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Functional MRI of Calcium-Dependent Synaptic Activity:
Cross Correlation With CBF and BOLD Measurements

Timothy Q. Duong, Afonso C. Silva, Sang-Pil Lee, and Seong-Gi Kim*

Spatial specificities of the calcium-dependent synaptic activ-
ity, hemodynamic-based blood oxygenation level-dependent
(BOLD) and cerebral blood flow (CBF) fMRI were quantita-
tively compared in the same animals. Calcium-dependent
synaptic activity was imaged by exploiting the manganese
ion (Mn*™) as a calcium analog and an MRI contrast agent at
9.4 T. Following forepaw stimulation in a-chloralose anesthe-
tized rat, water T, of the contralateral forepaw somatosen-
sory cortex (Sl) was focally and markedly reduced from
1.99 = 0.03 sec to 1.30 = 0.18 sec (mean = SD, N = 7),
resulting from the preferential intracellular Mn** accumula-
tion. Based on an in vitro calibration, the estimated contralat-
eral somatosensory cortex [Mn**] was ~100pn.M, which was
2-5-fold higher than the neighboring tissue and the ipsilateral
Sl. Regions with the highest calcium activities were localized
around cortical layer IV. Stimulus-induced BOLD and CBF
changes were 3.4 = 1.6% and 98 = 33%, respectively. The T,
synaptic activity maps extended along the cortex, whereas the
hemodynamic-based activation maps extended radially along the
vessels. Spatial overlaps among the synaptic activity, BOLD, and
CBF activation maps showed excellent co-registrations. The cen-
ter-of-mass offsets between any two activation maps were less
than 200 pm, suggesting that hemodynamic-based fMRI tech-
niques (at least at high field) can be used to accurately map the
spatial loci of synaptic activity. Magn Reson Med 43:383-392,
2000. © 2000 Wiley-Liss, Inc.
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In mammalian brain, neuronal activity involves a cascade
of calcium (Ca™™") influx from the extracellular into the
intracellular space. Upon depolarization at its postsynap-
tic terminals, neuron triggers an instantaneous rise in the
intracellular calcium concentration by opening voltage-
gated and/or ligand-gated calcium channels in the presyn-
aptic terminals (1). This subsequently triggers neurotrans-
mitter releases at the postsynaptic clefts. Consequently,
calcium is one of the most robust indicators for neuronal
activities in brain.

In vitro studies of intracellular calcium accumulation
had been reported using a variety of techniques. In partic-
ular, the use of calcium-sensitive fluorescent dyes (2,3)
had revealed critical role of calcium activities in develop-
mental (3) and memory functions (4). However, detecting
intracellular calcium accumulation in vivo noninvasively
and with high spatial resolution has proven to be difficult.
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By using two-photon microscopy (2), in vivo measurement
of calcium activity had been reported. Unfortunately, the
use of two-photon microscopy in vivo is hampered by its
limited field of view and invasiveness.

Recently, Lin and Koretsky (5,6) introduced a technique
that can directly “visualize” calcium-dependent synaptic
activity by MRI using a calcium analog, manganese ion
(Mn™™"), as an MRI contrast agent. Manganese is known to
enter the intracellular space via voltage-gated calcium
channels (7-9) following the trigger of an action potential
(10). Manganese is also known to mimic the physiological
role of calcium in supporting increased neural transmitter
release from depolarized nerve ending (7). The influxed
Mn*™" is trapped in the intracellular space with an intra-
cellular half-life of 2-3 months (11,12). The preferential
accumulation of paramagnetic Mn™** in actively firing
neurons associated with increased synaptic activity results
in marked shortening of regional water proton T,, which
can be detected by using 'H,O T,-weighted and T,-map
imaging. By using T,-weighted imaging, Lin and Koretsky
demonstrated that Mn"*-induced T,-weighted contrast
following glutamate and somatosensory stimulation could
be detected (5,6). Therefore, the dual role of Mn*™* as a
calcium analog and an MRI contrast agent gives rise to an
opportunity to directly image neuronal processes in vivo.

This Mn** technique, however, remains to be vigor-
ously cross-validated. The goal of this study, therefore,
was to compare the calcium-dependent synaptic activity
measurements with the commonly used blood oxygen-
ation level-dependent (BOLD) (13) and cerebral blood flow
(CBF) (14) fMRI techniques. Specifically, we demonstrated
that calcium-dependent synaptic activity can be measured
by using 'H quantitative T, imaging, and compared quan-
titatively the spatial registrations between calcium-depen-
dent synaptic activity and hemodynamic responses fol-
lowing neural stimulation. The well-established somato-
sensory (forepaw) stimulation paradigm in a-chloralose
anesthetized rats (15—20) was employed. Synaptic activity
and hemodynamic responses following forepaw stimula-
tion were measured in the same animal on a 9.4 T MRI
scanner. Calcium-dependent synaptic activity was mea-
sured using T, echo-planar imaging (EPI) following sys-
temic infusion of the manganese ion. BOLD and CBF re-
sponses were simultaneously measured in the same ani-
mal. The spatial registrations among the T,- (synaptic
activity), BOLD-, and CBF-activation maps were quantita-
tively compared. Further, we also extended the Mn™*
technique by introducing an improved infusion protocol
and surgical procedure, which yielded better tissue (in
contrast to vascular) specificity and made possible the
simultaneous CBF measurement using the continuous ar-
terial spin-labeling method.
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METHODS
Animal Surgery

