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Relationship between Neural, Vascular,
and BOLD Signals in Isoflurane-
Anesthetized Rat Somatosensory Cortex

Functional magnetic resonance imaging (fMIRI) in anesthetized
rodents has been commonly performed with «-chloralose, which
can be used only for terminal experiments. To develop a survival
fMRI protocol, an isoflurane (IS0) -anesthetized rat model was
systematically evaluated by simultaneous measurements of field
potential (FP) and cerebral blood flow (CBF) in the somatosensory
cortex. A conventional forepaw stimulation paradigm with 0.3 ms
pulse width, 1.2 mA current, and 3 Hz frequency induced 54% less
evoked FP and 84% less CBF response under IS0 than «-chloralose.
To improve stimulation-induced responses under 1SO, 10-pulse
stimulations were performed with variations of width, current,
and frequency. For widths of 0.1-5.0 ms and currents of 0.4-2.0
mA, evoked FP and CBF increased similarly and reached a plateau.
The evoked FP increased monotonically for intervals from 50 to 500
ms, but the CBF peaked at an interval of 83 ms (~12 Hz frequency).
These data suggest that different anesthetics profoundly affect FP
and CBF responses in different ways, which requires optimizing
stimulation parameters for each anesthetic. With the refined
stimulation parameters, fMRI consistently detected a well-localized
activation focus at the primary somatosensory cortex in ISO-
anesthetized rats. Thus, the 1S0-anesthetized rat model can be
used for cerebrovascular activation studies, allowing repeated
noninvasive survival experiments.

Keywords: anesthesia, frequency tuning, laser Doppler flowmetry,
local field potential, longitudinal fMRI, neurovascular coupling

Introduction

Hemodynamic-based functional magnetic resonance imaging
(fMRI), which relies on changes in hemodynamic signals
induced by neural activation, can be used to noninvasively
measure changes in brain functions in the same subject over
time. Most rodent fMRI studies have been performed with o-
chloralose (Hyder and others 1994; Gyngell and others 1996;
Mandeville and others 1998; van Bruggen and others 1998; Silva
and others 1999) because it 1) preserves metabolic coupling for
somatosensory stimulation (Ueki and others 1992), 2) provides
good stability of baseline blood flow (Lindauer and others 1993),
and 3) preserves cerebrovascular reactivity (Bonvento and
others 1994). However, o-chloralose can be used only for
“terminal” experiments (Silverman and Muir 1993), which
hampers the utility of rodent fMRI to investigate long-term
changes in brain function.

In order to perform “survival” experiments, inhalant anes-
thetics (e.g., isoflurane [ISO]) should be considered. ISO has
been used successfully in repeated survival fMRI studies with
other species (e.g., cats and monkeys) (Logothetis and others
1999; Kim and others 2000; Duong and others 2001), and it is
widely used for physiological studies (Lukasik and Gillies 2003).
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Recently, a detectable fMRI signal was reported in an ISO-
anesthetized rat when unusually strong forepaw electrical
stimulation (>6 mA current) was applied (Liu and others
2004). However, this strong stimulation induced a significant
change in systemic blood pressure, indicating that the stimula-
tion is painful and evokes global hemodynamic changes; thus, it
is not suitable for somatosensory stimulation. Therefore, stim-
ulation paradigm should have robust fMRI responses without
any influence on systemic blood pressure. Because anesthetics
work via different mechanisms and may therefore affect neural
activity and/or vascular reactivity differently, it is necessary to
measure neural and vascular responses under ISO to optimize
stimulation parameters for this particular anesthetic.

To refine stimulation parameters under ISO, we measured
local field potential (FP) and cerebral blood flow (CBF) in the rat
somatosensory cortex during forepaw stimulation. To compare
responses under o-chloralose and ISO in the same animal, we
used standard stimulation parameters with 0.3 ms pulse width,
1.2 mA current, and 3 Hz frequency (Silva and others 1999). To
evaluate the neural and vascular responses under ISO, we varied
stimulation parameters (pulse width, current, and onset-to-
onset intervals). Finally, we performed blood oxygenation level-
dependent (BOLD) fMRI of ISO-anesthetized rats with the
refined stimulation parameters to determine whether BOLD
signals were detected.

Materials and Methods

General Preparation

A total of 17 male Sprague-Dawley rats (340-440 g; Charles River
Laboratories, Wilmington, MA) were used with experimental protocols
approved by the University of Pittsburgh Institutional Animal Care and
Use Committee in accordance with the standards for humane animal
care and use as set by the Animal Welfare Act and the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. The animals
were initially anesthetized with ISO (5% for induction and 1.5-2%
during endotracheal intubation and surgery) via a calibrated vaporizer
with a mixture of O, (35-50%) and N,O (50-65%). Endotracheal
intubation was performed for mechanical ventilation, a catheter was
placed into the femoral vein for later infusion of a-chloralose, and the
femoral artery was catheterized for arterial blood pressure monitoring
and blood gas sampling. For FP and CBF measurements, the animals were
placed in a stereotaxic frame (Narishige International USA, Inc., East
Meadow, NY), and an area (5 mm x 7 mm) on the left skull centered 3.5
mm lateral and 0.5 mm rostral from the “bregma” (Hall and Lindholm
1974) was thinned with a drill (Lindauer and others 1993).

