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Abstract
Functional magnetic resonance imaging (fMRI) in anesthetized-animals is critical in studying the
mechanisms of fMRI and investigating animal models of various diseases. Medetomidine was
recently introduced as an independent anesthesia for longitudinal (survival) fMRI studies in rats.
Since stimulation-induced fMRI signal is anesthesia-dependent and its characteristics in rats under
medetomidine are not fully elucidated, the blood oxygenation level dependent (BOLD) fMRI
response to electrical forepaw stimulation under medetomidine was systematically investigated at
9.4 T. Robust activations in contralateral primary somatosensory cortex (SI) and thalamus were
observed and peaked at the stimulus frequency of 9 Hz. The response in SI saturates at the stimulus
strength of 4 mA while the response in thalamus monotonically increases. In addition to fMRI data
acquired with the forepaw stimulation, data were also acquired during the resting-state to investigate
the synchronization of low frequency fluctuations (LFF) in the BOLD signal (<0.08 Hz) in different
brain regions. LFF during resting-state have been observed to be synchronized between functionally
related brain regions in human subjects while its origin is not fully understood. LFF have not been
extensively studied or widely reported in anesthetized-animals. In our data, synchronized LFF of
BOLD signals are found in clustered, bilaterally symmetric regions, including SI and caudate
putamen and the magnitude of the LFF is ~1.5%, comparable to the stimulation-induced BOLD
signals. Similar to resting-state data reported in human subjects, LFF in rats under medetomidine
likely reflect functional connectivity of these brain regions.
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INTRODUCTION
Functional magnetic resonance imaging (fMRI) (Ogawa and Lee, 1990) has been widely used
to study the neural basis of perception, cognition, and emotion. Such studies have traditionally
focused on brain regions showing task-related changes in neural activity. Neural activation
leads to a series of physiological events in the brain, including localized increase in cerebral
blood flow (CBF), cerebral blood volume (CBV), and cerebral metabolic rate of oxygen
(CMRO2), which are collectively termed “the hemodynamic response.” These hemodynamic
events cause a change in the venous blood oxygen level, which can be detected by the blood
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oxygen level dependent (BOLD) fMRI technique (Ogawa et al., 1990; Ogawa et al., 1993).
Since the coupling between the hemodynamic response and the neural activity is similar
between awake humans and anesthetized animals and invasive techniques such as local field
potential and single unit recordings can be performed simultaneously during fMRI study in
animals, fMRI in anesthetized animals has been extensively used in studying the mechanism
of fMRI and non-cognition related brain functions (Logothetis et al., 2001; Ogawa et al.,
2000; Shmuel et al., 2006).

Rat fMRI of somatosensory pathway in response to electrical stimulation of paw is an
interesting animal model for fMRI because of the wealth of existing fMRI data (Duong et al.,
2000; Keilholz et al., 2004; Lee et al., 2002; Silva and Koretsky, 2002) and data from other
modalities such as optical imaging and electrophysiological recording (Masamoto et al.,
2007; Sheth et al., 2005). However, to date, most rat fMRI studies have been performed in α-
chloralose anesthetized rats requiring the animal to be euthanized after the experiment due to
invasive intubation and catheterization. It is desirable to establish a protocol that can monitor
brain plasticity and functional recovery after brain injury by fMRI (Dijkhuizen et al., 2003) in
a longitudinal manner with a survival experimental protocol.

In addition to studying task-related neural activation, it is also possible to use fMRI to study
the brain at rest. Studies in human subjects have shown that low frequency fluctuations (LFF)
of the BOLD signal are temporally synchronized between functionally related brain regions,
including motor, auditory, visual, sensorimotor systems, and even subcortical nucleus (Biswal
et al., 1995; Biswal et al., 1997; Damoiseaux et al., 2006; Greicius et al., 2003; Lowe et al.,
1998; Stein et al., 2000). Thus, the synchronized LFF are believed to reflect functional
connectivity: a measure of spatio-temporal correlations between spatially distinct brain
regions. Although the exact origin of the synchronized LFF of BOLD has not been fully
elucidated and some studies even suggest that the synchronized LFF of BOLD signal in humans
reflect changes in underlying brain physiology independent of neural activation (Kiviniemi et
al., 2000), resting connectivity based on synchronized LFF is widely used. In fact, the
synchronized LFF is used not only to map the resting-state neural networks and the strength
of the synchronization (correlation) but also as an index to evaluate pathological conditions
such as Alzheimer’s disease (Li et al., 2002) or multiple sclerosis (Lowe et al., 2002) and the
effects of drugs such as cocaine (Li et al., 2000), anesthetic agents (Anand et al., 2005; Peltier
et al., 2006) and antidepressant (Anand et al., 2005). In animal models, LFF in the neuronal
electrical activities have been observed by transcortical electroencephalographic (EEG)
technique (Allers et al., 2002), by local field potential (Leopold et al., 2003) and by single unit
recording (Ruskin et al., 2003) without the use of general anesthesia but are greatly reduced
by anesthesia (Ruskin et al., 1999). The LFF’s dependence on anesthesia makes the detection
and study of the LFF of BOLD signal difficult in animal models. The ability to detect
synchronized LFF of BOLD signal in animal models will open up new avenues for further
investigation of LFF and for examining it under various physiological and pathological
conditions.

