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Abstract

Electrical stimulation of the rat forepaw and hindpaw was employed to study the spatial
distribution of BOLD fMRI. Averaging of multiple fMRI sessions significantly improved the
spatial stability of the BOLD signal and enabled quantitative determination of the boundaries of
the BOLD fMRI maps. The averaged BOLD fMRI signal was distributed unevenly over the extent
of the map and the data at the boundaries could be modeled with major and minor spatial
components. Comparison of three-dimensional echo-planar imaging (EPI) fMRI at isotropic 300
um resolution demonstrated that the border locations of the major spatial component of BOLD
signal did not overlap between the forepaw and hindpaw maps. Interestingly, the border positions
of the minor BOLD fMRI spatial components extended significantly into neighboring
representations. Similar results were found for cerebral blood volume (CBV) weighted fMRI
obtained using iron oxide particles, suggesting that the minor spatial components may not be due
to vascular mislocalization typically associated with BOLD fMRI. Comparison of the BOLD
fMRI maps of the forepaw and hindpaw to histological determination of these representations
using cytochrome oxidase (CO) staining demonstrated that the major spatial component of the
BOLD fMRI activation maps accurately localizes the borders. Finally, 2-3 weeks following
peripheral nerve denervation, cortical reorganization/plasticity at the boundaries of somatosensory
limb representations in adult rat brain was studied. Denervation of the hindpaw caused a growth in
the major component of forepaw representation into the adjacent border of hindpaw
representation, such that fitting to two components no longer led to a better fit as compared to
using one major component. The border of the representation after plasticity was the same as the
border of its minor component in the absence of any plasticity. It is possible that the minor
components represent either vascular effects that extend from the real neuronal representations or
the neuronal communication between neighboring regions. Either way the results will be useful
for studying mechanisms of plasticity that cause alterations in the boundaries of neuronal
representations.
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1. Introduction

Blood oxygenation level-dependent functional magnetic resonance imaging (BOLD fMRI)
is a non-invasive, in vivo technique widely used for mapping of the brain function in humans
and animals (Huettel et al., 2004). There have been a number of comprehensive studies
focused on the relationship between the hemodynamic components constituting the BOLD
signal and neuronal function (Lauritzen, 2005; Logothetis, 2002; Smith et al., 2002; Ureshi
et al., 2004; Stefanovic et al., 2006). It is clear that in most normal situations there are strong
correlations between measures of neuronal activity and the amplitude of the BOLD signal.
There have been fewer studies of the spatial relationship between the topography of the
BOLD activation maps and the sites of neuronal activation (Engel et al., 1997; Kim et al.,
2004; Shmuel et al., 2007; Kim and Fukuda, 2008).

Much attention has been given to whether or not BOLD fMRI can detect cortical columns
and which of BOLD, perfusion, or cerebral blood volume weighted fMRI localize best (Kim
et al., 2000; Duong et al., 2000; Fukuda et al., 2006; Jin et al., 2008). Furthermore there
have been a number of studies measuring the point - spread function of BOLD fMRI
activation maps (Park et al., 2004; Parkers et al., 2005; Shmuel et al., 2007). These studies
typically make two assumptions that have not been well examined in the context of fMRI.
First, they assume that the neuronal representation is spatially well defined. Indeed, it is well
known from neurophysiological studies that neuronal representations are not precisely
defined by the underlying anatomy (Chapin and Lin, 1984; Chapin et al., 1987). Even at the
level of well-defined anatomical columns there is a spill-over in much weaker and diffused
neuronal activity to neighboring columns (Tucker and Katz, 2003; Ajima and Tanaka,
2006). Furthermore, there is evidence that there is reciprocal neuronal communication even
between boundaries of large neuronal representations (Berwick et al., 2004). The second
assumption is that the statistical thresholds usually used define the significant areas of
activation and that these are relevant as the borders of the representation. There have been a
few studies that have addressed how BOLD fMRI activation maps are affected in
individuals with signal averaging, and in these cases increase in signal to noise has led to the
notion that BOLD fMRI maps will increase with increasing signal to noise (Huettel and
McCarthy, 2001; Saad et al., 2003). However, even with averaging that is feasible in
humans the number of activated voxels depends critically on the statistical threshold. One
estimate is that it would take more than 150 single trials to detect all active voxels and
reliably determine the global spatial extent of the activation (Huettel and McCarthy, 2001).

In the present work, the well-established model of electrical stimulation of a rat limb (Bock
et al., 1998; Palmer et al., 1999; Spenger et al., 2000; Chen and Shen, 2006) was used to
study how data averaging influences the spatial distribution of the BOLD signal magnitude
across the extent of detectable activation area. Particular attention was paid to the
improvements of the certainty of BOLD signal definition at the boundaries of the adjacent
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representations after data averaging. Very high-resolution fMRI obtained at 11.7 T and
utilizing either multi-slice pulse sequences with 150 um in-plane resolution or three-
dimensional sequences with 300 pm isotropic resolution were used to define the resulting
activation maps. This data was used to determine the effects of averaging electrical
stimulations, to quantitatively determine the spatial localization of the fMRI maps’
boundaries, and to compare the spatial extent of the boundaries of the neighboring hindpaw
and forepaw cortical representations with each other and with cytochrome oxidase based
histology. The results indicate that a reasonable number of about forty blocks of thirty
seconds stimulation periods was sufficient to lead to a stable spatial BOLD fMRI signal.
Interestingly, at the high signal to noise ratio obtained, two spatial components could be
defined at the boundary of the BOLD fMRI data maps. There was a major component,
whose spatial extent did not extend into neighboring regions and agreed well with the
histologically determined borders of the hindpaw or forepaw representations. There was also
a minor component which was about 30% in amplitude that extended well into the
neighboring representation either defined by the major fMRI component or by histology.
Similar results were obtained with cerebral blood volume (CBV) based fMRI using iron
oxide particles as contrast agent, indicating that the presence and extent of the minor
component borders might not be due to vascular artifacts potentially associated with BOLD
fMRI. With the the three-dimensional BOLD fMRI changes in the boundaries of
somatosensory maps (cortical reorganization) following peripheral nerve deafferentiation
could be measured and should enable better quantitation of changes during plasticity over a
number of cortical areas (Dawson and Killackey, 1987; Karni et al., 1995; Melzer and
Smith, 1998; Calford, 2002, Yu et al., 2010). Denervation of the hindpaw led to an increase
of the extent of the adjacent major component of the forepaw representation. Interestingly,
one major spatial component was sufficient to fit the border of the fMRI representation after
plasticity and the extent of growth was not significantly different from the boundary value of
the minor component in the areas that had not undergone plasticity. Better quantitation of
the spatial extent of fMRI should enable interesting questions about the spatial extent of
BOLD fMRI under a variety of stimulation paradigms to be addressed (Godde et al., 1996;
Ogawa et al., 2000; Berwick et al., 2004).