After the surgical preparation was complete, the inspired gas was
converted to a mixture of air and O, (30-35% total O,), and the
concentration of end-tidal ISO was adjusted to ~1 minimum alveolar
concentration (MAC), ISO = 1.3 = 0.1% in rats (Eger and others 1965;
Antognini and others 1999). End-tidal CO, and ISO levels were
monitored with a capnometer (Capnomac Ultima™, Datex-Ohmeda,
Inc., Madison, WI). The physiological conditions (i.e., end-tidal gas



concentrations, arterial blood pressure, and electrocardiogram) were
recorded with polygraph data acquisition software (AcqKnowledge,
BIOPAC systems, Inc., Goleta, CA). Minute ventilation volume (150-220
mL/min) and respiratory rate (50-60 breaths/min) were adjusted with
the ventilator (Topo™, Kent Scientific Corp., Torrington, CT) as needed.
The blood gas was maintained within physiological limits. Rectal temper-
ature was maintained at 37.0 £ 0.2 °C with a constant current temper-
ature feedback control module (40-90-8C, FHC, Inc., Bowdoinham, ME).

For the stimulation, 2 needle electrodes (30G 1/2") were inserted
under the skin between digits 2 and 4 of the right forepaw (Silva and
others 1999). Electrical pulse stimulation was given with a constant
current bipolar stimulation isolator (A365D, World Precision Instru-
ments, Inc., Sarasota, FL) triggered by a pulse generator (Master 8, AMPI,
Israel). The parameters of the electrical stimulation were adjusted for
each experiment as described below.

Experimental Design

Three different studies were performed: “o-chloralose versus ISO” (V=5
animals), “Neurovascular responses under ISO” (N = 7), and “BOLD fMRI
under I1SO” (N = 5). In both the a-chloralose versus ISO and neuro-
vascular responses under ISO studies, FP and CBF were simultaneously
measured with a tungsten microelectrode and laser Doppler flowmetry
(LDF), respectively, at the activation focus predetermined by intrinsic
optical imaging (see Fig. 14,B). The BOLD fMRI under ISO study was
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Figure 1. (A) Optical imaging map. The darkened area shows the decrease in light
reflectance (620-nm wavelength) from prestimulation level in response to electrical
forepaw stimulation. The white circle with a dashed line represents activation focus
(~1-mm diameter). The localized activation focus was consistently observed in all
animals. The stimulation-induced reflectance change (AR/R) in the activation focus
was ~0.2%. (B) Probe locations for recording of evoked FP and CBF at the activation
focus. The distance between the microelectrode insertion and LDF probe was ~0.5
mm. (C) Definition of stimulation parameters and calculation of evoked FP and CBF. Ten
rectangular pulses of electrical stimulation were induced with varying 1) pulse width,
2) current, and 3) onset-to-onset interval. The amplitude of the evoked FP was
measured from minimal peak to maximal peak. The summation of evoked FP (3 FP)
was then calculated to sum all amplitudes of 10 consecutive evoked FPs
(FPy + FP, + ... + FPyq). The evoked CBF (integral CBF) was calculated to integrate
the area of mean CBF response curve bounded from the time-to-onset to the time-to-
termination of mean CBF curves (See text in detail).

performed on a 9.4-T magnetic resonance imaging (MRI) system. All data
were reported as mean * standard deviation (SD), and statistical analysis
was performed with paired Student’s #test (P < 0.05).

The o-chloralose versus ISO experiment was performed in the same
animal with the same stimulation parameters for both a-chloralose and
ISO. The 10 rectangular pulses (see Fig. 1C) with 0.3 ms width, 1.2 mA
current, and 333-ms interval (i.e., 3 Hz for 3-s duration) were applied as
previously optimized under o-chloralose (Silva and others 1999).
Twenty stimulation runs were repeated with an interrun time of 40 s.
Baseline FP activity and CBF level (without stimulation) were also
recorded for ~3 min before and after whole stimulation runs. After
completion of all recordings under 1SO (1 MAC), a-chloralose (45 mg/
kg, intravenous [iv.]) was induced, and ISO was discontinued. The
subsequent anesthetic level was maintained by continuous injection of
a-chloralose (45 mg/kg/h, iv.). Based on our preliminary studies, the
amplitude of baseline FP activity under ISO (1 MAC) was similar to that
under a-chloralose (45 mg/kg/h). The adequate anesthetic level was
assessed by foot pinch as needed. Approximately 70 min after the initial
induction of a-chloralose, the recording was performed with exactly the
same protocol used for the ISO study. Because a-chloralose has a longer
lasting effect (6-10 h; Lees 1972; Silverman and Muir 1993) than ISO
(~5 min, Hayton and others 1999), the recordings under o-chloralose
followed ISO experiments. Each experiment was performed within ~1 h
to minimize time-dependent variations (Austin and others 2005).

The neurovascular responses under ISO experiments were performed
with varying stimulation parameters (pulse width, current, and onset-to-
onset interval) under ISO (1 MAC). The stimulation parameters (10
pulses) were 1) 9 different widths (0.1-5.0 ms) with fixed current (1.0
mA) and interval (125 ms), 2) 10 different currents (0.2-2.0 mA) with
fixed width (1.0 ms) and interval (125 ms), and 3) 9 different intervals
(50-500 ms) with fixed width (1.0 ms) and current (1.0 mA). It should
be noted that the interval (e.g., 50-500 ms) is an inverse of the
stimulation frequency (e.g., 20-2 Hz). These ranges of parameter
variations are commonly used for electrical stimulation in rat somato-
sensory cortex studies. The experimental order of the 3 variation groups
(1, 2, and 3) was randomized in each of 5 animals, and the other 2
animals were used only for the interval variations. In each group (1, 2,
and 3), the target parameter was sequentially varied from the lowest
value to the highest (ascending order) or from the highest value to the
lowest (descending order). Six to 11 runs were repeated for each
parameter with an interrun time of 40 s.