Medetomidine (domitor) is an α2 adrenoreceptor agonist which can provide sedation and
anxiolysis, analgesia and some muscle relaxation (Lukasik and Gillies, 2003). It is generally
used as an adjuvant to reduce anesthetic requirements to tracheal intubation and surgical stimuli
(Bol et al., 1999). It was first used in rat fMRI as an independent anesthesia by Weber and
colleagues (Weber et al., 2006). Since it is administered subcutaneously requiring no
catheterization, and the animal is maintained in a free breathing state requiring no intubation,
a medetomidine anesthesia protocol can be used for longitudinal (survival) fMRI studies.
Although the feasibility to perform longitudinal fMRI by medetomidine in rats has been
previously demonstrated (Weber et al., 2006), the characteristics of the BOLD response under
medetomidine have not been fully investigated. It has been previously reported that the BOLD
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response depends on the anesthetic agent used (Masamoto et al., 2007; Silva et al., 1999).
Therefore, we investigated the dependence of the BOLD response to electrical forepaw
stimulation under medetomidine on the frequency and the strength of the stimulus and
subsequently, with optimized stimulus parameters, investigated the spatial and temporal
characteristics of the stimulation-induced BOLD fMRI in the somatosensory network. In the
study by Weber and colleagues, the dose that was chosen provided “a sedation level adequate
for reliable fMRI experiments” (Weber et al., 2006). Using the suggested dose of
medetomidine, the animal is under sedation rather than full anesthesia, and synchronized LFF
of BOLD signal may be detected. Therefore, in addition to performing the BOLD study of
stimulation-induced neural activity, BOLD data was also acquired during the resting-state to
investigate the possibility of detecting and the characteristics of resting-state connectivity under
medetomidine-sedation. Combining somatosensory task-related fMRI with the functional
connectivity during resting-state can provide complementary information for investigating the
relevance between the somatosensory pathway and the resting-state neural network (De Luca
et al., 2005; Fukunaga et al., 2006).

MATERIALS AND METHODS
Animal Preparations and Stimulation

A total of 10 male Sprague-Dawley rats (220–340 g) were used with experimental protocols
approved by Emory University Institutional Animal Care and Use Committee. The animals
were initially anesthetized with isoflurane (5% for induction and 2% during the set-up) in a
mixture of O2 and N2 gases (3:7), delivered to the nosecone for spontaneous respiration
throughout the experiment. A bolus of 0.05 mg/kg medetomidine was injected subcutaneously,
and isoflurane was disconnected 10 minutes afterwards. Continuous subcutaneous infusion of
medetomidine (0.1 mg/kg/hour) was started 15 minutes after the bolus injection to maintain
the sedation. The head of the animal was carefully secured in the Bruker rat restrainer by using
a bite bar and two flexible cushions on the two sides of the head before placement in the magnet.
Rectal temperature was maintained at ~37°C by a feedback-controlled, water-circulated
heating pad, and blood oxygen saturation and heart beat rate were monitored by non-invasive
oxygen saturation monitor (8600V, Nonin Medical Inc., Minnesota, USA) during the
preparation and fMRI experiments. The oxygen saturation was kept above 96% during the data
acquisition.

For stimulation-induced fMRI study, electrical stimulation was applied to either the right or
the left forepaw using two needle electrodes inserted under the skin between digits 2 and 4 and
connected to a current stimulation isolator (A365D, World Precision Instruments, Inc.,
Sarasota, FL, USA), which was triggered by a pulse generator (Master 8, AMPI, Israel). The
parameters of the electrical stimulation were adjusted for each experiment as described below.