2. Methods

2. 1. Animal preparation

All experiments were performed in compliance with guidelines set by the National Institutes
of Neurological Disorders and Stroke ACUC. Fifteen male Sprague-Dawley rats (200-300
g) were anesthetized with isoflurane (5% induction, 1.5% maintenance) and orally intubated
for artificial mechanical ventilation. Catheters were placed into the femoral artery and vein
for arterial blood pressure monitoring, sampling of blood gases and drug delivery. Isoflurane
was discontinued and anesthesia was switched to a-chloralose using 80 mg/kg initially, and
then followed by a continuous infusion of 26.7 mg/kg/hr. The animals were placed into a
stereotaxic head holder with ear and bite bars. An intravenous injection of pancuronium
bromide (4 mg/kg) was given once per hour to prevent motion. Expired CO», rectal
temperature and blood pressure were continuously monitored. Blood gases were measured
and maintained at normal levels. For CBV fMRI studies five rats were given 20 mg Fe/kg
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i.v. using 30 nm dextran coated iron oxide particles (Molday ION™, BioPAL, Worcester,
MA). Iron oxide was given five minutes before the commencement of CBV weighted fMRI.
For the study of the functional cortical reorganization, six adult rats underwent an excision
of the sciatic and saphenous nerves in a single hindpaw as previously described (Pelled et
al., 2007), and BOLD fMRI measurements were conducted in the following 2—-3 weeks.

2.2. Stimulation paradigm

Two needle electrodes were subcutaneously inserted into a forepaw and/or a unilateral
hindpaw when needed. The limbs were stimulated by application of trains of rectangular
pulses of 330 s duration at a repetition rate of 3 Hz supplied with a World Precision
Instruments stimulator (WPI, Sarasota, FL). Maximum current amplitude was 2.5 mA in all
stimulations. The fMRI block design was utilized for stimulation and the paradigm of a
single fMRI session consisted of five blocks (200 MRI scans). Each block employed 30 s of
stimulation, which contained 90 stimulation pulses and 20 MRI scans, bordered by 15 s rest
periods, which consisted of 10 MRI scans. Representative time courses of the stimulation
and the corresponding evoked BOLD signal during one fMRI session are shown in Fig. 1A.
Data is shown as a function of the number of averaged sessions used.

2.3. Functional Magnetic Resonance Imaging experiments

Functional MRI experiments were performed with an 11.7 T/31 cm magnet (Magnex
Scientific, Ltd., Abington, UK) interfaced to a Biospec-Avance console (Bruker-Biospin,
Corp, Billerica, MA) and equipped with a 9 cm ID gradient set (Resonance Research,
Billerica, MA). FASTMAP was employed for shimming (Gruetter, 1993). A laboratory-
built, 2 cm receive-only surface coil was used inside a 7 cm ID transmit-only coil. The
imaging experiments were divided into two groups:

The first group of experiments (5 animals) utilized a multi-slice, spin-echo single-shot EPI
sequence. FOV was 1.92x1.92 cm? with a 128x128 matrix leading to a nominal in-plane
resolution of 150 um. The bandwidth was 400 kHz, TE was 45.5 ms and TR was 1.5 s. Five
1 mm thick slices were acquired, covering the forebrain and middle brain. Sessions of
forepaw stimulation were collected as long as an animal was in normal physiological
condition. The duration of studies varied from 5 to 7 hours (44 sessions was the most
performed).

The second group of experiments (5 animals for BOLD fMRI and 5 animals for CBV fMRI)
utilized a 3D gradient-echo single-shot EPI sequence. FOV was 1.92x1.92x0.96 cm3 with a
64x64x32 matrix leading to a nominal, isotropic resolution of 300 um. The bandwidth was
200 kHz, TE was 13.22 ms and TR was 46.875 ms. The right forepaw and hindpaw were
stimulated in separate sessions. A total of 26 sessions were collected for each animal; 13 for
each limb.

The third group of experiments (6 animals for BOLD fMRI study of cortical plasticity) also
utilized the same 3D EPI sequence as described above, however both forepaws were
simultaneously stimulated and at least 13 sessions were collected for each animal.
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2.4. Data Analysis

Upon completion of the collection of fMRI sessions, images were averaged on voxel by
voxel basis. Figure 1 and Figure 2 indicate the steps taken. Fig. 1B shows a high-resolution
anatomical EPI image obtained with averaging of thirty-three fMRI sessions from a single
animal. The plot in Fig. 1C shows a signal magnitude profile of the averaged image, as well
as the image profiles of the single sessions used for averaging. All the magnitude profiles
correspond to the same ROIs represented by the blue line across the edge of the cortex
shown in Fig. 1B. Motion of animals was minimal due to the ear and bite bars used to hold
the head and the regular injections of pancuronium bromide, therefore, no additional
processing to correct for motion was employed. The averaged data was then used to
calculate the t-maps of BOLD signal (p < 0.05) in units of percent signal change. Only
groups of at least 4 activated pixels were taken into consideration. STIMULATE software
was used for the calculation of maps (Strupp, 1996).