The BOLD fMRI under ISO study was performed on a 9.4-T MRI
system under ISO (1 MAC) with the stimulation parameters refined in
the aforementioned neurovascular responses study. Because BOLD is
directly related to venous oxygenation level, it is possible that the
stimulation parameters determined by CBF measurements with LDF
may not induce detectably strong BOLD responses. To validate BOLD
responses evoked by the refined parameters, the 10-pulse stimulation
with fixed width and current was applied with various stimulation
frequencies (3, 6, 12, and 20 Hz). The current was slightly adjusted to
obtain high BOLD response without influencing systemic blood
pressure in the animals (i.e., 1.0 ms width and 1.4-1.7 mA current).
Each fMRI run was repeated 10-15 times with an interrun time of 1 min.

FP and CBF Measurements

Data Acquisition

To determine where to place the microelectrode for FP recording and
the LDF probe for CBF measurement, we mapped the activation focus in
the somatosensory cortex with optical imaging of intrinsic signals using
a custom-made system (Moon and others 2004). The intrinsic signal
images (640 x 480 pixels and 4.9 x 3.7 mm? field of view [FOV]) were
obtained with 620 * 10 nm wavelength, which is weighted by
deoxyhemoglobin, at a rate of 30 frames/s. Temporal averaging of 15
consecutive frames and spatial binning of 2 x 2 pixels were performed,
resulting in a temporal resolution of 0.5 s and a matrix size of 320 x 240.
Twenty runs were repeated and then averaged; each 6-s-long stimula-
tion run was a 10-pulse stimulation with 1.0 ms width, 1.5 mA current,
and 333-ms interval. The optical imaging map was calculated by the
relative change in reflectance AR/R, where AR is the subtracted image
intensity between an average of 2 prestimulation images (R) and an
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average of 4 activation images acquired 0.5-2.5 s after the onset of
stimulation. The activation focus was determined around the largest
decrease in reflectance AR/R in the map (Narayan and others 1994;
Nemoto and others 2004).

Based on this optical imaging map (Fig. 14), a tungsten microelec-
trode (<1 MQ, a ~3-um tip and a 0.2-mm shank diameter; FHC, Inc.,
Bowdoinham, ME) was inserted at the activation focus 0.5-0.6 mm
below the cortical surface, where the largest evoked FP is observed
(Nielsen and Lauritzen 2001). FP signals were acquired at a 1-kHz
sampling rate using the BIOPAC system without filtering after amplifying
1000 times with the aid of Neural Data Acquisition software (Plexon,
Inc., Dallas, TX). The reference electrode was positioned on the scalp.
CBF signal was acquired via LDF (PeriFlux 4001Master, Perimed,
Sweden) with a time constant of 0.03 s. The light source for the LDF
was a 780-nm diode laser with a maximum accessible emission of 1 mW.
A needle-type laser Doppler probe (0.45-mm tip diameter, 0.15-mm
probe separation; Probe 411, Perimed, Sweden) was placed on the
surface of the thinned skull at ~0.5 mm from the tungsten microelec-
trode (see Fig. 1B). To detect the signals mostly from the parenchymal
tissue level, the probe was placed based on the visible cortical vascular
networks, the baseline LDF value, and backscattered light level (Dirnagl
and others 1989). The LDF generally sampled the movement of red
blood cells in the vessels up to a depth of ~1 mm in the cortex (Arbit and
DiResta 1996). Both FP and CBF data were simultaneously recorded on
a PC with BIOPAC data acquisition software (AcqKnowledge, BIOPAC
systems, Inc., Goleta, CA) at a sampling rate of 1 kHz.

Data Processing

To compare baseline conditions under a-chloralose and ISO, baseline FP
and CBF (without stimulation) were measured. Baseline FP activity was
determined as the recorded voltage beyond threshold, which was set as
mean * 2 SD of the system noise level. The noise level was determined at
the end of the experiment by recording “activity” under the exact
experimental conditions, except that the animal had been euthanized
by iv. injection of KCl. The recording was performed approximately
10 min after the injection of KCl. Magnitudes of positive and negative
voltages beyond the threshold were summed during the recording
period and normalized by the recording time (i.e, Base FP [mV]).
Baseline CBF level was measured by averaging the LDF value across the
recording period (i.e., Base CBF [a.u.]). It should be noted that the LDF
value represents a relative perfusion rate (Stern and others 1977; Bonner
and Nossal 1981). In our study, the LDF probe placement was fixed in
the same position between the 2 anesthetic conditions, and the
physiological parameters (systemic arterial blood pressure and blood
gas) were maintained. Thus, the observed change in baseline LDF value
mostly reflects the relative change in CBF level due to the anesthetics.
The frequency composition of the baseline FP and CBF was analyzed
with fast Fourier transform.

All runs with the same stimulation parameters were averaged, which
resulted in one averaged FP data and one averaged CBF data at each
condition in each animal. Quantitative analyses of FP and CBF data
follow: 1) The amplitude of the evoked FP was calculated as the
difference between the positive peak and the negative peak (see Fig.
1C). The sum of the evoked FP (ZFP) was then calculated as the sum of
the amplitudes of all 10 evoked FPs (FP; + FP, + ... + FP},). 2) The
averaged CBF time course data was reduced to a temporal resolution of
0.2 s to improve signal-to-noise ratio and then normalized by the mean
level of 4-s prestimulation data. Then, peak CBF response and time-to-
peak were calculated. To incorporate both peak intensity and duration
of CBF response, integral CBF was calculated as the area under the mean
CBF curve from time-to-onset to time-to-termination (see Fig. 1C). The
time-to-onset was determined as the intercept of the upward line
passing through 2 points (10% and 90% of the CBF peak response before
the peak) at the prestimulus baseline. Similarly, the time-to-termination
was calculated as the intercept of the downward line passing through 2
points (90% and 10% of the CBF peak response after the peak) at the
poststimulus baseline.

