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Brain mapping techniques have come a long way since the first explorations with
surface electrodes. This sfudy examines some of the new elecirophysiological
and imaging techniques that have been developed in response to the demands
of brain mapping. Our faboratory combines several of these techniques, inciud-
ing single-unit recording, fMRI, optical imaging, and in vivo two-photon mi-
croscapy, to map cortical circuits with high-resolution and in three dimensions.
Long-term goals of this research include the development of novel microscop-
ic imaging methods o help diagnose and treat diseases of the human cerebral
cortex.
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ilder Penfield, the ncurosar-
CC geon who founded the Mon-
treal Neutological Institute, was not
the only brain mapper of his time, but
he was probably the most spectacular
brain mapper of all time, Through
mild cortical stimulation in locally
anesthetized, fully aware neurosurgical
patients, he discovered that he could
evoke epileptic-like auras from his pa-
tients (which was his goal in order to
localize epileptic foci). Moreover, he
could evoke movements, feelings, and
powerful episodic memories.” Most im-
portantly, the same memory (or event)
could be evoked repeatedly with re-
peated stimulation in the same location.
Penfield thus showed that the cortex
could be mapped for both sensory and
cognitive functions, in an anatomically
gross mannet, by directly stimulating
the brain with surface electrodes in
awake patients, who themselves de-
scribed the feelings and effects of the
stimulation.

However, the spatial resolution of
mapping across the surface of the brain
was on the order of millimeters, where-
as brain circuits are formed on the order
of microns. The electrodes that Pen-
field used were essentially one-dimen-
sional tools. Consequently, their ability
to determmne patterns of functionality
(maps) within ewo-dimensional or three-
dimensional brain circuits was himited.
This limitation is truc in almost all elec-
trophysiological approaches such as
EEG, evoked potentials, and single- and
multi~unit recordings.

This article describes several con-
temporary imaging techniques that can
be combined for accurate assessment of
cortical physiclogy in three dimensions



associated with high spatial and tempo-
ral resolution. To understand the best
use of the various imaging techniques,
their deficiencies, and how they may
best be combined, I will first review
some functional anatomical techniques
that predate contemporary imaging and
that have laid the foundation for our
curtent understanding of the brain.

Historical Perspective

David Hubel and Torsten Wiesel
championed the combined use of sin-
gle-unit recordings and anatormical
staining techniques to achieve high-res-
olution cortical maps (sec their new
book for a historical review"). The tung-
sten micro- clectrode, invented by
Hubel,” was similar to the electrodes
used by Penfield, but its tip was 100 to
1000 times smaller. Consequently, it
could be used to discover meaningful, if
limited (on the scale of tens of microns),
functional patterns within brain areas.
Hubel and Wiesel combined perpen-
dicular, oblique, and tangential (to the
cortical surface) metal clectrode pene-
trations of the brain with histological
staining techmques that reconstructed
the electrode tracks in postmortem ts-
sue. With these techniques they built
the first crude model (on the scale of
tens to hundreds of microns) of how
neurons were arratged in a two-di-
mensional pattern across the surface of
the primary visual cortex. They dis-
cerned functional circuits: repeating pat-
terns of physiological domains across the
surface of the cortex, such as ocular
doninance, and stinmulus orientation
columns perpendicular to the surface of
the cortex. They also determined gen-
eral principles of structure and function
of the cortical layers, which added a
third dimension to their functional an-
atomical crcuit model.

Ultimately, Hubel and Wiesel found
that mapping the three-dimensional cor-
tex with a one-dimensional device was
too limiting. By combining their record-
ings with anatormnical staining techniques,
such as the Nauta method, radioactive
2-deoxyglucose uptake, horseradish per-
oxtdase staining, and radioactive amino-
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acid pathway iracing, they were better
able to correlate electrode tracks to direct
postmortem imaging of cortical and
subcortical maps.

Current Status

Hubel’s and Wiesels studies, which
led to their Nobel Prize in 1981, spurred
an explosion of functional anatomical
stuclies in all brain systems (especially cor-
tical systeins} using similar techniques.
The methods have been refined, but the
combination of electrophysiological and
anatomical approaches still remaing the
staple of cortical and subcortical brain
mapping.

However, the status quo has notable
disadvantages. First, the anatomy can
only be visualized in postmortem tissue,
which severely constrains its use both in
cognitive tesearch and in the divic. In
1981 (and until recently), there was no
method to obtain pliysiological infor-
mation with high spatial and temporal
resolution in vivo. Second, in 1981 the
macroscopic maps on the surface of the
cortex could not be visualized directly, n
vivey, Finally, the above techniques were
all highly invasive, with the exception
of recording EEG or evoked potentials.
The cognitive repertoires of scientists and
neurosurgeons severely lacked a high-res-
olution brain-mapping technique that
could be used in normal awake humans.