Seven male Sprague Dawley rats (230-270 g) were anes-
thetized with 1-2% (v/v) halothane in a mixture of O,:N,O
gases during surgery. Following oral intubation, one fem-
oral artery and two femoral veins were catheterized with
PE-50 tubing (polyethylene tubing, Fisher Scientific) for
physiological monitoring, blood gas sampling, and chem-
ical administration. For delivering mannitol to break the
blood-brain barrier (BBB), the right external carotid artery
(ECA) was used to gain access to the internal carotid artery
without interrupting blood flow to the brain during the MR
experiment. The common carotid and the internal carotid
artery around the ECA bifurcation were temporally ligated.
The ECA was permanently ligated proximally and distally.
It was then severed and flipped 180° such that it lay
parallel to the common carotid artery. The ECA was then
catheterized with a PE-50 tubing. Mannitol could later be
administered from the severed ECA toward the internal
carotid artery and the brain but not toward the heart. This
surgical procedure is similar to that used for intraluminal
occlusion of the middle cerebral artery in rat stroke model.

Blood gas was sampled every 0.5—2.0 hr and maintained
at the physiological levels (pH = 7.35-7.45, pCO, =
30—40 mm Hg, pO, = 120-200 mm Hg, and mean arterial
blood pressure = 90-130 mm Hg). The animal’s rectal
temperature was maintained at 37 = 1°C. Blood oxygen
saturation and heart rate was also monitored using an
oximeter (Nonin Medical Inc., MN) with the fiberoptic
probe wrapped around the tail of the animal.

Administration of Agents

After surgery, anesthesia was switched from halothane to
a-chloralose (an initial intravenous dose of 80 mg/kg, fol-
lowed by a continuous intravenous infusion of a 5 mg/ml
a-chloralose solution at 2—3 ml/hr). Continuous a-chlora-
lose was infused via one of the two catheterized femoral
veins. The other PE-50 femoral venous line was filled with
MnCl, before placing the animal in the magnet. After
approximately 2—3 sets of BOLD/CBF and baseline T, mea-
surements, a 120-mM MnCl, solution (Sigma, St. Louis,
MO) was infused at a rate of 2 ml/hr for ~20-30 min while
the animal was inside the magnet. Approximately 10 min
following the initiation of MnCl, infusion, the initially
saline-filled PE-50 line, catheterized to the ECA, was
slowly displaced by mannitol solution over ~1 min im-
mediately prior to mannitol administration. A bolus of 25
% D-mannitol (5 mg/kg, Sigma) was administered steadily
over ~30 sec via the severed ECA to break the BBB.

Forepaw Stimulation

Two needle electrodes were inserted under the skin of the
animal’s left forepaw between digits 2 and 5 for forepaw
stimulation. Stimulation employed a 1.5 mA current with
0.3 msec pulse duration at 3 Hz, which were optimized to
induce a strong CBF response without observable changes
in mean arterial blood pressure (see Ref. 22). For BOLD/
CBF measurements, the stimulation paradigm was 2 min
OFF, 1 min ON, and 2 min OFF. For T, measurements, the
stimulation paradigm was 10 min OFF and 10 min ON and
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repeated at least three times. Typically, only T, maps
obtained from the third or fourth stimulation block was
used for further analysis.

MR Experiments

MR experiments were performed on a 9.4 T/31-cm hori-
zontal magnet (Magnex, UK) equipped with a "*'YINOVA
console (Varian, CA), and a 30 G/cm magnetic field gradi-
ent insert (ID = 11 cm, 300 ps risetime; Magnex, UK). The
animal was secured in a head-holder with ear and bite bars
to reduce motion artifacts. A surface coil of 1.2-cm diam-
eter was positioned on top of the rat head and the animal
was placed on a cradle, which has a built-in butterfly
spin-labeling coil of 0.5-cm diameter at the animal’s neck
position. The distance between the imaging and the spin-
labeling coils was typically 1.8 cm. Coil-to-coil electro-
magnetic decoupling was optimized by orthogonality to
better than 20 dB isolation.

Exploratory multi-slice BOLD experiments using single-
shot, gradient-echo (GE) EPI were performed to select a
single, 2 mm coronal image slice (that covered essentially
the entire activated forepaw somatosensory cortex) for
subsequent MR measurements. T, baseline and BOLD/
CBF measurements were made. Mn* " and mannitol were
administered. T, measurements were made. In some cases,
BOLD/CBF measurements were again made. However,
only the BOLD/CBF measurements made before the Mn ™"
administration were used for further analysis.

Synaptic Activity (T,) Measurement

T, measurements were made using two-segment, spin-
echo (SE), inversion-recovery EPI without signal averag-
ing. The spin-echo portion consisted of a non-spatially
selective, adiabatic half-passage pulse (2 msec) for excita-
tion and two spatially selective, full-passage pulses (2
msec) for refocusing (21). A nonspatially selective, adia-
batic full-passage pulse (8 msec) was used for the spin
inversion. The imaging parameters were: data matrix =
128 X 64, FOV = 3.0 cm (readout) X 1.5 cm (phase en-
coding), slice thickness = 2 mm, TR = 8 sec, TE = 10
msec, and 9 variable inversion delays (0.05, 0.1, 0.25, 0.5,
1, 2, 4, 7, and 11 sec). The temporal resolution of the T,
measurement was ~10 min.