The ) FP and integral CBF values were normalized by the values
obtained at the common stimulus (1.0 ms, 1.0 mA, and 125 ms) in each
experimental group in each animal to allow the comparison of their
parameter dependence across different stimulations and across animals.
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BOLD fMRI

Data Acquisition

BOLD fMRI was performed on a 9.4-T magnet interfaced to a Unity Inova
console (Varian, Palo Alto, CA). The gradient coil was an actively
shielded gradient set (12-cm inner diameter) with a strength of 40 G/cm
and a rise time of 0.13 ms (Magnex, Abington, UK). The animal was
secured in a home-built stereotaxic frame. A surface coil (2.3-cm
diameter) was positioned on top of the rat’s head for imaging. The
magnetic field was manually shimmed on a slab twice the thickness
of the imaging slice. A single 2-mm-thick coronal slice covering the
primary somatosensory cortex was selected. All images were acquired
using an echo planar imaging sequence with gradient echo time of
20 ms, repetition time of 500 ms, data matrix of 64 x 32 (readout
direction x phase-encoding direction), and FOV of 30 x 15 mm (right-
left hemisphere x dorsal-ventral directions). The power of the radio
frequency pulse was adjusted to maximize the signals at the primary
somatosensory cortex. For each fMRI run, a total of 50 images were
acquired, including 10 prestimulus control images.

Data Processing

Repeated fMRI runs were averaged. Then, the BOLD functional map was
calculated using #value analysis with the baseline period (5-s prestimu-
lation) compared with the BOLD response period (2.0-3.5 s after the
stimulation onset), which included the peaks of BOLD response
observed for all 10-pulse stimulation. The region of interest (ROI) for
the contralateral forepaw somatosensory cortex, consisting of 3 x 4
pixels with 2 mm thickness, was selected according to a published
stereotaxic atlas (Paxinos and Watson 19806). From the pixels within the
ROI, the mean BOLD time course data were calculated and normalized
by the baseline level (mean of 5-s prestimulation).

Results

Physiological Parameters

In the o-chloralose versus ISO study group, we monitored
physiological conditions of all animals (N = 5) under ISO (mean
arterial blood pressure [MABP] = 88 £ 5 mm Hg, pH = 7.48 £ 0.04,
PaCO, = 33 + 4 mm Hg, and PaO, = 124 * 8 mm Hg) and o-
chloralose (MABP = 94 * 10 mm Hg, pH = 7.46 % 0.01, PaCO, =
37 £ 1 mm Hg, and PaO, = 109 = 5 mm Hg); there were no sig-
nificant differences. In the neurovascular responses under ISO
group (N = 7), the physiological conditions were MABP = 96
10 mm Hg, pH = 7.48 £ 0.01, PaCO, = 36 £ 1 mm Hg, and PaO, =
101 = 6 mm Hg. For the “fMRI group” (N = 5), the physiological
conditions were MABP =99 =4 mm Hg, pH = 7.46 + 0.03, PaCO, =
36+ 3 mm Hg, and PaO, = 120 = 12 mm Hg. In all experiments, no
change in MABP was observed during stimulation.

a-Chloralose versus ISO
The pattern of “baseline” FP activity was dependent on the
anesthetics used (Fig. 2). Under 1 MAC ISO, spontaneous
activities were sparse, but the burst signals had a high intensity.
The power spectrum showed that frequency composition of
30-80 Hz is higher under ISO than o-chloralose. The summed
power of a 1- to 500-Hz frequency range under o-chloralose was
11 £ 22% (N = 5) less than that of ISO. Note that the mean
amplitude of the system noise level was 0.011 * 0.006 mV (N =
5), and its power spectrum was mostly flat, except for small
peaks of electrical noise at 60 Hz (data not shown). The
fluctuation levels (1 SD of mean) of baseline CBF were 7.5 *
1.6% and 7.1 £ 1.9% under ISO and a-chloralose, respectively (N=
5). Similarly, frequency distribution and power of baseline CBF
fluctuations were not significantly different (data not shown).
“Evoked” FP and CBF responses were dependent on the
anesthetics used; the amplitude of evoked FP under ISO was
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Figure 2. Baseline FP activity. The pattern of baseline FP activity differed depending
on the anesthetics. Under ISO (Iso), burst-suppression pattern (i.e., depressed
background activity alternating with high voltage activity) was typically observed,
whereas o-chloralose (Acl) caused frequent activity with small amplitude. Conse-
quently, frequency composition of the baseline FP was different between ISO (black)
and o-chloralose (gray). The representative raw data of baseline FP were obtained
from the same animal and compared with system noise level obtained after the animal
was euthanized. The fast Fourier transform data was normalized by the noise level and
averaged from all 5 animals.

slightly less than that under o-chloralose (Fig. 34), and evoked
CBF under ISO was much less than under a-chloralose (Fig. 3B).
After each pulse of stimulation, baseline spontaneous activity
under o-chloralose was relatively suppressed unlike I1SO (Fig.
34). Our population data showed no significant differences in
the mean amplitude of baseline FP between ISO and o-
chloralose (Fig. 3C), whereas the baseline CBF under ISO was
45 8 % (N = 5) higher than under a-chloralose (Fig. 3D). ISO
suppressed the evoked Y FP by 54 * 11 % (Fig. 3E) and evoked
CBF peak by 84 + 7% (Fig. 3F) compared with o-chloralose.
These data clearly show that the stimulation parameters
optimized for use with a-chloralose are not effective for ISO-
anesthetized rats. Note that variations across animals (SD/Mean)
in evoked FP and CBF were slightly higher under a-chloralose
than ISO (Fig. 3E,F). Similarly, variations of heart rate and MABP
(but not blood gases) across all 5 animals were observed to be
higher under o-chloralose than under ISO. This indicates that
the larger variation across animals is due to unstable anesthetic
states of a-chloralose (Silverman and Muir 1993).