To avercome these deficiencies, sev-
eral imaging technigques have since heen
developed (Table 1): MR, macroscop-
ic optical recording, and 2PLSM. Other
techniques (.c., CT, PET, SPECT) are
also extremely useful for specific but cir-
cumscribed uscs in rescarch and in the
clinie. Consequently, the remainder of
thiy article focuses on how fMIX, op-
tical recording, and 2PLSM can be
combined to explore cortical microcir-
cuits and vascular fnction. No single
technique is perfect, but fMIRJ, optical
recording, and 2PLSM may be the best
methods to combine to map circuits
within the upper layers of cortex, n vivo.

fMRI
MR s the magnetic imaging of blood
How across different behavioral conditions.

The magnetic properties of blood change
as a fimction of neural activity (ncural ac-
tivity causes ncurons to use more oxy-
gen from the blood, and oxygenated
blood has different magnetic properties
than deoxygenated blood), making it
particularty amenable to magnetic im-
aging analysis. Like iron, deoxygenated
hemoglobin is magnetic whereas oxy-
genated hemoglobin (like rust) is not.
By isolating the parts of the brain with
deoxygenated blood from regions with
oxygenated blood, we can infer where
the neurons of the brain have absorbed
the oxygen from the blood duc to in-
creased function. This reasoning led
Ogawa and colleagues® to discover that
BOLD signal can be used to map brain
function noninvasively.

fMRI has sparked a major revolu-
tion in the discovery and crude map-
ping of cortical brain arcas. ITowever,
the spatial resolution of the method is
relatively low {on the order of millime-
ters rather than the micren resolution
associated with anatomical staining
technigues). Tts temporal resolution is
also low (the hemodynamic neural re-
sponse occurs over scconds rather than
the microsecond resolution associated
with electrophysiology). Despite these
shortcomings, fMRI is an excellent
method for mapping many types of
brain function and neuropathology, es-
pecially if further invasive scientific or
neurosurgical interventions are planned.

We have used fMRI in collaboration
with Peter Tse (Dartmouth College) o
map visual brain arcas noninvasively (Fig,.
1) and also to map the parts of the visaal
systern that may be relevant to maintain-
mg visual awareness.® We are now ex-
tending this method to target brain areas
for direct optical stidy.

Macroscopic Optical Imaging

Lack of oxygen not only changes he-
moglobin from nonmagnetic to mag-
netic, iralso turns it from reddish (rusty)
to bluish (iron). Therefore, the parts of
the brain’s surface that are active during
a given task arc bluer than the areas
where neurons are less active, Gary Blas-
del and Guy Salama' discovered that
when red light was shone onto the: ex-
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Table 1. Summary of Advantages 6f"lrhé'§ ng Tec niques

Directly ~ High-  Provides 3D

Imaging Non- Awake High- In vivo _ Provides : Samples Provides
technique invasive temporal appli- visualizes  spatial  anatomical subcellular from  laminar
resolution cation macroscopic resolution recon- anatomical deep mapping
maps struction recenstruction structures

Anatomical X X X X X X
staining
Radiography X X X X X
Extracellular metal X X X X X
electrodes
Intracellular glass X X X X X
microelectrodes
EEG/evoked X X X X X

potentials
fMRI X X X X X
Macroscopic opti- X X X X

cal recording
2PLSM X X X X X X X

Figure 1. fMRI mapping of human visual cortex. Left and right hemispheres of a human
brain. The two hemispheres have been inflated (computationally) so that areas normal-
ly buried within the folds of the cortex are visible. Dark gray patches are the linings of
what normally would be the sulci of the human cortex, and the light gray patches repre-
sent the gyri (peaks). Colored areas represent the functional processing areas of the vi-
sual system. V1 (primary visual cortex or Brodmann's area 17) is the first cortical area to
receive input from the retina. The other areas are arranged to receive information through
an iterative processing hierarchy that somehow generates visual perception. By map-
ping cortical areas in this way, fMRI can help neurosurgeons to identify specific brain-
processing domains noninvasively before surgery.

posed surface of the cortex, more red
photons were absorbed by the active re-
gions. The finding makes sense. Inac-
tive regions, more oxygen was removed
from the blood. Therefore, the blood
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turned bluish, which, by definition,
means that it absorbs more red light.”
fMRI and macroscopic optical
recording of blood flow have the same
physical substrate (blood oxygenation

level) and therefore the same slow tem-
poral resolution. However, the spatial res-
olution of macroscopic optical record-
ing is much higher than thar of fMRI.
The resolution of the capillary network
immediately below the brain’s surface is
tens to hundreds of microns, depend-
mg on the tissue.