Combined BOLD/CBF Measurement

Combined BOLD and CBF measurements were made using
single-shot, GE EPI without signal averaging. CBF mea-
surements were made using the continuous arterial spin-
labeling perfusion technique (19,20). Paired images were
acquired alternately—one with arterial spin labeling and
the other without spin labeling (control). The MR imaging
parameters were: data matrix = 64 X 32, FOV = 3.0 cm
(readout) X 1.5 cm (phase encoding), slice thickness = 2
mm, TE = 10 msec, and TR = 3.03 sec. The continuous
arterial spin labeling employed a 3-sec square radiofre-
quency pulse to the labeling coil in the presence of 1.0
G/cm gradient along the flow direction such that the con-
dition of adiabatic inversion was satisfied (14). The sign of
the frequency offset was switched for control (nonlabeled)
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images. Fifty pairs of images were acquired, yielding a
temporal resolution of ~5 min.

Data Analysis

Image analysis employed the STIMULATE software (22)
and codes written in PV-WAVE (Visual Numeric Inc., CO).
Images are displayed in radiological convention (right
hemisphere is on the left-hand side of the displayed im-
age). All statistical tests employed the Student paired t-test
and all reported values were in mean = SD and unless
otherwise specified.

Constructing Synaptic T, Activation Maps

T, maps were calculated on a pixel-by-pixel basis (23). For
consistency in cross-subject and cross-modality compari-
son, the T,-activation map of the Mn™* "-infused rat brain
was constructed by setting an upper T, threshold on the
entire contralateral cortex such that ~50 activated pixels
were obtained. The maximum T, value of the ~50 pixels
was at least 1-2 SD smaller than the average T, value of the
entire contralateral cortex. The area covered by 50 pixels
(2.7 mm?) accurately represented the area of the forepaw
somatosensory cortex, as reported by a histological study
of 2.2 mm? (24), a single-unit recording of 2.54 mm? (25),
a fluorescence study of 3.1 mm? (25), and a rat brain atlas
of ~3.0 mm?® (determined by cut-and-weigh method) (26).

Constructing BOLD/CBF Activation Maps

BOLD and CBF data were zero-filled from a data matrix of
64 X 32 to 128 X 64. BOLD images were obtained from the
nonlabeled images of the CBF measurements. CBF images
were obtained by pair-wise pixel-by-pixel subtraction of
the labeled from nonlabeled images. CBF map with image
intensity (Sggy) in units of ml/gram tissue/min was calcu-
lated using (27),

A Sc— St
SCBF_TlSLJr (20 — 1)S¢ (1
where S, and S; are signal intensities of the control and
labeled images, respectively. A is the water brain-blood
partition coefficient, T, is that of tissue, and « is the
arterial spin-labeling efficiency. The values of \, T,, and a
were 0.9 (28), 1.9 sec (29), and 0.81 (20), respectively.

Cross-correlation (CC) BOLD and CBF activation maps
with 95% confidence threshold (corresponding to a CC
value of 0.3; 30) and with ~50 pixels having the highest
CC coefficients were computed. Percent-change BOLD and
CBF activation maps were also computed.

Calculating Spatial Registration of Activation Maps

For quantitative comparison across different imaging mo-
dalities of different CNR, activation maps with fixed num-
ber (~50) of pixels with the highest statistical significance
were used. Two approaches were considered. In the first
approach, the spatial overlaps of ~50 activated pixels
between any two types of activation maps were deter-
mined. In the second approach, the spatial loci of the
CBF-, BOLD- and T,-activation maps were obtained by
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calculating the centers of mass (COM) of the activation
maps. The COM of the BOLD- and CBF-activation maps
were weighted by the t-values (which were converted from
the CC values; 31), and those of the T, activation maps
were weighted by A (1/T,). Note that t-value was chosen
for COM calculation because t-value is based on linear
scale while cc value is not. The relative COM offsets
among the CBF-, BOLD- and T,-activation maps were also
determined.

RESULTS

Mn* ™ Calibration

A standard in vitro calibration relating water 1/T, to
[Mn* "] was made in saline phantoms containing 0.0, 0.4,

0.6, and 1.2 mM of MnCl,. The calibration at 37.0 * 0.5°C
yielded,

1 B 1
T,((Mn**]) — T,([Mn"']=0)

+2.742-[Mn**] [2]

where T,(IMn™*]) indicates the T, in seconds as a func-
tion of Mn™ ™ concentration in mM. The T,([Mn*"] = 0)
indicates T, at [Mn™*] = 0 and has a value of 2.98 sec. The
tissue T, before Mn™ " infusion was used in the place of
T,([IMn"*] = 0) to estimate the in vivo [Mn™"].