In our studies, a-chloralose experiments followed ISO studies,
which raises a concern as to whether the a-chloralose experi-
ments are affected by previously administered ISO. Due to ISO’s
fast recovery property (-5 min), its effect is negligible ~1 h after
its termination (ISO <~0.1%). Thus, ISO is not likely to influence
a-chloralose studies. This notion is indirectly supported by 2
experimental evidences: 1) in our study, CBF response values
(~30-50%) under a-chloralose after ISO studies are in good
agreement with reported values from previous o-chloralose
studies (i.e., ~40% peak response to standard stimulation; Silva
and others 1999) and 2) evoked FP under ISO before and after o-
chloralose administration (z = 2 animals) was found to be
consistent (data not shown). These suggest that the o-chloral-
ose experiments are not affected by previously administered
ISO in our study.

Evoked FP and CBF under ISO
To refine the stimulation parameters under ISO, one parameter
(1.0 ms width, 1.0 mA current, or 125-ms interval [8 Hz
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Figure 3. Evoked FP and CBF under a-chloralose versus ISO. Evoked FP and CBF were
compared under ISO (Iso) and a-chloralose (Acl) in the same animal. The 10-pulse
stimulation with 0.3 ms width, 1.2 mA current, and 333-ms interval was applied as
previously shown under a-chloralose (Silva and others 1999). (A) Typical FP traces
including baseline activity (300 ms before stimulus onset) and initial 3 evoked
responses (out of 10) to stimulation (arrowheads). Note that the poststimulus neural
activity (i.e., after each stimulation pulse) was relatively active (noisy) under ISO but
suppressed under o-chloralose. The higher amplitude of evoked FP was evident in o-
chloralose compared with that in ISO. (B) Corresponding CBF responses under I1SO
(black) and a-chloralose (gray) obtained from the same animal shown in panel (4). The
evoked CBF was averaged across all 20 trials. Under ISO, the baseline CBF level was
higher but evoked CBF was lower compared with a-chloralose. Horizontal lines indicate
the stimulation duration. Error bar indicates 1 SD for 20 trials. No observable changes
in MABP during stimulation were confirmed. (C, D) Baseline FP (C) and baseline CBF
(D) data from all 5 animals. Each symbol indicates the individual animal data. The
baseline FP was not significantly different between ISO and a-chloralose, whereas the
baseline CBF was significantly higher under ISO than a-chloralose. The baseline CBF
under ISO was 145 = 8% of that under a-chloralose. *P < 0.05. (£, F) Individual
animal’s data of ZFP (E) and CBF peak response (F). The ZFP and CBF peak were
significantly higher in o-chloralose (12 + 4 mV and 42 + 14%) than ISO (5 + 1 mV and
7+ 3%).

frequency]) was varied, whereas the other 2 parameters were
fixed. These common parameters, 1.0 ms, 1.0 mA, and 125 ms,
were determined based on our preliminary data that showed
stable responses of both FP and CBF without influence on
systemic blood pressure. Due to a limited experimental time,
studies using all possible combinations of the 3 parameters were
not performed.

Figure 4 shows FP traces (Fig. 44,C,E) and the corresponding
CBF time courses (Fig. 4 B,D,F) in one representative animal. In
order to show general trends, only 4 data points were selected
in each condition out of 9, 10, and 9 for width (Fig. 44,B),
current (Fig. 4C,D), and interval variations (Fig. 4L,F), respec-
tively. Similar trends were observed in all animals. In general, the
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first evoked FP (FP;) was the largest among 10 consecutive
evoked FPs. Remaining evoked FPs (FP,-FP;,) were either
attenuated or remained approximately constant. In particular,
the interval variation (see Fig. 4E) profoundly affected the
amplitude of FP,-FP;, despite the relatively constant FPy;
a longer interval induced a higher amplitude of evoked FP,-
FPyo (€.g,0.320.2mV to 0.11 £ 0.03 mV for 50 ms vs. 1.7 = 1.0
mV to 1.3 = 0.9 mV for 500-ms intervals, N = 7). It should be
noted that the time-to-onset of the evoked CBF was indepen-
dent of the variation in stimulation parameters; its average value
ranged from 0.4 to 0.6 s. On the other hand, time-to-peak and
time-to-termination were dependent on stimulation parame-
ters: both were extended with an increase in width (e.g., time-
to-peak: 2.2 £ 0.3 s for 0.1 ms vs. 2.8 £ 0.5 s for 5 ms; time-to-
termination: 5.6 + 1.6 s for 0.1 msvs. 9.9 * 1.5 s for 5.0 ms; N=5),
with an increase in current (e.g., time-to-peak: 2.2 * 0.4 s for
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Figure 4. One animal's evoked FP and CBF data during variations of stimulation
parameters under ISO. FP traces (A, C, and £) and corresponding CBF time courses (B,
D, and F) induced by varied width (4, B), current (C, D), and onset-to-onset interval (£,
F) in one representative animal were plotted. For each variation, only 4 data points (out
of 9, 10, and 9 for width, current, and interval variations, respectively) were shown.
The CBF response was normalized by the prestimulation baseline level. The horizontal
lines in (B, D, and F) represent the stimulation durations. (A, B) Width (0.1, 0.2, 1.0, 5.0
ms) was varied with 1.0 mA current and 125-ms interval. The evoked FP and CBF
similarly increased and reached a plateau with an increase in width. (C, D) Current
(0.2,0.4, 1.0, 2.0 mA) was varied with 1.0 ms width and 125-ms interval. The evoked
FP and CBF monotonically increased with an increase in current. Note that 0.2 mA
current was not enough to induce detectable FP and CBF changes. (E, F) Interval (50,
83, 125, 500 ms) was varied with 1.0 ms width and 1.0 mA current. Whereas the first
evoked FP (out of 10) was relatively constant, the remaining evoked FPs (second to
tenth) were preferentially affected by the intervals; a longer interval maintained
a higher amplitude. In contrast, the highest peak CBF was observed at 83-ms interval.
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0.4 mA vs. 2.9 * 0.3 s for 2.0 mA; time-to-termination: 5.0 £ 1.6 s
for 0.4 mAvs. 10.7 £ 1.5 s for 2.0 mA; N=5), and with an increase
in interval (e.g., time-to-peak: 1.9 + 0.3 s for 50 ms vs. 4.2 * 1.4 s
for 500 ms; time-to-termination: 6.0 * 1.6 s for 50 ms vs. 10.4 *
1.8 s for 500 ms; N = 7).