Fig. 2A shows an averaged fMRI activation map of the forepaw representation overlaid
upon an averaged anatomical image. Twenty fMRI sessions, obtained in the first group of
experiments with a resolution of 150 um, were averaged for the map and the image shown.
The map profiles of the BOLD signal were manually selected for subsequent analysis as
demonstrated in Fig. 2A with the blue ROI line. ImageJ software (National Institutes of
Health, USA) was used to select the profiles. The ROIs were drawn in the same fashion for
all the animals: from the midline of the brain along the cortical layers IV and V (600-1000
um below the pial surface) in the coronal orientation. Two to three profiles corresponding to
the same selection line shifted across layers 1V and V were averaged for the final profile
representation of each map. Fig. 2B shows a map profile corresponding to the ROI selection
of the Fig 2A. The abscissa values of the length along the ROI are counted from the midline
of the brain. It is worth noting that the threshold introduced upon the raw averaged
functional data by application of the t-test did not influence the features of signal
distribution at the boundaries of the BOLD activation maps (Fig. 2B).

The dependence of the shape delineation of the BOLD signal profile upon the number of
fMRI sessions used for averaging was investigated in a way similar to the technique
reported in Huettel and McCarthy, 2001. Four series of 15 averages of sampled fMRI
sessions, varying in the number of sessions combined (for 3, 5, 8 and 15 averages), were
computed. While averaging, fMRI sessions were randomly sampled out of the total number
of repeated experiments. Then the activation t-maps were calculated for each of the averages
in the series and the profiles were selected based on the same ROI line. The standard
deviation of the BOLD signal across each series of averages was calculated at the same data
point of the profile signal fall-off corresponding to the border of the activation map.

The linear ROI selection lines were drawn in a different fashion for the comparison of the
denervated side of the cortex to the control side (Fig. 8A). The 3D data sets were axial-
oriented and the equal left and right sides of the ROIs formed an isosceles triangle with its
top placed into the midline between the hemispheres. One axial slice which most favorably
represented both forepaw and hindpaw representations was used to collect the ROI profiles
data for averaging across the six animals (the same slice for all of the animals).
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2.5. Defining the boundaries of the spatial extent of fMRI

For normal control animals the shapes of the fMRI activation map signal profiles were
roughly symmetrical around their maxima. The appearance of the spatial features of the
signal profile boundaries was similar in the medial and lateral directions (i.e. hindpaw and
orofacial representations respectively). As shown in Fig. 3A and 3B, the shape of the border
of either half of the BOLD signal profile could be well modeled by a combination of two
parabolic-shaped curves as expressed by the equation

Ey=F+F3, ()

where
) Fo, F5 >0
Fl_{ 0,Fp<0 @
with
Fy=—ag(z—a1)*+az (3)
and
) B’ >0
F3_{ 0,Fp<0 @
with

FQ:—ag(m—a4)2+a5. (5)

The activation profiles were normalized by the values of their maximum signal and then
fitted by the expression (1) using the variables a; (i = [0, 5]) as parameters of the fit. Then,
the profiles’ borders were further characterized by the points where the curves F1 and F3
crossed the abscissa (Fig. 3B). Using results of the best fit, the cross-section points were
calculated as

az
2€T0major=—1/ —=+a1 (6)
agp
and
as
Z€T0min or=—14/ —+Q4. (7)
as
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2.6. Histology

A separate group of four rats was used for histological stain to reveal the forepaw and
hindpaw anatomical somatosensory representations in the cortex. A histochemical stain for
the mitochondrial enzyme cytochrome oxidase (CO) was used. Density of the CO stain in
the cortical layer IV reflects density of the aggregates of granule cells (neuronal density) and
thus cytoarchitectonically delineates regions of sensory representations (Wong-Riley and
Welt, 1980; Land and Simons, 1985; Hevner et al., 1995).

Histochemically stained coronal sections (40 pm thick) were considered from the region of
the brain located between 0.35 and 0.85 mm posterior to the bregma. The intensity of
staining (relative lightness/darkness of color) was visually inspected with regard to the
borders of the forepaw and hindpaw representations, and the photoimages (Leica-Vashaw
Scientific, Inc., Norcross, GA) of sections were manually marked with lines representing
histological borders. Then the ROI selection lines were drawn on the marked photoimages in
the same manner as it was done for the fMRI representations: from the midline of the brain
along the layer V. The abscissa values of the length along this ROI selection line
corresponding to its cross-section points with the visually scored border marks were
recorded as the histological border values. The fMRI activation maps corresponding to a
single coronal slice at the same location in the brain were selected from the 3D data sets (0.3
mm isotropic resolution) and the shapes of their signal profiles were analyzed at the borders
as discussed above for comparison of the boundaries of the fMRI maps of the cortical
representations and the histology. No attempt was made to adjust for shrinkage that may
have occurred due to fixation, sectioning and staining of the sections.

3. Results

3.1. Averaging of high-resolution fMRI activation maps enables quantification of
boundaries

As demonstrated in Fig. 1, the averaging of fMRI sessions improves the signal-to-noise ratio
and sharpens the contrast of the anatomical high-resolution EPI data, thus enabling the more
precise analysis of the derived functional maps. Fig. 2A and Fig. 2B show that to avoid
contamination with signals from the draining vein at the surface of the cortex, the ROI
selection of the activation signal profiles is performed at the deeper cortical layers. The
shape of the BOLD fMRI signal profile depends on the number of fMRI sessions used for
averaging. Fig. 2C and 2D show two sets of the activation map profiles; the set in Fig. 2C
corresponds to a series of 15 randomly sampled single fMRI sessions. The other set in Fig.
2D corresponds to a series of 15 averages of 8 randomly sampled fMRI sessions. The
profiles are from the same ROI selection defined by the blue line in Fig. 2A. It can be seen
that the stability of the profile shape increases as more fMRI sessions are averaged. The plot
of the standard deviation of the BOLD signal at the profile border versus the number of
averaged sessions is shown in Fig. 2E. This data indicated that by eight or more averaged
sessions the shape of the map profile shows little variation even if the averaging is
increased. This suggests that the minimum number of averages should be eight sessions with
the parameters used in this study and increasing the number of averages further has only
minor effects on the delineation of the activation map borders.

Neuroimage. Author manuscript; available in PMC 2014 October 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Goloshevsky et al.