Mn™*-Induced T, Response

Following systemic Mn™ * infusion, little or no changes in
mean blood pressure and/or heart rate were observed.
Subsequent mannitol administration to break the BBB
caused transient decreases in mean blood pressure and
heart rate in most cases. In some cases, the decreases in
mean blood pressure and heart rate remained depressed
~20 mm Hg and 30 bpm, respectively, below normal. In a
separate set of experiments in which only mannitol was
administered to break the BBB, no significant changes in
mean blood pressure and/or heart rate were observed (data
not shown). The slight deviations from the recorded phys-
iological parameters thus appeared to be a result of com-
bined Mn*"* and mannitol administration. After Mn**
and mannitol administration, BOLD and CBF responses
were also observed (N = 3, data not shown). However,
BOLD and CBF contrasts were reduced. This was because
the paramagnetic Mn** reduced water T3 and T,, and
thus, resulted in a loss of stimulus-induced BOLD and CBF
contrast, respectively. Taken together, these data indicated
that the cerebrovascular hemeostasis was not significantly
perturbed following Mn™*/mannitol administration.
Figure 1 shows quantitative T, maps of two representa-
tive animals before (A, B), and after Mn**/mannitol ad-
ministration and forepaw stimulation (C, D). The image
intensities of the T, maps indicate true T, values. Before
Mn™* ™" infusion, the T,-maps were relatively uniform with
the forepaw cortex T, values of ~2.0 sec. After Mn™**/
mannitol administration and stimulation, the overall con-
tralateral hemisphere (left side of the displayed image) in
which mannitol was directly administered appeared
slightly and heterogeneously darkened, indicating selec-
tive Mn* " accumulation due to regional differences in
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Before Mn*" infusion

T,=08s

After Mn*"/stimulation

2.2s
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Enlarged maps

AT,=05s
(60 uM)

1.1s
(220 uM)

FIG. 1. T, maps (coronal view) before (A, B) and after Mn™*/mannitol administration and forepaw stimulation (C, D), and expanded
calcium-dependent synaptic activation maps (E, F) for two representative animals. The overall right hemisphere (left side of the image) in
which mannitol was directly administered appeared slightly darker than the left hemisphere. Following forepaw stimulation (C, D), the
contralateral Sl (indicated by the red arrows) was selective and focally darkened. The gray scale bar indicates T, values for panels A-D. An
ROI showing the region of expansion is shown in panel A and an ROI outlining the entire contralateral cortex is shown in panel B. Panels
E and F depict enlarged synaptic activity maps and cartoons showing the cortical layer information, superimposing on the corresponding
anatomical images. The cartoon (26) and the anatomical image were visually matched and overlaid based on the size of the cortex. The
colored bar indicates the change in T, values (relative to the baseline) and the corresponding [Mn™*]. The “hot spots” of the synaptic activity
were highly localized to cortical layer IV. The scale bar is ~5 mm for panels A-D, and ~2 mm for panels E-F.

basal synaptic activity and/or BBB endothelial permeabil-
ity to Mn™". The ipsilateral hemisphere also appeared
slightly (but less) darkened. This was because Mn™* also
permeated the intact BBB and/or mannitol also broke the
BBB of the left hemisphere to some extents via co-lateral
perfusion (i.e., via the anterior communicating artery). The
cerebral lateral ventricles were darkened, consistent with
the high permeability of the endothelial cells underlying
the choroid plexus and previous reports (5,6). Most impor-
tantly, the primary somatosensory cortex (SI) contralateral
to the stimulated forepaw was focally and markedly dark-
ened (red arrows), indicating selective Mn™* accumula-
tion due to increased neuronal activity. In a separate set of
experiments in which Mn™ " and mannitol were adminis-
tered without forepaw stimulation, no focal T, decrease in
the forepaw SI was observed (N = 3, data not shown).
Panels E and F of Fig. 1 show synaptic activity maps
(~50 pixels of the highest statistical significance) of the
contralateral SI overlaid on the enlarged anatomical im-
ages, along with cartoons showing the cortical layer infor-
mation. The color scale represents the difference in T,

2 A ® contralateral I —
| B jpsilateral 51
A contra neighbor
2.04 N F 0
g g
g —
2 1.6+ g2 45 =
3 \>* —_ s
= u
y \ 7
21 e 120 {2
= manmnitol
0_8— Ma" Iuﬂ-s&mJ = 2?0
[ | | [ [ | .
T T T T

-2 0 2 4 6 8

Image number (x 10 mins)

FIG. 2. T, and [Mn**] time-courses of the contralateral Sl, con-
tralateral neighbor cortex, and the ipsilateral Sl from a single animal.
The ROIls and their positions used for constructing these time
courses are shown in the inset. The timings for Mn™ " and mannitol
administration are also displayed. The black bars under the traces
indicate the 10-min stimulation periods.
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Table 1
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Comparison of Regional T, (s) and [Mn™**] (wM) Prior and Following Forepaw Stimulation at 9.4 T (Mean + SD, n = 7)

Prior to Mn**/mannitol

“Activated” contralateral

Neighbor contralateral

administration Si# cortex® Ipsilateral SI*
Rat 1 2.01 1.41 1.66 1.90
Rat 2 1.95 1.26 1.55 1.88
Rat 3 1.98 1.18 1.60 1.62
Rat 4 2.01 1.51 1.65 1.70
Rat 5 1.98 1.49 1.67 1.82
Rat 6 2.03 1.04 1.50 1.82
Rat 7 2.00 1.18 1.55 1.86
Mean + SDP 1.99 + 0.03 1.30 £ 0.18 1.60 = 0.07 1.80 = 0.10
[Mn™*], uM 0 103 + 40 46 = 10 20 + 12

aSee Fig. 2 for the ROI locations. For consistency across animals, the T, values of columns 3-5 were obtained from the 3 or 4™ stimulation

epoch (~40-50 min) following mannitol administration.