To compare parameter-dependent FP and CBF responses
across all animals, > FP and integral CBF in each study were
normalized by the corresponding value induced by common
stimulation with 1.0 ms width, 1.0 mA current, and 125-ms
interval, respectively. Average normalized ) FP and integral CBF
of all animals were plotted as a function of width (Fig. 54),
current (Fig. 5B), and interval (Fig. 5C). Pulse width of 5.0 ms,
current of 2.0 mA, and an interval of 500 ms induced the highest
evoked ) FP among respective parameter variation data. No
significant differences in ZFP were observed between widths of
5.0 versus =0.5 ms, currents of 2.0 versus =1.4 mA, and intervals
of 500 versus =250 ms. On the other hand, the highest evoked
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Figure 5. Parameter dependence of ) FP and integral CBF. Normalized ) FP (left) and
integral CBF (right column) of all animals were plotted as a function of stimulation
width (A) (with fixed current of 1.0 mA and interval of 125 ms, N =5), current (B) (with
fixed width of 1.0 ms and interval of 125 ms, NV = 5), and interval (C) (with fixed width
of 1.0 ms and current of 1.0 mA, N'=7). The 3 FP and integral CBF were normalized by
the values at the common stimulation (arrowhead; 1.0 ms width, 1.0 mA current, 125-
ms interval) in each group. Note that the ) FP and integral CBF reached a plateau for
widths of 1.0-5.0 ms and for currents of 1.4-2.0 mA. For the interval variations, the
> FP reached a plateau for interval of 250-500 ms, but the peak of integral CBF was
consistently observed at the interval of 83 ms. Significant difference (*P < 0.05) was
shown by comparing the observed peak of Y FP (5.0 ms width, 2.0 mA current, 500-
ms interval) or peak of integral CBF (5.0 ms width, 2.0 mA current, 83-ms interval)
within each variations groups. Error bar: 1 SD.



CBF was found for width of 5.0 ms, current of 2.0 mA, and an
interval of 83 ms (80 % 26%, 79 * 23%, and 73 * 32% CBF peak,
respectively). No significant differences in evoked CBF were
found between widths of 5.0 versus =1.0 ms and currents of
2.0 versus =1.6 mA, whereas the evoked CBF response to 83-ms
interval was significantly different from those at other intervals.
Evoked FP and CBF responses to the maximized parameters
(5.0 ms pulse, 2.0 mA current, and 83-ms interval) relative to the
common parameters (1.0 ms pulse, 1.0 mA current, and 125-ms
interval) were ~5% and ~7% higher in the width variation, ~25%
and ~17% higher in the current variation, and ~14% and ~38%
higher in the interval variation, respectively. Consequently, the
combination of parameters 5.0 ms, 2.0 mA, and 83 ms could
induce ~70% higher evoked CBF than the common stimulation
parameters, which induced a ~64% CBF peak response. In fact,
in our preliminary studies with 5.0 ms, 2.0 mA, and 83 ms
parameters, the CBF response was 90-115%, which is similar to
the expected CBF response (data not shown); however, one
animal showed a change in MABP. Hence, to avoid unnecessary
stress on the animals and potential global CBF changes caused
by systemic blood pressure changes, the low end of the
plateaued CBF response domain in pulse width (e.g., 1.0 ms)
and current (e.g., 1.4-1.7 mA) was selected for BOLD fMRI
experiments.

BOLD fMRI under ISO

With refined stimulation parameters, the BOLD fMRI success-
fully detected a well-localized activation focus in the forepaw
area of the primary somatosensory cortex contralateral to the
stimulation side (Fig. 6A4). No significant BOLD signal change
in the ipsilateral somatosensory cortex was observed, which is
consistent with the previously performed BOLD fMRI studies in
rats under o-chloralose (Lee and others 1999; Silva and others
1999).

The 12-Hz frequency with 10-pulse stimulation evoked the
most significant and largest activation area compared with other
frequencies (Fig. 6A4). Similarly, the highest change in BOLD
signal intensity was detected at 12-Hz frequency (Fig. 6B). This
stimulation frequency dependence was consistently observed
in all 5 animals. The significant difference in BOLD response was
found for stimulation between 12 and 3 Hz and between 12 and
20 Hz (Fig. 6C). Overall, the frequency dependence of the BOLD
signals agrees well with that of CBF measurement with LDF
(Fig. 50).