We have used optical recording in
collaboration with Michacl Haglund®
(Fig. 2A-D) and Gary Blasdel (Fig. 2F)
to analyze the functional anatomy of the
early visual system. We have also done
macroscopic optical imaging to target
electrodes and 2PLSM i the olfactory
system (Fig. 3).

2PLSM

A major problem with standard light
microscopy is that the light source is in-
evitably brighter than the tissue of inter-
est, which drastically decreases the qual-
ity of the imaging. 'I'he images are also
contaminated by light from sources out-
side the plane of focus. The invention of
fluorescence microscopy was a major
leap forward for microscopic analysis. It
allowed tissue to be illuminated with one
color of light (the excitation wavelength)
while imaging only the fluoresced pho-
tons of a different color (the emission
wavelength). Thus fluorescence micro-
scopes filter photons outside the emis-
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Figure 2. Macroscopic aptical imaging of functional bload flow. (A) A 1 cm? image from
cortical area V1 in a primate. The stripes indicate an ocular dominance map created
when visual stimuli are displayed to the right eye versus the left eye. (B) The same 1 cm?
of cortex when a flickering bar is displayed to one eye only. (C) Same image as in A, but
with red lines describing the edges between the ocular dominance columns. (D) The
red lines from C are overlapped on the image from B, revealing that the wispy white mod-
ulations of blood flow within the dark bar response are modulations caused by the re-
sponse of the single eye to the bar. (E) An orientation map of the border between V1 and
V2 from a cat (V1 and V2 are called area 17 and 18 in cats, by convention). The colors
indicate stimulus orientation preference of the neurons in each point of the visual map.
Figures 2A-D from Macknik SL and Haglund MM: Optical images of visible and invisible
percepts in the primary cortex of primates. Proc Natl Acad Sci USA 96(26):15208-15210,
1999. “Copyright 1999 National Academy of Sciences, U.S.A.”

sion wavelength, thereby greatly im-
proving the quality of the imaging. For
biological imaging, the main problem
with fluorescent imaging is that the
quantum mechanical nature of fluores-
cence turns a high-energy (bluish) pho-
ton into a lower energy (reddish) pho-
ton. Because brain tissue tends to absorb
blue photons, extremely high-powered
light sources must be used to image tis-
sues more than about 100 microns deep.
Consequently, there is a risk of burning
the brain instead of obtaining images.

In 1990 Denk, Strickler, and Webb®
first used two-photon fluorescence ex-
citation to overcome these problems. In
the two-photon quantum eftect, a fluo-
rescent molecule with an excitation
wavelength of 400 nm, for example, will
fluoresce a photon when excited by two
photons with wavelengths of 800 nm
(each with exactly half the energy of a
single 400-nm photon). Consequently,
the same fluorescent dye will fluoresce
a greenish emission photon after receiv-
ing a single bluish (400 nm) excitation
photon or two simultaneous infrared
(800 nm) photons.

The advantage is that the brain is rel-
atively transparent to infrared light
(compared with blue light) and one can
image much deeper and with a much
lower power light source (i.e., infrared)
than when using a blue light source.
Moreover, the illumination method is
inherently focused on a given focal plane
because the two infrared photons must
land on the same fluorescent dye mole-
cule within temtoseconds of each other
to cause the emission of a green pho-
ton. Excitation (infrared) light scattered
by irrelevant tissue outside the focal
point causes no noise in the imaging (i
1s simply lost). Therefore, only the sin-
gle point of focus (in three dimensions)
of the laser will generate fluorescence.
Because of these features, 2PLSM solves
all of the earlier problems. It combines
fluorescence (which allows noise to be
filtered from the light source) with the
ability to use an infrared light source to
image deeply within cortex (on the
order of 1 mm). Furthermore, 1ts opti-
cal resolution is about the size of a sin-

gle photon.
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Figure 3. Intrinsic optical signal macroscopy of OMP-GFP mouse olfactory bulb. (4) Green light (605 nm) reflecta

ce photograph of

left olfactory bulb in a mouse. Vascular artifact is pronounced. The horizontal extent of image is about 2 mm. (B) Orange light (635 nm)
image of same area. Notice decreased vascular artifact. (C) IOSM image of hexanol activation (ratio of activated:nonactivated bulb at

635 nm). Hexanol-sensitive glomerulus (arrow).