PIntersubject SD of the mean. T, from the activated Sl contralateral to the stimulated paw was statistically different from the contralateral
neighbor cortex (P < 0.0004) and from the ipsilateral SI (P < 0.0005). The variance of a single pixel from baseline T, map was ~0.01 sec

in the somatosensory cortex region.

values relative to the baseline T, values; a larger difference
in T, values indicated a higher concentration of Mn™™"
accumulation, corresponding to a higher level of calcium-
dependent synaptic activity. Based on these quantitative
T, maps, regional tissue Mn™ " concentrations were esti-
mated via the use of the standard calibration curve (Eq.
[2]). The maximum tissue [Mn" "] per pixel basis were
<250 pM. Regions with the highest level of synaptic ac-
tivity (“hot spots”) were highly localized deep in the cor-
tical layer IV of the forepaw SI.

Figure 2 shows a single-animal T, and [Mn™**] time-
courses of the “activated” SI contralateral to the stimulated
forepaw, the neighbor cortex contralateral to the stimu-
lated forepaw, and the SI ipsilateral to the stimulated
forepaw. T, values in the contralateral SI were incremen-
tally and markedly reduced following each repeated stim-
ulation epoch relatively to the other two regions. T, and
[Mn* "] in the contralateral SI were significantly different
from those in the ipsilateral SI (P < 4 X 10~ °, paired t-test

95% level CC

FIG. 3. Cross-correlation activation
maps of the BOLD and CBF responses
from the same two rats shown in Fig. 1.
Cross-correlation activation maps of
95% confidence level (left column) and,
~50 pixels with the highest CC coeffi-
cients (middle column), and percent
change maps of ~ 50 pixels (right col-
umn), overlaying on the corresponding
anatomical and CBF images, are dis-
played. The gray scale bar indicates CBF
values ranging from 0.1 to 1.0 ml/gram/

BOLD

ratl

rat2

min for the background CBF images. CBF
The colored bar indicates the cross-cor-
relation coefficients ranging from >0.3
to 1.0 and the percent changes ranging
from 1 to 5% (BOLD) and 50 to 150% ratl

(CBF). In both BOLD and CBF re-
sponses, activation in the Sl cortical re-
gion was not observed, consistent with
the Mn** study.
rat2

of the time course after mannitol administration) and con-
tralateral neighbor cortex (P <3 X 10~ °). T, and [Mn™ "] in
the contralateral neighbor cortex and the ipsilateral SI, on
the other hand, were not statistically different from each
other (P = 0.23).

Regional T, values and [Mn* "] of the contralateral SI,
ipsilateral SI, and contralateral neighbor cortex prior to
and after Mn™ " infusion/forepaw stimulation are summa-
rized in Table 1. Prior to the Mn™ " infusion, the average
baseline T, of the contralateral forepaw SI was 1.99 = 0.03
sec. Following Mn™ " /mannitol administration and fore-
paw stimulation, the average T, value of the contralateral
forepaw SIwas 1.30 = 0.18 sec (corresponding to 103 = 40
pM [Mn™**]). The T, values of the contralateral forepaw SI
were statistically different from those of the contralateral
neighbor cortex (1.60 = 0.07 sec, corresponding to 46 = 10
pM [Mn™"]) and from those of the ipsilateral forepaw SI
(1.80 = 0.10 sec, corresponding to 20 = 12 uM [Mn ™" "]).
The cross-subject variations in T, values in Table 1 were

~50 pixels CC ~50 pixel %

”~
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Table 2

Percent Changes and CC Coefficients of BOLD and CBF Responses at 9.4 T (Mean + SD, n = 7)

BOLD CBF
Mean %2 Mean CCP Mean %? Mean CCP Baseline®

Rat 1 2.6 0.81 140 0.76 0.79
Rat 2 5.8 0.56 61 0.65 0.95
Rat 3 4.7 0.74 106 0.58 0.60
Rat 4 1.7 0.72 68 0.59 0.74
Rat 5 1.7 0.66 68 0.43 0.64
Rat 6 4.1 0.74 104 0.56 0.70
Rat 7 3.2 0.75 136 0.29 0.41
Mean + SD¢ 34=16 0.71 = 0.08 98 = 33 0.55 = 0.15 0.69 = 0.17

Mean percent (%) changes of the ~50 activated pixels.

PMean cross-correlation (CC) coefficients of the ~50 activated pixels.

°Average baseline CBF values, in unit of ml/gram tissue/min.
9dIntersubject SD of the mean.

mainly due to the variations in tissue [Mn™ "] that were
actually achieved in the cortex across different animals.
The actual tissue [Mn" "] depended on the intravascular
[Mn* "], the change in BBB permeability by mannitol, and
the stimulation duration, which were slightly different
from animal to animal. These variations also manifested in
the differences in overall T, maps across different animals
(Fig. 1).

BOLD and CBF Responses

BOLD and CBF contrasts during forepaw stimulation were
consistently observed in all animals before Mn** infu-
sion. Representative BOLD and CBF activation maps from
the same two animals, respectively overlaid on the corre-
sponding baseline anatomical and CBF images, are shown
in Fig. 3. With the CC threshold set at 95% confidence
level, the BOLD responses appeared diffused, extending
medially and toward the dura, whereas the CBF responses
appeared relatively more localized. The “hot spots” of the
BOLD and CBF statistical maps were localized deep in the
granular layer (i.e., layer IV) of the forepaw SI. The regions
with the highest CBF percent changes (Fig. 3, third col-
umn) were also localized deep in the somatosensory cor-
tices. On the other hand, pixels with the highest BOLD
percent change were localized to the cortical surface
where there were significant large vessel contributions.