Discussion

Three major issues were addressed in our studies. First,
stimulation parameters optimized under o-chloralose (Silva
and others 1999) were not effective for ISO-anesthetized rats
(Fig. 3), which was partly due to the lower evoked FP and/or
higher baseline CBF under ISO anesthesia. Second, both evoked
FP and CBF responses under ISO were improved when stimu-
lation parameters were changed (Figs 4 and 5). Increasing the
pulse width and current increased FP and CBF similarly, and
then the response reached a plateau. However, the FP and CBF
responses to the stimulation frequency (interval) were dissoci-
ated, indicating that the tuning of stimulation frequency is
important for maximizing CBF response to a given number
of stimulations. Finally, stimulation with refined parameters
evoked robust, well-localized changes in BOLD fMRI signal in
the somatosensory cortex for ISO-anesthetized rats (Fig. 6),
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Figure 6. BOLD fMRI under ISO. (A) BOLD fMRI map obtained for various frequencies
(3, 6, 12, 20 Hz) with refined parameters (1.0 ms width and 1.4 mA current) of 10-
pulse stimulation in one representative animal. The color scale bar indicates t-values
that were compared between baseline periods (10 images) and activation periods (4
images). The significant signal change was observed at the well-localized activity focus
in contralateral forepaw area of the primary somatosensory cortex for all stimulation
frequencies, but the robust activation area was obtained only for 12 Hz frequency
(~83-ms interval) stimulation. The rectangle in the image for 12-Hz stimulation
indicates the position of 3 x 4 pixels ROI. The same ROl was chosen for all stimulation
conditions. D, dorsal; L, lateral. (B) Time courses of BOLD signal changes were
calculated within the ROI shown in panel (4). The clear signal change was achieved at
12 Hz frequency. The horizontal bars show the stimulation duration corresponding to
each stimulation frequency. (C) Population data on BOLD peak obtained from all 5
animals. Note that the 12-Hz frequency consistently evoked the highest BOLD signal
change. Error bar: 1 SD. *P < 0.05 (vs. 12-Hz stimulation).

which demonstrates that the ISO-anesthetized rodent model
can be used for cerebrovascular activation studies. These
findings highlight the necessity for complete data sets on neural
activity, vascular response, and imaging signals to address
hemodynamic-based functional imaging studies in anesthetized
animals.

Impact of Anesthetics on Neurovascular Responses

We observed that the amplitude of evoked FP was reduced by
54% under ISO compared with o-chloralose using identical
stimulation parameters (Fig. 3). This difference in evoked FP is
clearly due to the different anesthetic actions on neural activity.
ISO is believed to predominantly depress excitatory synaptic
transmission (Larsen and Langmoen 1998; Richards 2002). For
example, ISO inhibits excitatory transmitter release by reducing
presynaptic excitability (Sandstrom 2004; Wu and others 2004)
and enhances transmitter uptake in presynaptic terminals and
astrocytes (Larsen and others 1997; Miyazaki and others 1997).
The action of a-chloralose involves potentiation of y-amino-
butyric acid (GABA) -induced currents via enhancement of
GABA, receptor activity, generally known as the potent action
site of general anesthetics (Kumamoto and Murata 1996; Garrett
and Gan 1998). Because the hemodynamic signal is closely
coupled to local neural activity, the reduced neural response
observed under ISO (see Fig. 3F) can be a major cause of the
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almost undetectable hemodynamic signal changes evoked by
stimulation with the conventionally used parameters (e.g., 0.3
ms width, 1.0-1.5 mA current, and 3 Hz frequency).

Compared with a-chloralose, the evoked FP under ISO was
reduced by 54%, whereas the evoked CBF under I1SO was
reduced by 84%. This differential response indicates that
hemodynamic coupling to neural activity is dependent on the
anesthetic. This dissociation can be explained by the anesthetic-
dependent changes in vascular reactivity. ISO has been known
to cause vasodilation of cerebral arteries and intraparenchymal
arterioles (Flynn and others 1992; Farber and others 1997),
which may affect the vascular reactivity to local neural
activation. It has also been consistently shown that ISO at-
tenuates endothelium-dependent vasodilation (e.g., induced
by acetylcholine) but not endothelium-independent vasodila-
tion (e.g., induced by sodium nitroprusside) (Toda and others
1992; Uggeri and others 1992; Akata and others 1995). In
addition, our study showed a 45% higher baseline CBF under
ISO compared with o-chloralose (Fig. 3D); these results
generally agree with previously published CBF data (e.g., 70-
90 mL/100 g/min under a-chloralose (Ueki and others 1988;
Lee and others 2001) versus 130-150 mL/100 g/min under 1
MAC ISO (Maekawa and others 1986; Lenz and others 1998).
Differing baseline CBF significantly affects the magnitude of
stimulation-induced hemodynamic responses (Cohen and
others 2002); thus, the anesthetic-dependent baseline CBF
may further contribute to the anesthetic-dependent couplings
of hemodynamic response to neural activity (Shtoyerman and
others 2000; Chen and others 2001). Further studies on the
neural and/or vascular factors that mediate the intensity of
hemodynamic response are needed to understand the hemo-
dynamic coupling to neural activation.

Optimization of Stimulation Parameters for
Hemodynamic-Based Imaging

We observed that evoked FP reached a plateau for the width and
current variations during forepaw stimulation (Fig. 54,B). This
indicates that there is a threshold at which the maximum FP
response is evoked,; this threshold (>90% of peak) was observed
at =1.0 ms width and =1.4 mA current. These parameter values
were slightly higher than those reported under a-chloralose in
which threshold for FP response was ~0.3 ms for width and ~1.0
mA for current (Nielsen and Lauritzen 2001; Rosengarten and
others 2003; Sheth and others 2004). Likewise, similar threshold
levels were observed at =1.0 ms width and =1.6 mA current for
CBF response under ISO (Fig. 54,B). Activity-dependent aug-
mentation and plateaued response of evoked CBF under ISO
were similarly observed in functional hyperemia studies of
width or current variations under o-chloralose (Ngai and others
1995; Detre and others 1998; Silva and others 1999; Ances and
others 2000; Nielsen and Lauritzen 2001; Nemoto and others
2004; Ureshi and others 2005).