MRI Data Acquisitions
All MRI measurements were performed on a 9.4T horizontal magnet with a bore size of 20 cm
diameter, interfaced to an AVANCE console (Bruker, Billerica, MA). The gradient coil used
was an actively shielded 12-cm inner diameter set with a gradient strength of 40 G/cm and a
rise time of 88 μs. Two actively decoupled radio frequency (RF) coils were used: a volume
coil of 7.2 cm diameter used as the transmitter, and a surface coil of 2 cm diameter positioned
on the top of the animal’s head as the receiver. The animal’s position was adjusted based on a
sagittal scout image to place the primary somatosensory cortex (SI) in the magnet center. The
homogeneity of the magnetic field was optimized on a volume of 6 × 6 × 6 mm3 by using
FASTMAP (Gruetter, 1993). Eight consecutive axial slices were acquired with TE=15 ms,
thickness = 1 mm, matrix size = 64×64 and FOV = 3×3 cm2, by using a multi-slices single-
shot gradient echo echo-planar imaging (GE EPI). Each fMRI run consisted of 10 + 10 + 20
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image acquisitions (boldface represents stimulation on) with TR = 2 s. T1-weighted anatomical
images were obtained by the MDEFT sequence with inversion preparation and an inversion
time of 1.4 sec. To investigate the frequency dependence of the BOLD response, stimuli with
a fixed pulse width of 0.3 ms, a current of 2 mA and varied frequencies of 1, 3, 6, 9, 12, 15
and 18 Hz were applied in an interleaved fashion in different fMRI runs. Based on the results
from the frequency-dependence study, the 9 Hz stimulus led to the strongest activation in the
SI (see results). Subsequently, a 9 Hz stimulus with a width of 0.3 ms was used to investigate
the temporal-spatial characteristics of the activation under different stimulation strengths.
Stimulus currents of 1, 2, 4, 6 and 8 mA were applied in different fMRI runs. For the stimulation
studies, 10 to 20 runs under each condition were performed for signal averaging. These
stimulation-induced activation fMRI experiments lasted ~3 hours. Subsequently, in 7 of the
10 rats, an additional experiment was performed without stimulation to acquire 300 volumes
(10 minutes) with exactly the same imaging parameters in the same slices.

Data Analyses
Data were processed using Stimulate (Strupp, 1996) and MATLAB routines (Mathworks,
Natick, MA). Stimulation-induced activation (t value) maps and resting-state cross correlation
coefficient (CCC) maps were color-coded and overlaid on the T1-weighted anatomical images.
Graphs of mean value were plotted with standard errors of means (SEM), and results were also
reported as mean ± SEM. Statistical significance was examined by one-way repeated measures
ANOVA and paired t test.

With the stimulation BOLD data, t-value maps were computed by comparing the experimental
fMRI data acquired during the control periods vs. data acquired during stimulation on a pixel-
by-pixel basis and thresholded with t > 2 and a minimum spatial cluster size of 4 pixels (p <
0.005) (Forman et al., 1995). Average time courses of the 30 pixels having the top 30 t-values
in the SI, the 10 pixels with the top t-values in the SII, the 20 pixels with the top t-values in
the thalamus, and the 60 pixels with the top t-values in the caudate putamen (CPu) (CPu analysis
for stimulation strength dependent study only) were obtained for quantitative analysis.

To determine reproducibility of stimulation-induced activation, fMRI data in stimulus strength
dependence study were divided into two subsets, consisting of even and odd runs, respectively.
Subsequently, activation maps were determined from each subset separately. Reproducibility
of the fMRI signal changes within the ROI containing activated pixels obtained from the entire
data set was assessed with correlation analysis.

With the resting-state BOLD data, pixel time courses were linearly detrended and low-pass
filtered at a cutoff of 0.08 Hz (Biswal et al., 1995). Based on the stimulation-induced fMRI
maps, seed regions of interest (ROI) (2×2 pixels) were selected in the SI and the thalamus,
respectively. Using both the anatomical image and stimulation-induced activation map, another
ROI (2×2 pixels) in the CPu and just below the activation in SI was selected as the CPu seed
ROI. The average time courses from these ROIs were used as respective references and cross-
correlated with all image pixels to derive corresponding connectivity maps. A correlation
coefficient threshold of 0.3 and a cluster size threshold of 4 were used to threshold the functional
connectivity maps (p < 4×10−6, taking into account the reduced degrees of freedom in the low-
pass filtered data) (Forman et al., 1995; Press et al., 1992). To assess reproducibility of resting-
state connectivity, a 10-minutes fMRI run without stimulation was divided into two subsets,
the first 5-minutes data set and the second 5-minutes data set. Subsequently, cross correlation
with the corresponding time courses from the seeds were performed on each data set
individually to derive connectivity maps.
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RESULTS
Stimulus frequency dependency of activation