BOLD_CBF

BOLD T,

rat2

These observations were consistent across all seven ani-
mals.

Table 2 summarizes the mean cross-correlation coeffi-
cients and percent changes of the BOLD- and CBF-activa-
tion maps. BOLD and CBF responses increased 3.4 + 1.6%
and 98 * 33%, respectively, during forepaw stimulation,
consistent with those reported by Silva et al. (19,20) under
essentially identical conditions. The baseline CBF value
was 0.69 = 0.17 ml/gram tissue/min, consistent with that
measured by the iodoantipyrine autoradiographic tech-
nique of 0.72 * 0.19 (mean = SD, N = 5) (15), 0.85 * 0.24
(mean = SEM, N = 5) (29), and by the FAIR technique of
0.91 = 0.31 (mean = SEM, N = 5) (29).

Cross Comparison Among Three Imaging Modalities

The spatial overlaps among synaptic activity, BOLD, and
CBF activation maps from the same two representative
animals are shown in Fig. 4. In most animals, the shape of
the synaptic activity maps extended along the cortex and
not radially along the vessel direction, consistent with that
of the electrophysiological recordings. On the other hand,
most BOLD and CBF activation maps extended radially
along the vessel direction. Nevertheless, the spatial over-
laps among these activation maps were highly significant:
78 = 10% between BOLD- and CBF-activation map, 61 =

FIG. 4. Spatial overlaps of activation
maps from the same two rats shown in
Fig. 1. The first column shows the com-
bined maps of BOLD (red), CBF (green),
and the overlap between the two (yel-
low). The second column shows the
combined maps of BOLD (red), T,
(green), and the overlap between the two
maps (yellow). The third column shows
the combined maps of CBF (red), T,
(green), and the overlap between the two
(yellow).
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Table 3

Center-of-Mass Stereotaxic Coordinates (in Unit of mm) of CBF,
BOLD, Synaptic Activity (T,) Activation Maps

(Mean = SD, n = 7)

Distance from Distance from

midline surface
CBF 3.47 £ 0.48 1.45 = 0.29
BOLD 3.35 + 0.46 1.44 = 0.34
Synaptic activity (T,) 3.53 £ 0.51 1.38 = 0.28
Reference® ~3.50 ~1.40

2The centers of mass between any two activation maps were not
statistically different from each other (P > 0.2), except between
BOLD and CBF in the lateral-medial direction (P < 0.01). The
centers of mass of the BOLD activation maps were located more
medial to midline than that of CBF activation maps, consistent with
those reported by Silva et al. (22).

PStereotaxic coordinates of the forepaw Sl from a rat brain atlas
(26).

11% between CBF and T,-activation map, and 59 = 10%
between BOLD- and T,-activation map.

The “hot spots,” as indicated by the COM, of the three
imaging modalities showed excellent spatial colocaliza-
tion. The average COM of the CBF, BOLD, and T, activa-
tion maps from the midline and surface dura are summa-
rized in Table 3. The COM coordinates were in excellent
agreement with the forepaw SI stereotaxic coordinates for
the rat brain atlas (26). The average COM offsets between
any two activation maps, summarized in Table 4, were less
than 200 pm (~1 pixel dimension).

DISCUSSION

The potential systemic toxicity of Mn™ " is of major con-
cern in using Mn" ™ as a tool to detect synaptic activity.
After Mn" " /mannitol administration, little or no changes
in physiological parameters were observed, consistent
with previous reports (5,6). Further, our data also sug-
gested that the cerebrovascular hemostasis was not signif-
icantly perturbed because the animal exhibited CBF and
BOLD responses to forepaw stimulation following Mn™* "/
mannitol administration. In regards to potential Mn™*™

++

Table 4
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tissue toxicity and/or cytotoxicity, the average [Mn™ "] in
the forepaw SI was found to be ~100 nM, with the maxi-
mum [Mn™ "] per pixel <250 uM. Based on the marked T,
contrast, the intravascular Mn™ " dosage could be reduced
to minimize potential toxicity. Nevertheless, there were
evidences that Mn™* " support calcium transport at 0.3 mM
concentration, whereas Mn* " inhibited ATP-dependent
calcium transport at 1.8 mM (32). Therefore, studies from
this and other laboratories suggested that the Mn™ " dose
administered herein did not significantly perturb cellular
and cerebrovascular function.

Breaking the BBB appeared to be necessary to detect
Mn™* *-induced T, contrast (even at high field where T,
dynamic range is relatively large). Similar experiments
performed without breaking the BBB (N = 5, data not
shown) did not show focal T, decrease in the contralateral
cortex. This is likely due to insufficient Mn™ * being accu-
mulated in the forepaw cortex to yield observed contrast.