Page 8

From the representative activation map and its signal profile shown in Fig. 2A and 2B it can
be seen that areas of lower BOLD signal intensity bordered the area of greater BOLD signal.
As demonstrated in Fig. 3C, this was consistently observed for all animals used in the high-
resolution experiments. To evaluate the distribution of the BOLD signal at the boundary of
the representation, the activation profiles were further studied by fitting the spatial extent of
the curves. It is clear from the data that at least two spatial components were required to fit
the data. The position of the boundary of each component was quantitated by the parameters
Zer Omgjor and Zeropingr as determined by the fit of equations (6) and (7) to the data. Table 1
summarizes the results of the fit for five animals from the forepaw representation. The
averaged major component boundary, zer Opgjor, Was at the distance of 2485 + 134 um from
the midline of the brain along the cortex. The boundary of the minor component, zer Orinors
was at 1709 + 400 pm from the midline of the brain. This difference between zerOpjor and
ZerOminor Was statistically significant (p < 0.05). Fig. 3D shows the boundary of the BOLD
signal profile in the medial direction and the border positions of the two components
averaged over five animals.

3.2. Three-dimensional BOLD and CBV fMRI activation maps enables comparison of
boundaries between forepaw and hindpaw representations

Fig. 4A shows representative averaged BOLD activation maps of forepaw and hindpaw
overlaid upon averaged anatomical images in the axial orientation obtained from the 3D
MRI. It can be seen that, due to draining veins, the BOLD signal deeper in the cortex is
localized much better than on the surface consistent with the two-dimensional maps (Fig.
2A) and previous studies (Keilholz et al., 2006; Goloshevsky et al., 2008). Fig. 4B shows
BOLD signal profiles from the activation maps of forepaw and hindpaw corresponding to
the same ROI (the blue selection line in Fig. 4A). The intensity of the hindpaw BOLD
activation was lower than that of the forepaw. It was previously demonstrated that due to a
lower sensitivity of the hindpaw, higher electrical currents were needed to induce similar
fMRI activation of the same amplitude as in the forepaw (Bock et al., 1998). Here, the same
amplitude of the electrical current was used for the stimulation of both the forepaw and
hindpaw, since signal to noise was good enough for reliable determination of zeropyjor and
Zer Opningr for both representations.

The overlap between the fMRI maps of forepaw and hindpaw representations (Fig. 5A) was
investigated by the analysis of the map profiles at their boundaries. Fig. 5B shows
representative BOLD signal profiles separately obtained for the forepaw and hindpaw from
the same animal and corresponding to the same ROI as indicated by the blue selection line
in Fig. 5A. The activation profiles from all animals demonstrated a significant overlap
between the representations and this was further studied by the analysis of the spatial border
positions where BOLD signal went to zero for the two major spatial components in each
representation (Fig. 5B). The zeropgjor and zeropinor Values, described by the equations (6)
and (7), were used to quantify the features of the profile shapes at the adjacent boundaries
for both forepaw and hindpaw. Table 2 summarizes the values of the fit for five animals.
The border value zeropygjor 0f the major component of the forepaw representation on its
hindpaw side was 2435 + 289 pm from the brain midline, which was not significantly
different from the value obtained from the two-dimensional fMRI data reported above. The
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border value zeropygjor of the major component of the hindpaw representation was at 2587 +
310 pm from the midline. The boundary positions for these two major components were not
statistically different indicating that fMRI at the resolutions used could not detect a
significant separation between the two major representations.

The values of border position zerop,inor for both minor components from the hindpaw and
forepaw representations were significantly different from the zeropgjor values (Table 2). For
the forepaw there was good agreement for the zeron,inor Value obtained from the 2D and 3D
fMRI data. Interestingly, zeroninor border positions of the minor components extended well
into the neighboring representation. The forepaw zeroninor Values at 1463 + 289 um from
the midline was significantly (p < 0.05) closer to the midline than the hindpaw zer Opygjor
(2587 + 310 um) indicating that the forepaw minor zeropinor boundary was inside the
hindpaw zer opygjor boundary. Similarly the hindpaw minor zeropnor boundary was at 3334 +
235 pm which was significantly further (p < 0.05) than the forepaw zeropyjor boundary on
the hindpaw side at 2435 + 289 pm from the brain midline. Fig. 5C shows the BOLD signal
profile and the values of the adjacent boundaries for the forepaw and hindpaw fMRI
representations averaged for five animals. Thus, the overlap detected in the typically
thresholded BOLD fMRI maps would not be due to overlap of the major BOLD fMRI
spatial components but due to the extension of the minor components into the territory
defined by the major components.

There is general consensus that BOLD fMRI can give rise to vascular artifacts. The use of
spin-echo EPI at high field reduces these artifacts (Uludag et al., 2009), but they can still
contribute as demonstrated by the draining vein detected in the present and earlier works
performing fMRI on the rodent forepaw representation (Keilholz et al., 2006; Goloshevsky
et al., 2008). This opens the possibility that the minor components we detected at the
boundaries are due to vascular artifacts. Care was taken to analyze the BOLD fMRI data
from deeper cortical regions to avoid the obvious surface vessel artifacts; however, vascular
artifacts in BOLD fMRI from penetrating venules remained a possibility. There is some
evidence that CBV weighted, iron-oxide fMRI reduces the possibility for vascular artifacts
(Mandeville et al., 1998; Keilholz et al., 2006; Zhao et al., 2006). Therefore, 3D CBV fMRI
maps of forepaw and hindpaw representations were obtained to determine if there were
major and minor spatial components as found with BOLD fMRI. Fig. 6 shows data obtained
with CBV based fMRI. The CBV activation maps were investigated in the coronal
orientation as shown in Fig 5A and the fit of the boundaries of the CBV signal profiles is
shown in Fig. 6B. Table 3 summarizes the results of the fit for five animals. The CBV fMRI
analysis also demonstrated two spatial components at the same border locations as the
BOLD fMRI data.