In contrast, our results of the interval (frequency) variations
indicate that there is an optimum frequency for maximizing the
hemodynamic responses to given neural activity. Under 1 MAC
ISO with 10-pulse stimulation, the optimum frequency that
evoked the highest CBF and BOLD responses was achieved at
~12 Hz (~83-ms interval) (Figs 5C and 6C). Under a-chloralose,
the optimum frequency for the electrical forepaw or hind limb
stimulation is within the range 1-5 Hz (Gyngell and others 1996;
Detre and others 1998; Brinker and others 1999; Ngai and
others 1999; Silva and others 1999; Matsuura and Kanno 2001;
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Nielsen and Lauritzen 2001; Sheth and others 2004; Ureshi and
others 2004). The peak of the hemodynamic response to
frequency variations at 10 Hz under enflurane (Sheth and others
2003) is close to our result of 12 Hz, which possibly is due to the
common actions of these halogenated ethers (enflurane vs. ISO)
(Campagna and others 2003). It should be noted that a fixed
stimulation time is commonly used, rather than a fixed number
of pulses in the present study; for this case, further optimization
of stimulation frequency may be needed.

Regarding the anesthetic-dependent neural activity, the
observed difference in optimum frequency under ISO (en-
flurane) versus o-chloralose can be related to the anesthetic-
dependent refractory period of neural responses. It has been
reported that the neural refractory period under o-chloralose
was 200-600 ms (Ogawa and others 2000; Ureshi and others
2004), whereas the excitatory postsynaptic current under ISO
was observed with only ~20 ms of interval with paired-pulse
stimulation (Wu and others 2004). In our study, the difference
in the poststimulus neural activity was observed; relatively silent
under o-chloralose but active (noisy) under ISO (Fig. 34). In
addition, our ISO experiment showed that the evoked FP was
detected even for 20-Hz stimulation (Fig. 5C), supporting the
idea that the neural refractory period differed depending on the
anesthetics used.

In addition, we observed that evoked FP and CBF have
a different frequency-dependence (Fig. 5C), which indicates
that a nonlinear relationship exists in the neurovascular
coupling. This mismatch between FP and CBF responses may
be explained by the different transfer function from neural
signals to vascular responses, depending on the stimulation
frequency (Ureshi and others 2004). The frequency-dependent
relationship between FP and CBF response is reported to be
linear (Ngai and others 1999; Matsuura and Kanno 2001; Sheth
and others 2003) and nonlinear (Nielsen and Lauritzen 2001;
Sheth and others 2004), which may be explained by the
different ranges of frequency variation (Hewson-Stoate and
others 2005).

In the present study, the CBF response to 12 Hz frequency
with 1.0 ms width and 1.0 mA current under ISO (~70% peak
response) was observed to be 1.7 times higher than that at 3 Hz
frequency with 0.3 ms width and 1.2 mA current under o-
chloralose (~40% peak response), whereas the Y FP under ISO
was only 1.1 times higher than under a-chloralose. This further
indicates that the transfer rate of neural response to hemody-
namic signal depends on the anesthetics being used. These
findings therefore indicate 2 major issues concerning the
optimization of stimulation frequency in hemodynamic-based
imaging: 1) the refractory period of neural responses (e.g., Y FP
per a given time) and 2) the transfer rate of each neural activity
to evoke hemodynamic signals (e.g., transfer function from ZFP
to vascular response).

Hemodynamic-Based Functional Imaging in
Anesthetized Animals

a-Chloralose, a hypnotic agent, has been used because of its
minimal depressant action on autonomic functions (Balis and
Monroe 1964). However, an animal given o-chloralose can only
be used for terminal experiments (Silverman and Muir 1993).
Further, dose-dependent or time-dependent variations have
been observed in fMRI signals under o-chloralose (Hyder and
others 2002; Austin and others 2005). Because the analgesic or
anesthetic qualities of a-chloralose remain uncertain (Holzgrefe



and others 1987; Silverman and Muir 1993), the induction of o-
chloralose usually requires short-acting anesthetics (e.g., halo-
thane or ISO) for preparation and is often administered as
a cocktail with other injectable anesthetics (e.g., urethane or
pentobarbital). These complex procedures and unstable states
of anesthesia may be a source of the variations in fMRI with o-
chloralose (Sanganahalli and others 2005).

In contrast, the use of ISO offers 2 major advantages for
functional studies. First, ISO has the stability of anesthetic depth
coupled with the ease of simple noninvasive induction (Lukasik
and Gillies 2003). This helps to maintain consistent animal
conditions, unlike injectable anesthesia (especially bolus in-
jection). Second, animals anesthetized with ISO recover quickly
(Lukasik and Gillies 2003), which makes it possible to perform
multiple noninvasive survival experiments over days and
months in the same animal. It may even be feasible to allow
the animal to breathe spontaneously during data collection
(Fizanne and others 2003; Nemoto and others 2004), which
makes possible the animal’s use in noninvasive longitudinal
studies. Therefore, fMRI studies using the stable and robust
rodent ISO model can probe long-term changes in brain
function in preclinical research (e.g., neurodegenerative dis-
eases, such as stroke, Alzheimer’s disease, and Parkinson’s
disease) as well as in basic neuroscience research (e.g., plasticity
of the brain, such as development and learning).

Conclusions

Neural and vascular responses are closely dependent on the
anesthetics used. Therefore, optimizing stimulation parameters
is necessary to maximize a hemodynamic response to a given
neural activity. With the refined stimulation parameters, the
ISO-anesthetized rodent model makes it possible to perform
repeated survival fMRI studies in the same animal.
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