MR Imaging of Synaptic Activity

In principle, the T, value is a quantitative measure of
[Mn*"]. However, in vivo Mn™ " relaxivity may be slightly
different from that in vitro due to its interaction with
macromolecules in vivo. Further, intracellular water ex-
change lifetime is finite (~600 msec; 33) and, thus, the
effect on relaxivity due to the presence of water exchange
across the intra- and extracellular compartment may need
to be taken account. If in vitro and in vivo relaxivity were
different, a slight error in the quantitative estimate of the
in vivo [Mn™ "] is expected. An independent histological/
chemical analysis to quantify Mn™ " in excised tissue will
yield true tissue [Mn**] and can be used to determine
whether the relaxivity in vivo is significantly different
from in vitro. Similarly, in principle, changes in T, values
associated with forepaw stimulation is a quantitative in-
dicator of neuronal synaptic activity as measured by intra-
cellular Mn™" accumulation. If basal synaptic activity
could be taken into account, quantitative synaptic activity
associated with the forepaw stimulation could be ob-
tained. T, of the neighboring contralateral cortex could be
used to reflect basal Mn ™ * influx, assuming that the neigh-

Center-of-Mass Spatial Offsets (in Unit of mm) Between Synaptic (T,) and BOLD Activation Map, Between Synaptic and CBF Activation

Map, and Between BOLD and CBF Activation Map®

BOLD — T, CBF — T, BOLD — CBF
AxP Ay°® AxP Ay° AxP Ay°

Rat 1 -0.87 -0.05 —0.66 -0.05 -0.21 0.09
Rat 2 —0.26 0.28 -0.07 0.26 -0.19 0.02
Rat 3 0.66 0.12 0.82 0.19 —-0.16 —-0.07
Rat 4 0.21 -0.07 0.45 -0.19 -0.23 0.12
Rat 5 -0.77 -0.23 —0.56 0.09 -0.21 —-0.33
Rat 6 —-0.07 —0.05 -0.14 0.05 0.07 —0.09
Rat 7 -0.19 0.40 -0.26 0.07 0.07 -0.14
Mean® -0.18 -0.07 —0.06 0.06 -0.12 —0.06

2Ax and Ay are the distances between the center-of-mass of any two types of maps along the medial-lateral and dorsal-ventral direction,

respectively.

PNegative sign indicates the center of mass of the first activation map is closer to the midline relative to that of the second activation map.
°Negative sign indicates the center of mass of the first activation map is closer to the dura relative to that of second activation map.
9The average COM offsets between activation maps are less than 200 um, on the order of one pixel dimension (~230 wm).
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boring contralateral cortex and the contralateral forepaw
ST have similar level of basal synaptic activity and [Mn* ]
delivered. Based on these assumptions, the estimated
basal synaptic activity accounted for ~50% (~46 pM,
Table 1) of the calcium activity under these experimental
parameters. Alternatively, basal [Mn™ "] influx can be ob-
tained from a separate experiment in which Mn** and
mannitol are administered without forepaw stimulation
or, similarly, mannitol can be simultaneously adminis-
tered to both hemispheres while only one forepaw is stim-
ulated.

In this study, we observed focal and marked T, reduc-
tion in the contralateral forepaw SI, consistent with the
region expected to be responsive to forepaw stimulation
based on autoradiographic, histological, and single-unit
studies (26). Further, [Mn™* "] in the contralateral SI was
incrementally increased following each repeated stimula-
tion epoch, indicating that the observed [Mn™*] change
was specific to the forepaw stimulation. This selective
Mn"" accumulation in the focal site was a result of in-
creased synaptic activity and not the consequence of stim-
ulus-induced CBF increase to the activated site (6). The
observed T, decrease was predominantly the result of se-
lective Mn** accumulation in the intracellular, not the
extracellular compartment (7-10, 34).

The highest level of activity (“hot spot”) in the synaptic
activity map was highly localized in the granular layer IV
of the SI. This is consistent with the fact that layer IV, into
which direct inputs from the thalamus are projected, is
known to have the highest neuron density and exhibit the
highest level of synaptic activity relative to the other cor-
tical layers. On the other hand, results from Lin and Ko-
retsky (5,6) and Aoki et al. (35) showed marked T,-
weighted contrast in the superficial cortical layer (around
layers I and II) with minimal or comparable T,-weighted
contrast in the layer IV following forepaw stimulation.
This discrepancy is likely due to the difference in the
Mn™ " infusion protocol. It appeared that the T,-weighted
contrast at the superficial layer predominantly arose from
vascular Mn™ " due to their continuous Mn** infusion
protocol. On the other hand, T, maps reported herein were
taken at least 20—30 min after the termination of the Mn™ "
infusion. Consequently, with the intravascular half-life of
~4.7 min (36), the intravascular Mn " * contributions to the
T, maps were minimal. Therefore, Mn™ " infusion should
be terminated to allow intravascular and extracellular
Mn™" " to dissipate before imaging synaptic activity such
that unwanted vascular and extracellular signal contribu-
tion could be avoided. Based on these results, finding an
optimal Mn™* dosage and imaging time window is critical
in obtaining improved signal contrast and tissue spatial
specificity.

Cross-Comparison of Hemodynamic Responses and
Synaptic Activities

Cross-correlation coefficient is obtained by matching the
experimental signal time course with the presented para-
digm. It takes into account the signal change relative to the
noise fluctuation and, thus, has statistical value (31). The
CBF CC maps showed excellent spatial co-localization
with synaptic activity maps and the region expected to be

Duong et al.

responsive to forepaw stimulation (26). This is consistent
with the fact that the continuous arterial spin-labeling
perfusion technique is primarily sensitive to microvascu-
lature and tissues if sufficiently long labeling time is used.
With the spin-labeling time of 3 sec, the stimulus-induced
CBF increase will increase the number of labeled spins
perfused into the tissue and/or capillaries (the mean tran-
sit time from the common carotid artery to the rat brain is
~200 msec; 37). On the other hand, the arterial signal
contribution is minimal because the stimulus-induced
CBF increase does not change the CBF contrast and there is
also no physical (fluid) exchange with tissue at the arterial
and arteriole level. Similarly, the venous signal contribu-
tion is also minimal because of the loss of inversion con-
trast by the time the labeled spins exit from the capillaries/
tissues into the veins (i.e., no CBF contrast in the superior
sagittal sinus was observed in background CBF images; see
Fig. 3). Consequently, the CBF fMRI technique is expected
to have relatively high spatial specificity (i.e., at the cap-
illary/tissue level).