To test whether the fMRI defined major component borders of the somatosensory
representations agreed with the anatomical borders, histology was quantified in a manner
similar to the fMRI data. As described above, the histological borders between the sensory
cortical representations of forepaw and hindpaw were quantified by means of the ROI
analysis of the visually scored photoimages of the CO-stained brain slices at approximately
the position of layer IV. The border values obtained from histology are summarized in Table
4. As an example of quantitative comparison between the histology and the fMRI data, the
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histologically defined border of the hindpaw between the forepaw and hindpaw
representations at 2542 + 58 pm was not significantly different from both of the zeropygjor
value for the 3D CBV fMRI forepaw representation at 2765 + 292 um and the zer Opygjor
value for the 3D CBV fMRI hindpaw representation at 2720 £ 136 um. The histologically
defined border of the forepaw at 2887 + 37 um was not significantly different from either of
the 3D CBV fMRI border values as well. Indeed, these values all agree within one pixel of
300-micron resolution of the fMRI data. Thus, there is excellent agreement between the
major component boundary defined by the fMRI and the anatomical boundary defined by
CO staining. Based on the observed correlation between the histology and fMRI, a strong
spatial correspondence can be proposed between the areas of higher signal in the fMRI
activation maps and the somatosensory cytoarchitectural representations. The zerominor
boundary values of the forepaw and hindpaw minor components (1797 + 490 and 4146 +
797 um from the brain mid-line) obtained from the fMRI data were statistically different
from the histological borders again demonstrating that the minor components extend into the
neighboring representation.

3.3. Assessment of functional cortical plasticity with BOLD fMRI mapping of adjacent
somatosensory representations

Fig. 8A shows averaged BOLD activation maps of bilateral forepaw representations overlaid
upon the anatomical EPI images in the axial orientation (2 slices shown). The left
hemisphere in the images corresponds to the denervated hindpaw. Therefore the isosceles
sides of the blue selection line represent the forepaw of the altered representation (left) and
the control forepaw (right) correspondingly. The ROI profiles from an individual rat shown
in Fig. 8B demonstrate the comparison between the appearances of representation borders
for the normal/control forepaw and for the forepaw of the reorganized representation. The
position of the profiles in these animals is in a different plane than used in the previous set
of experiments since data shown is from an axial orientation. The growth of the reorganized
fMRI forepaw representation into the representation of the denervated hindpaw can be
readily detected. This growth would translate into an increased number of pixels above
threshold as it would be typically quantified to measure changes in representations with
fMRI. Fig 8C shows the average profiles from all six animals. There is some indication of
the lateral expansion in the forepaw map boundaries, which was primarily due to the
normalization and averaging of the fMRI signal profiles (there were differences in brain
sizes of individual rats, ROIs asymmetry due to the slightly angled position of the brain in
the imaging slice and also differences in the magnitude of stimulation for left and right
forepaws due to the slightly different positioning of the electrodes). The lateral expansion
was not observed consistently for all of the individual rats in the group (as can be seen in the
Figure 8A corresponding to a single animal). The boxes indicate the location of the 50%
intensity point for control (blue box) and denervated (red box). The box size represents
mean + one standard deviation.

Fig. 8D shows the results of the fitting of forepaw representation for both control (black
line) and denervated animals (red line) at the border with the hindpaw representation. In
control animals a two component analysis fit the data best. However, the boundary of the
reorganized forepaw was best fitted by the major component only. A two component fit
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would either not converge, had a poor quality of fit, or had a very small minor component
(data not shown). Interestingly, the border position zerOnjor (red box) in the expanded
reorganized area overlaps with the border position zeropinor (blue box) of the control
forepaw (Fig. 8D). To illustrate how these forepaw boundary positions fall in relation to the
hindpaw boundaries, the control and denervated profiles are mapped with the control
hindpaw representation in Fig 8E (grey boxes). Positions of all borders of the major and
minor components from control rats and the border position of the major component of the
forepaw representation from hindpaw denervated rats are summarized in Table 5.

4. Discussion

The goal of the present work was to determine if high sensitivity and high-resolution BOLD
fMRI could lead to a quantitative determination of the boundaries of the cortical
representations of the rat forepaw and hindpaw. The data indicate that there are large
increases in the signal to noise of spin-echo BOLD fMRI maps obtained at 11.7T at the high
resolution when up to about 8-10 fMRI sessions are used for signal averaging. Increases
after this are much smaller. The relation between the number of stimulations and
improvement in signal to noise will be very dependent on the precise imaging conditions
used due to well-studied issues of the noise properties of the BOLD signal, such as whether
physiological or MRI system noise dominate (Thomas et al., 2002). It has been previously
shown that signal averaging improves the SNR of the fMRI signal from the human brain,
and under certain conditions this can lead to an increase of the spatial extent of pixels that
get above statistical activation threshold and thus an apparent increase in the size of the
activation (Huettel and McCarthy, 2001; Saad et al., 2003). Furthermore, it was
demonstrated that even after a large number of averages there was still evidence that many
activated voxels remained below the threshold (Saad et al., 2003). These results open the
question of how to quantify the borders of fMRI activations especially when plasticity
changes these borders (Yu et al., 2010).

In the rat somatosensory cortex signal averaging leads to a stabilization of the activation
area indicating that the borders can be clearly defined. Unexpectedly, it was found that the
magnitude of the BOLD fMRI activation maps at their boundaries was not well described
with a single spatial component. The profiles of the BOLD signal obtained from mid-
cortical layers across the activation area demonstrated peripheral areas of reduced BOLD
signal surrounding a central region of greater activation. The larger central activation,
surrounded by a weaker activation was consistently observed for a number of animals.
Therefore, quantitatively defining the boundaries by using curve fitting of the signal
intensity distributions vs. spatial extent of the BOLD fMRI data required fitting to two
components: a major component and a minor component that was about 30 % as large in
amplitude as the major component. Previously, this approach of extrapolating fMRI data to a
border was used but without fitting second minor component (Yu et al., 2010). In this
previous work there was significant overlap in representations. In the present work, the
border positions of where the major component of the fMRI signal went to zero did not
overlap for the cortical forepaw and hindpaw representations. Therefore, removing the
minor spatial component led to separation of the major fMRI components. The
cytoarchitectonic divisions within the rat somatosensory cortex are well known and their
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detailed maps have been previously obtained using microelectrode recordings (Chapin and
Lin, 1984) and histochemical staining (Land and Simons, 1985; Dawson and Killackey,
1987). Specifically, it has been shown that the granular zones (dense aggregates of layer IV
granular cells) of the hindpaw and forepaw do not overlap and there is a spacer of less
granular cortex (perigranular zone) between them. The positions of the boundaries of the
major BOLD fMRI components agreed well with histological data for the anatomical
boundaries between the forepaw and hindpaw granular zones. This agreement suggests that
the border of the major spatial component of a functional BOLD map accurately localizes
the cytoarchitectural boundaries. A significant drawback to fitting the fMRI data to two
spatial border components is that excellent signal to noise achieved with averaging many
stimulations needed to be obtained.