Robust contralateral activations were detected in SI with stimulus frequencies above 1 Hz in
all rats and, in each rat, the activation foci are similar under different frequencies (data not
shown). Given the latter observation, data from different stimulus frequencies were averaged
to improve the power of ascertaining the spatial patterns of activation. Fig. 1A shows the
activation maps in four consecutive slices of the averaged data from one rat. Well-localized
activations in contralateral SI and thalamus were detected and this observation is consistent
for all five rats. Activation in contralateral secondary somatosensory cortex (SII) was also
detected for this rat. But SII activation was only detected in three of total five rats. The incidence
of activations in thalamus and SII are higher than those under the α-chloralose (Keilholz et al.,
2004). In the posterior-anterior direction, activation in SI can be detected in three consecutive
slices while activation in thalamus can be detected in two consecutive slices. No significant
BOLD responses in the ipsilateral SI and thalamus were observed, in consistency with the
previously performed BOLD fMRI studies in rats under α-chloralose (Lee et al., 2001;Silva et
al., 1999) and isoflurane (Masamoto et al., 2007).

ROIs in the SI and thalamus were delineated as detailed in the method section. Figs. 1B and
1C illustrate time courses of the different frequencies in these ROIs. The 1 Hz stimulus induced
a small BOLD signal change in SI and thalamus (red diamonds in Figs. 1B and 1C). The
temporal profile of the BOLD response did not vary with the stimulus frequency. But the
response amplitude varied significantly with the stimulus frequency. The insets show the
response amplitude versus the stimulus frequency. In the SI, the highest change in the BOLD
signal (1.25 ± 0.17%, n=5) was detected at 9 Hz, where the change is significantly higher than
those at 1, 3 and 18 Hz, (three separate t test, where p values for individual t test were all <
0.007). The frequency preference of SI under medetomidine is similar as that under isoflurane
(Masamoto et al., 2007) and is different from that (3 Hz) under α-chloralose (Silva et al.,
1999). In the thalamus, the highest BOLD response (0.49 ± 0.05%, n=5) was also detected at
9 Hz. Although the response exhibits more gradual tapering off at high frequencies, the
amplitude at 9 Hz is significantly higher than those at 1 and 3 Hz (two separate t test, where p
values for individual t test were all < 0.01).

Stimulus strength dependency of activation
Robust contralateral SI activations were detected with all five different stimulus currents. In
each rat, the activation foci did not vary with stimulus current (data not shown). Data from
different currents were averaged. Fig. 2A shows the activation maps in four consecutive slices
of the averaged result from one rat. In addition to activation in contralateral SI and thalamus
that were detected in all five animals, contralateral SII activations were also detected in four
of the five animals. Interestingly, besides the positive BOLD responses in SI, SII and thalamus,
robust negative BOLD responses were detected in the Caudate Putamen (CPu) and other
cortical regions of both hemispheres in all five animals.

An ROI of 30 pixels with the top t-values in the SI, an ROI of 10 pixels in the SII, an ROI of
20 pixels in the thalamus, and an ROI of 60 pixels in the CPu (two hemispheres) were identified.
Figs. 2B, 2C, 2D and 2E illustrate the time courses in these ROIs, respectively, for the different
currents. The time courses of SII have lower SNR due to its weak response and small number
of activated pixels. Generally, the magnitude of BOLD response varied with the stimulus
current while the temporal characteristics did not. A post-stimulus BOLD undershoot was
observed in both SI and thalamus. An overshoot after stimulus-on is seen in SI and CPu, but
not evident in thalamus. The time to peak is ~4 s for both positive and negative responses,
consistent with the positive response under the α-chloralose (Silva and Koretsky, 2002). The
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response amplitude as a function of stimulus current is plotted in the respective insets. For
positive response in SI, the BOLD response monotonically increases currents above with the
stimulus current until 4 mA (differences between the responses at two successive currents are
statistically significant with all p < 0.017) and levels off at 4 mA (ANOVA: F2,12 = 0.09, p =
0.92). For the positive response in SII, no significance difference was observed in the BOLD
response to different stimulus currents, probably due to the low SNR (ANOVA: F4,15 = 1.3, p
= 0.31). For positive response in thalamus, the BOLD response increases monotonically with
all the currents used without any leveling off (differences between the responses at two
successive currents are statistically significant with all p < 0.03). Significant negative response
was observed in the CPu for currents above 2 mA, and its magnitude increased monotonically
with the stimulus current (differences between the responses at two successive currents are
statistically significant with all p < 0.015).