Similarly, BOLD statistical (CC) maps also showed ex-
cellent spatial co-localization with the synaptic activity
maps, the CBF maps, and the region expected to be respon-
sive to forepaw stimulation (26). This is consistent with
the relatively high spatial specificity of the BOLD response
at high magnetic field, where the extra- and intravascular
(AR,") BOLD effects from large vessels increase linearly
with field strength, whereas the microvascular effect in-
creases quadratically with magnetic field strength (38).
Further, the T, and T of blood in large venous vessels are
significantly shorter than those of tissue at high field. At
9.4 T, T, of blood is ~9 msec whereas that of brain tissue
is ~40 msec (39). T% of venous blood is expected to be
even shorter. With the gradient echo time of 10 msec
herein, the intravascular signals from large venous vessels
to were markedly attenuated. Thus, BOLD statistical (CC)
maps at high field is expected to yield excellent spatial
co-localization with the CBF and synaptic activity maps.
This appears not to be the case at low magnetic field as it
had been demonstrated that the BOLD fMRI response at
low field (=1.5 T) arises predominantly from large vessels
(40,41).

Interestingly, pixels with the highest BOLD percent
change were localized to the cortical surface due to the
extravascular contribution from superficial vessels. Thus,
the percent-change BOLD maps obtained with gradient-
echo technique did not correctly indicate the site/level of
synaptic activity. This problem can be solved by using the
spin-echo and/or flow-crushing gradient techniques (39)
(though there is a significant loss of the BOLD contrast).
On the other hand, regions with the highest CBF percent
change were localized to the cortical layer IV and, thus, the
percent-change CBF maps did correctly indicate the site/
level of synaptic activity. This observation raises a very
important question as to how pixels with large BOLD
percent change should be interpreted if they have low
statistical significance. For example, pixels containing pre-
dominantly large veins have low SNR due to short T3 of
the venous blood and large signal fluctuation due to vaso-
motion. These pixels thus have large percent change but
low statistical significance. Thus, statistical method
should be used for functional localization and caution
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must be exercised in interpreting BOLD percent change as
an indicator for the level of neuronal activity. In this
particular example, if large vessel contribution can be
suppressed or eliminated, BOLD percent change is a good
indicator for the level of neuronal activity.

Finally, it should be noted that there are some potential
drawbacks associated with the method employed for
cross-comparison herein. First, the T, images were ac-
quired using two-segment SE EPI, whereas the BOLD and
CBF images were acquired using single-shot GE EPI. This
difference could result in different sensitivity toward im-
age distortion primarily at the surface of the brain. How-
ever, if the GE BOLD technique yielded good spatial cor-
respondence with synaptic activity, it is most likely that
the SE BOLD would also yield good spatial correspon-
dence because the SE technique is spatially more confined
(39). Second, zero-filling the BOLD/CBF data matrix from
64 X 32 to 128 X 64 might yield registration errors on the
order of one-half pixel between the synaptic activity and
the BOLD/CBF maps. This has minor consequence be-
cause the conclusion of this study was that the overlaps
among the three activation maps could be localized to
within approximately one pixel dimension at best. Third,
the 50-pixel criterion used in calculating the COM and
spatial overlap could potentially be biased toward more
spatial overlap. Because the CNR were different across the
three different fMRI modalities, defining statistical thresh-
olds of “equal” activation could not readily achieved. We
thus chose a representative set of pixels (~50 pixels) that
were most statistically significant such that comparisons
could be made in a relatively robust manner across differ-
ent modalities and different animals. Note that this crite-
rion did not necessary force a good spatial correlation. For
example, the COM of the percent-change BOLD maps
(which has the highest percent change at the superficial
layers; Fig. 3, third column) would have poor spatial cor-
relation with those of the T, synaptic activity maps. Fur-
ther, this criterion was only imposed on the calculations of
the COM and the overlap maps. Other comparisons
showed the raw data (i.e., Fig. 1C and D, and Fig. 3)
without the imposed criterion and, thus, the degree of
spatial localization across different activation maps can be
visually assessed. In short, these minor drawbacks are very
unlikely to alter the major conclusions of this study.

CONCLUSIONS

The spatial registration of the Mn ™" "-based synaptic activ-
ity technique showed excellent spatial co-localization
with the commonly used BOLD and CBF fMRI techniques
in the same animals. The stereotaxic coordinates obtained
by the three fMRI modalities also showed excellent agree-
ment with those obtained using the well-established tech-
niques. These results strongly indicated that the Mn™™"
technique indeed measured calcium-dependent synaptic
activity. One major implication of these results is that if
macrovascular contributions can be minimized (i.e., with
high field), hemodynamic-based fMRI techniques can be
used to accurately map neuronal synaptic activities.
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