The remaining challenge to using
two-photon imaging in physiological
studies is to position the fluorescent dyes
within live tissues. One way to address
this issue 1s to use genetically modified
animals that produce fluorescent mole-
cules within the tissue of interest (e.g.,
by knocking-in genes taken from deep
sea fish that glow). Special viruses that
dehver fluorescence-inducing genes can
also be injected into nongenetically
modified tissue. In some cases, fluores-
cent dyes can simply be injected into the
tissue of interest (the bloodstream or a
neuron).

In collaboration with Zachary
Mainen and Karel Svoboda at Cold
Spring Harbor Laboratory, we used
two-photon imaging to simultaneous-
Iy image the neural structure of olfac-
tory bulb glomeruli afferents and the
capillary blood flow responses within
the glomeruli. Using macroscopic opti-
cal imaging of blood flow, we first
mapped the olfactory bulb glomeruli
that responded to specific odorants (Fig.
3). We then injected red-colored fluo-
rescein dextrans (red sugar) into the
bloodstream and imaged the activated
glomerulus using 2PLSM (Fig. 4). By
capturing the red photons emitted with
a red-filtered photomultiplier (photon
detector), we recorded the velocity and
volume of blood flow in rats and mice
(Fig. 5).

Peter Mombaert’s laboratory at Co-
lumbia University created transgenic
mice born with GFP already within the
odorant receptor neurons of the olfac-
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Figure 4. 2PLSM reconstruction of ol-
factory glomerulus and selection of em-
bedded capillary. (A) 3D reconstruction of
Hexanol glomerulus indicated in Figure
3C. View is straight down; the top of
glomerulus is 60 pm below the surface of
the bulb. Brightness indicates depth (dim-
mer voxels are deeper than bright voxels).
(B) Reconstruction of microvasculature,
as in Panel A. (C) Panels A and B recon-
structed together. (D) View of glomerulus
from top and two sides. The bisecting
plane indicates the level of imaging in
Panel E (115 ym below the surface of the
bulb). (E) Capillary chosen for blood flow
analysis in Figure 3. The linescan is indi-
cated by arrows.
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Figure 5. 2PLSM linescans of capillary
blood flow. (A) Eight-second 2PLSM
linescan of capillary denoted in Figure 4E.
X-axis denotes spatial length of linescan.
Y-axis denotes time, with time increasing
downward. Black lines indicate RBCs. (B)
Results of custom RBC detection algo-
rithm. Alternating RBCs are colored in
green/blue. Stripe slope indicates veloc-
ity; number across X-axis indicates den-
sity. (C) Velocity (red line) and density
(blue line) measurements through time
(smoothed with 1-sec median filter), Cyan
line indicates onset of hexanol odor. In
this sample, velocity and density odor re-
sponses are not correlated.
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tory system. Using these animals, we
could simultaneously view the neural
structure of the glomeruli using a green-
filtered photomultiplier. Consequently,
we could determine exactly which cap-
illaries mside the glomerulus had caused
the macroscopic blood flow signal in
Figure 3C. We then imaged the in-
crease in blood flow caused within the
relevant capillaries in response to olfac-
tory activation. Future studies will focus
on determining how activated neurons
communicate that they need more oxy-
gen to the microvasculature.

Future Directions

By combining the use of fIMRI, mac-
roscopic optical recording, and 2PLSM,
we can target brain areas for study in
awake behaving subjects (FMRI). We
can then localize specific upper-layer
cortical circuits during brain surgery
(macroscopic optical recording). Final-
ly, we can examine the specific targeted
upper-layer circuits with high temporal
and spatial resolution (2PLSM).

In the studies described here, we ex-
amined microvascular blood flow with-
in specific functional neurocircuits. This
work is particularly amenable to trans-
lation to the clinic because of its poten-
tial use in diagnosing microperfusion
before and after microvascular neuro-
surgical interventions. These same tech-
niques will help uncover how perfusion
is controlled by the neural tissue. More-
over, it will provide neurosurgeons with
the finest possible analysis of microva-
sular function before, during, and after
vascular interventions. While fMRI and
macroscopic optical recording are in-
herently methods for analyzing blood
flow, 2PLSM can assess neuronal activ-
ity directly (after the ncurons are filled
with activity-dependent fluorescent
dyes).

The combination of these techniques
will no doubt lend itself to decades of
discovery and microscopic diagnostics
of cortical microperfusion and neural
function. Nonetheless, new techniques
still must be developed to examine deep
brain structures in awake subjects to ob-
tain the same spatial and temporal reso-
lution now possible on the surface of
the brain. Until deep imaging methods
are developed, combined electrophysio-
logical and postmortem anatomy tech-
niques remain the only high-resolution
source of determining functional anato-
my in subcortical arcas.
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