The correspondence of the boundaries of BOLD fMRI representations and histological
borders was excellent despite a number of factors that complicated the comparison. The
fixation and sectioning of the brain can distort the brain slices and it is well known that the
EPI sequence can cause geometrical distortions (Chen et al., 2006). Finally, the thicknesses
of the histological and MRI slices were quite different. Nevertheless, there was a good
agreement between the fMRI localization of the boundary values zeropygjor 0f the forepaw
and hindpaw major components and the histological determination of the boundaries.
Therefore, it can be proposed that the boundaries of major signal in the BOLD activation
maps are strongly related to the boundaries between the cytoarchitectural somatosensory
representations. There is emerging evidence from manganese enhanced MRI (Silva et al.,
2008), from T, weighted MRI (Barbier et al., 2002; Bock et al., 2009), and from new phase
contrast susceptibility weighted MRI techniques (Duyn et al., 2007) that cytoarchitectural
information can be obtained from MRI. This opens the possibility of getting both functional
and anatomical information from the same subject using the same MRI sequences and thus
enabling an even more quantitative comparison of borders. Comparison of fMRI to
statistically generated anatomical borders has been performed in humans (Hinds et al., 2009;
Yeo et al., 2010). However, variability in both the functional and anatomical borders does
not yet allow detailed comparison.

There has been much interest in what are the limits of fMRI for resolving neuronal
representations. There is mounting evidence that fMRI can detect columnar and laminar
activity (Kim et al., 2000; Duong et al., 2001; Silva and Koretsky, 2002; Zhao et al., 2006;
Fukuda et al., 2006; Koopmans et al., 2010; Polimeni et al, 2010). To help quantify this
issue of the ultimate resolution of fMRI, several techniques have been proposed to measure
the point spread function for fMRI using the border between neuronal representations (Engel
etal., 1997; Park et al., 2004; Parkers et al., 2005; Shmuel et al., 2007). Recently, high
resolution BOLD fMRI data from the human and cat brain has put an upper limit to the point
spread function of 1.6 mm using gradient echo EPI (Park et al., 2004; Shmuel et al., 2007)
and a low limit of 400-500 microns in cat visual cortex (Duong et al., 2001). When using
the mid-points of the major components found in this study for the activation maps of
forepaw and hindpaw, determination of a point spread function gives values from 0.2 to 1.2
mm across five animals (0.7 mm on average). However, analysis of the mid-points does not
make full use of the quantitative data obtained for the boundaries in the present study.
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Asking questions about the precise localization of boundaries of fMRI activation is another
way of addressing the issue of how precisely fMRI can map neuronal representations. In the
high resolution 2D data the boundary of the major component was determined with
precision comparable to the pixel resolution, thus indicating that the localization of this
boundary was on the order of the 150 um pixel resolution. Indeed, further evidence that the
border of the major component of BOLD fMRI can localize activity within the
somatosensory cortex very precisely is that the forepaw and hindpaw representations agreed
to within a pixel of 300 um. Finally, the histological boundaries between the forepaw and
hindpaw are separated by a dysgranular zone, which is about 100 to 300 pm. Under the
conditions used, there was no evidence of the dysgranular zone, because the localizations of
the boundaries between the forepaw and the hindpaw fMRI representations were not
significantly different. This indicated that either BOLD fMRI cannot detect features this
small or that higher resolution data is required to identify this feature.

Unexpectedly, in addition to the major component of the fMRI data there were also minor
components, which extended well into the neighboring representations. The forepaw minor
component extended about 50% of the way into the hindpaw and the hindpaw minor
component extended about 30% of the way into the forepaw representation. This is
consistent with previous work where significant overlap between the forepaw and hindpaw
representations has been consistently observed in the fMRI mapping studies (Bock et al.,
1998; Palmer et al., 1999; Spenger et al., 2000; Chen and Shen, 2006; Yu et al., 2010).
Based on the present work it is the minor components of the fMRI signal that are
responsible for this overlap in regions. Thus, care must be taken to separate out the borders
of these two spatial components if any conclusions about the position of fMRI borders are to
be made.

The significance and the origins of the minor components of the BOLD fMRI signal are not
clear. Indeed, a major remaining question is whether they are caused by underlying neuronal
activity or by vascular affects. When using BOLD fMRI one must always be concerned
about artifacts due to vascular effects. The mechanisms of the neurovascular coupling
between underlying synaptic activity and the BOLD responses remain the subject of
intensive current investigations (Logothetis, 2002; Smith et al., 2002; Ureshi et al., 2004,
Stefanovic et al., 2006; Uludag et al., 2009). It is changes in blood flow and blood volume
which lead to changes in deoxyhemoglobin levels, which are the basis for generating BOLD
fMRI. Therefore, vascular effects can limit and effect the interpretation of BOLD fMRI.

