotropic glutamate
receptors (mMGluRs) and is age-dependent. Peaks in mGIuR expression and glutamate-
stimulated phosphoinositide turnover during visual cortical development have been pro-
posed as biochemical bases for the critical period. Pharmacological blockade of mGluRs
specifically prevented synapse weakening in mouse visual cortical slices but did not alter
kitten ocular dominance plasticity in vivo. Thus, a heightened mGIuR response does not
account for the critical period in development.

Connections in the developing vertebrate
visual system are sculpted by an activity-de-
pendent competition between inputs for com-
mon postsynaptic neurons. Manipulations of
visual experience, such as monocular depriva-
tion (MD) during a well-defined critical peri-
od, regulate cortical physiology and ultimately
lead to anatomical rearrangements (1). The
biochemical basis for experience-dependent
changes in visual circuitry remains largely un-
known. mGluRs are reported to play a role in
the neural plasticity of several systems, includ-
ing synapse strengthening in the hippocampus
(2-4) and long-term depression (LTD), a
form of age-dependent (5) synapse weakening
in the hippocampus (6), neocortex (7), and
cerebellum (8). Expression of mGluRs (9) and
glutamate-stimulated phosphoinositide (PI)
turnover (10) have both been shown to peak
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transiently during development of cat primary
visual cortex, concurrent with the height of
sensitivity to visual deprivation. Thus, mGluR
function is a candidate mediator of cortical
plasticity, accounting for both the time course
of the critical period and the loss of respon-
siveness from an eye deprived of vision. We
have now examined developmental plasticity
of primary visual cortex both in vitro and in
vivo with the mGluR antagonist a-methyl-4-
carboxyphenylglycine (MCPG).

The mechanisms responsible for the for-
mation of ocular dominance columns during
normal development are thought to underlie
the effects of MD (1). At the peak of the
critical period in the cat (4 weeks after
birth), significant segregation of the afferent
axons serving the two eyes has already taken
place (11). Thus, we examined depotentia-
tion of experimentally potentiated responses,
rather than depression of naive synapses, as
the most appropriate in vitro model for the
loss of responses through the deprived eye.
Theta-burst stimulation (TBS), to produce