Also, it is well known that the large vessels on the surface of the brain can lead to BOLD
fMRI activation at sites remote to where the actual neuronal activation is (Ugurbil et al.,
2003; Polimeni et al., 2010). Imprecise spatial coupling between neuronal activity and the
physiological and metabolic events yielding the functional BOLD images has been reported,
indicating that the BOLD response may extend beyond the locus of neuronal firing (Disbrow
et al., 2000; Kim et al., 2004). The vascular response to neuronal activity may extend over
several millimeters due to the propagation of deoxyhemoglobin changes in the vasculature
as blood flows downstream to venous vessels, including the large surface draining veins
distant from the site of neuronal activation. This is clearly seen in the high resolution fMRI
maps obtained here where the large draining vein can be always seen on the surface of the
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brain consistent with other reports at 11.7 T (Silva and Koretsky, 2002; Keilholz et al.,
2006). It has been demonstrated that spin-echo BOLD at high fields is expected to reduce
the artifacts associated with large vessels (Zhao et al., 2004; Parkers et al., 2005). Despite
the expectation of reduction in vascular effects it is clear they can still be prominent under
the imaging parameters used in this study. As can be seen in Fig. 2A, vessel contamination
from the draining vein can still be detected under the conditions used, probably due to
significant T,* weighting during the acquisition time of the EPI readout (Keilholz et al.,
2005). To avoid large surface vessel effects care was taken to analyze data from deeper
cortical tissue. However, it is still possible that the minor components detected are due to
non-specific vascular effects from the neighboring activated regions.

To begin to address the issue of whether the minor component is neuronal or vascular in
origin, CBV weighted fMRI was performed. There is evidence that CBV weighted fMRI is
less affected by vascular artifacts due to the vasodilation primarily occurring in capillaries in
close proximity to the neuronal activation (Mandeville et al., 1998; Keilholz et al., 2006;
Zhao et al., 2006; Fukuda et al., 2006; Kim et al., 2008). Evidence for this is that the large
draining vein is not detected using CBV weighted fMRI in the rodent somatosenory cortex
(Keilholz et al., 2006) and that columns in the cat visual cortex are better mapped with CBV
weighted fMRI than BOLD fMRI (Fukuda et al., 2006). The CBV weighted fMRI data was
consistent with the BOLD fMRI data. Two spatial components could be detected and the
border positions of the major and minor components obtained from CBV weighted fMRI
and BOLD fMRI were in excellent agreement. These results lend some support to the notion
that the minor components of the BOLD fMRI might be due to underlying neuronal activity
rather than vascular artifacts from the neighboring regions. However, it is still not clear
whether penetrating venules could contribute to CBV weighted fMRI in deep cortex.

It has been hypothesized in previous work that the increase in the extent of activation
peripheral to major BOLD signals might reflect sub-threshold synaptic activity (Saad et al.,
2003; Lauritzen, 2005). In these studies no comparison of the extent of activation with the
underlying anatomy was made nor were the boundaries of these affects quantified. Here we
demonstrate that the minor BOLD and CBV fMRI components extend well into the
neighboring representation and therefore there is a possibility that they may represent
neuronal communication between the two areas. Recently, the spatiotemporal patterns of
electrical activity in the cortex were measured with voltage-sensitive fluorescent dyes
(Orbach et al., 1985). It was shown that as measurements moved from the center of the
region of maximal depolarization (excitation), the strength of hyperpolarization (interpreted
as inhibitory activity) relative to the depolarization increased resulting in surround
hyperpolarization at the periphery of the activation center (Derkikman et al., 2003). In
another recent work it was indicated that the peripheral hyperpolarization is correlated with
a decrease in oxygenation and concurrent arteriolar vasoconstriction (Devor et al., 2007).
This predicts that there should be decreased BOLD fMRI in the area surrounding the active
area. Both works relied on optical techniques that were restricted to the surface of the brain.
Due to draining vein artifacts in this study we did not analyze the functional data close to the
surface, and therefore we only showed that there are significant minor components in BOLD
fMRI signal at the boundary of an active area in the deeper cortical regions. There was no
evidence for significant decreases in BOLD signal and CBV weighted fMRI signal
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anywhere through the cortical thickness. It has been shown that increased inhibition due to
increased activity of interneurons can cause vasodilation, increases in blood flow and
increases in fMRI (Caesar et al., 2003; Hamel, 2004; Pelled et al., 2009). Therefore, it can
be suggested that the minor components of the BOLD signal may be due to increased
inhibition consistent with the voltage sensitive dye imaging. Interestingly, for an induced
cortical plasticity in adult rats we were able to observe an expansion of the forepaw
representation (mapped by the boundary of the major component) into the cortical area
corresponding to the hindpaw. The new border coincided with the border position of the
minor component in the forepaw representation prior to plasticity. The denervation was
performed in adult rats so that no structural/neuroarchitectural changes were associated with
the plasticity (Wong-Riley and Welt, 1980). The capacity for functional plasticity observed
by means of fMRI may be indicative of the unmasking of existing neuronal connections,
which are normally not expressed (e.g. disruption of the local inhibitory interactions could
produce this expansion). This is an intriguing result that could help arguing that there is
some neuronal significance to the minor border component. Future work of directly
measuring the activity from deep cortical layers at positions coinciding with the minor
components of the BOLD would be necessary to enable determination of whether and what
types of electrical activity may be responsible for the minor components detected.

The use of fMRI to quantitatively map the border positions of somatosensory
representations should be very useful for studying plasticity, learning, and assessing
recovery of function after damage (Karni et al., 1995; Kim et al., 2003; Taskin et al., 2006;
Pelled et al., 2007; Pelled et al., 2009, Sydecum et al., 2009; van der Linden et al., 2009; Yu
etal., 2010; Pawela et al., 2010; Wu et al., 2011; Petit and Wu, 2011). A major advantage of
using BOLD fMRI for such studies would be the ability to study individual animals
longitudinally. Specifically, studies of the changes in the functional boundaries using BOLD
fMRI should further studies about the mechanism of neuronal reorganizations (Godde et al.,
1996; McCandlish et al., 1996; Melzer et al., 1998; Godde et al., 2002; Calford, 2002).
Furthermore, future clarifications of the spatial coupling between the neuronal activity and
the physiological phenomena underlying the fMR1 BOLD should help advance the
understanding of the neuronal basis of fMRI. Finally, it will be interesting to extend the
analysis performed here to the human brain to see if multiple spatial components along the
borders of BOLD fMRI can be found and used to quantitate the boundaries of activation.

5. Conclusions

It has been demonstrated that sufficient signal averaging of very high-resolution BOLD
fMRI maps in rats significantly improves the spatial stability of the BOLD signal. Under
these conditions the BOLD fMRI signal at the boundaries of the maps was shown to have
two spatial components. The major components enable mapping of the boundary between
the forepaw and hindpaw that agrees with the histologically determined boundary. The
minor component has about 30% of the amplitude of the major component. The boundaries
of the minor component extend significantly into the neighboring regions.

The origins for the minor components are not clear and could be either of vascular or
neuronal nature. This should be a subject of further investigation. An indication that the
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minor component represents some form of underlying neuronal activity comes from the fact
that CBV weighted fMRI gave similar results to BOLD fMRI. Quantitative determination of
boundaries of neuronal representations from BOLD fMRI should be very useful for studies
of plasticity and for helping to understand the neuronal basis of fMRI.
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Fig. 1.
(A) Representative time courses of the observed BOLD fMRI signals. SNR of the fMRI

response improves with the increased number of averages. (B) A representative high-
resolution (150 um, in-plane) anatomical spin-echo EPI image obtained after averaging of
thirty-three fMRI sessions from a single animal. (C) A magnitude profile of the averaged
anatomical image (white thick curve) and magnitude profiles of the single sessions
(multicolored thin curves) used for averaging. All signal profiles correspond to the same
ROI across the edge of the cortex as shown in (B).
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Fig. 2.

(A?) An averaged BOLD activation map of forepaw representation overlaid upon an
averaged anatomical image. Twenty fMRI sessions, obtained from a single animal with the
in-plane resolution of 150 pm (multi-slice SE EPI), were averaged for the shown image and
the activation map. (B) Comparison of BOLD activation map profiles from the ROI shown
in (A) corresponding to the functional averaged data unprocessed (diamonds, red) and after
t-test (circles, black).

Dependence of the activation profiles upon the number of averages: (C) 15 randomly
sampled fMRI sessions and (D) a series of 15 averages of 8 randomly sampled sessions. All
the profiles are from the same ROI shown in (A). As more fMRI sessions are averaged,
stability of the activation profile increases.

(E) Standard deviation of the BOLD signal at the border of activation area versus the
number of averaged trials.
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(A) Either half of a typical symmetrical activation profile can be well fitted by a
combination (shown in (B)) of two parabolic-shaped curves. The fit curves F4, F1 and F3
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represent the equations (1), (2) and (4). The differentiation of the lower and higher BOLD
signal in an activation profile can be measured by the points where the representative
parabolic-shaped curves cross-section the abscissa.

(C) An area of lower BOLD signal bordered the area of major BOLD signal for all five
animals used in the high-resolution experiments. (D) The high-resolution averaged
activation profile (dashed line), its fit curve (thicker solid line) and the averaged zer Opgjor
and zeropinor points of the abscissa cross-section (mean + SD, grey boxes).
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Fig. 4.
(A) Representative averaged forepaw and hindpaw activation maps overlaid upon averaged

anatomical images are shown in axial orientation. Thirteen fMRI sessions, separately
obtained for each limb from a single animal with the isotropic resolution of 300 um (3D GE
EPI), were averaged for the shown images and the activation maps. (B) BOLD signal
profiles from the activation maps of forepaw and hindpaw corresponding to the ROI shown
in (A).
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Fig. 5.

(A?) Representative averaged activation maps of forepaw and hindpaw overlaid upon
averaged anatomical images are shown in coronal orientation. (B) Normalized BOLD signal
profiles of the forepaw and hindpaw representations and their fit curves corresponding to the
same ROI shown in (A). The profiles and their fit curves exhibit a significant overlap
between the representations. (C) Normalized BOLD signal profiles of forepaw and hindpaw
averaged for five animals and the averaged zerOnjor and Zeromjngr Points of the abscissa
cross-section (mean £ SD, grey boxes).
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(A) Representative averaged CBV activation maps of forepaw and hindpaw overlaid upon
averaged anatomical images are shown in axial orientation. (B) Normalized CBV signal
profiles of forepaw and hindpaw averaged for five animals and the averaged zerOpyjor and

ZerOminor POINts of the abscissa cross-section (mean + SD, grey boxes).
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Fig. 7.
A typical histochemically stained (cytochrome oxidase) slice of the rat brain. Arrows

indicate the cytoarchitectural representations of forepaw and hindpaw, distinctively visible
in the cortical layer 1V (labeled).
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Fig. 8.

(A?) fMRI map from a denervated animal showing activation of the normal forepaw cortex
(right) and forepaw cortex on the side where the hindpaw was denervated (left). The blue
lines indicate the line that profiles were derived from. (B) Difference shown between the
forepaw BOLD signal intensity profiles on the unaffected side (black line) and the affected
forepaw representation (red line) from a single representative animal. The expected
expansion of the forepaw representation into the cortical area of the denervated hindpaw can
be seen. (C) BOLD signal intensity profiles on the unaffected side (black line) and the
affected forepaw representation (red line). The difference in position of the half-height point
borders (averaged across the animals) of the major components of the map profiles indicates
an expansion of the forepaw representation. The boxes represent the mean + one standard
deviation in position. (D) Expansion of the forepaw cortical map representation into the
hindpaw representation based on fitting. Boxes indicate the positions of the zeropgjor and
Zer Ominor POINts of the abscissa cross-section (mean = SD) of control forepaw (blue boxes)
and zeropygjor Of the altered forepaw (red box) shown superposed on the activation profiles
(averaged across animals) of the corresponding fMRI representations. E) Shown are the
hindpaw representation from the control side (dotted line) and its averaged zer Opgjor and
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Zer Oinor POINtS (grey boxes). Also shown is the average forepaw representation to
demonstrate that it grew well within the major border of the hindpaw representation.
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Table 5

The summary of the fit cross-section zeropgjor and zerominer abscissa values (described by the equations (6)
and (7) and averaged across the animals) and the abscissa values of the half-height of the major profile
component (averaged across the animals) corresponding to the somatosensory representations of the control
forepaw, altered forepaw and control hindpaw

ZEf Omajor, UM | ZEIOpinor UM half-height, um

control forepaw | 5743 + 195 4696 + 233 5856 + 105

altered forepaw | 4768 + 273 - 5296 + 278

control hindpaw | 5351 + 139 6404 + 214 -
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