In addition to consistency of activation in different animals, reproducibility was also examined.
As shown in Fig. 3, activation maps corresponding to subset of even fMRI runs (Fig. 3A) are
very similar to those corresponding to subset of odd fMRI runs (Fig. 3B). In the scatter-plot
of activations from even subset versus those from odd subset (Fig. 3C), data of SI, SII, thalamus
and CPu fall along the diagonal line, indicating that the activations are highly reproducible.
Table 1 lists the correlation coefficients between the two maps averaged over all animals for
the four activation regions, further demonstrating the reproducibility of activations in these
regions. The data points in cortical regions with negative response are slightly scattered, but
mostly lie in quadrant III, indicating consistent negative response to stimulation but with less
reproducible amplitudes. For comparison, data points in a background region are also plotted
in Fig. 3. This data points clearly scatter around origin, indicating random noise.

Resting-state functional connectivity and stimulation-induced neural activity
Ten-minute resting-state data were acquired in two rats of the stimulus frequency dependence
study and five rats of the stimulus current dependence study. Except in one rat whose data
exhibited large nonlinear baseline drift and were discarded, synchronized LFF of BOLD signal
were observed in the cortices and CPu of the two hemispheres symmetrically. Consistent results
were obtained in all six rats and described below. Connectivity maps in a representative rat
(the same rat as shown in Fig. 2A) are shown in Fig. 4. Fig. 4A illustrates the functional
connectivity maps with a seed in SI (the seed is the blue square labeled as “SI ROI”). These
maps exhibit significant LFF synchronization in extended cortical regions of both hemispheres.
Fig. 4B displays the functional connectivity maps with a seed in CPu (the seed is the blue
square labeled as “CPu ROI”); the maps also exhibit significant LFF synchronization in CPu
of both hemispheres. Compared with the stimulation-induced activity in Fig. 2A, no negative
correlations were observed in regions, such as CPu, that showed significant negative BOLD
response to forepaw stimulation. With the thalamus seed, no significant LFF synchronization
was detected.

To demonstrate the synchronization of LFF in BOLD signal in bilateral SIs, the time course
of the seed ROI in the SI in one of the hemisphere is compared with the average time course
of the SI ROI in the opposite hemisphere (the ROIs are shown in Fig. 5B inset image) in Fig.
5A. Correlation between the two time courses is evident. The cross correlation coefficient
between the two time courses from the bilateral SI ROIs averaged over all 6 animals is 0.53 ±
0.02 (n = 6, where p values for individual studies were all < 4.9 × 10−6). As shown in Fig. 5A,
the amplitude of the synchronized LFF is ~1.5%, comparable to the stimulation-induced signal
change (see Fig. 2B). The Fourier Transforms of the time courses in Fig. 5A are shown in Fig.
5B. Significant low frequency oscillations are seen in both ROIs. These low frequency peaks
are also seen in the data from the other five rats.
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Time courses in the bilateral CPu are also examined (the ROIs are shown in Fig. 5D inset
image). As indicated in Fig. 5C, there is significant correlation between the two time courses.
The inter-animal average of the cross correlation coefficient between the two time courses is
0.53 ± 0.04 (n = 6, where p values for individual studies were all < 2 × 10−4), demonstrating
that LFF of BOLD signal in the bilateral CPu in these animals are also highly connected. The
peak amplitude of the synchronized LFF in CPu is also ~1.5%. The Fourier Transforms (Fig.
5D) of the bilateral CPu time courses exhibit significant low frequency peaks. This observation
is also consistent in the remaining rats.

To demonstrate the low correlation between the bilateral thalamic regions, time courses from
the left and right thalami (ROIs shown in the inset image of Fig. 5F) of the same rat are presented
in Fig. 5E. Unlike the time courses of SI and CPu (Fig. 5A, 5C), there are no synchronized
peaks in the two thalamic time courses. The inter-animal average of the cross correlation
coefficient between the time courses from the bilateral thalamic ROIs is 0.008 ± 0.04 (n = 6,
where p values for individual studies were all > 0.23), indicating the absence of synchronization
between the LFF of BOLD signal in the bilateral thalamus in these animals.

Although both the contralateral thalamus and contralateral SI were activated by the forepaw
stimulation, no resting state connectivity was detected between them. This lack of connectivity
was further supported by the comparison of the thalamic time course with that of the SI. The
average of cross-correlation coefficient for all the animals is −0.04 ± 0.02 (n=6, with p values
for individual studies > 0.3), which is not different from zero.

Fig. 6 shows the resting-state connectivity and stimulation-induced activation maps in the slices
containing the highest stimulation-induced activation of SI for all remaining 5 rats. These maps
are consistent with the maps presented in Figs. 2A and 4, exhibiting significant resting-state
activations in extended cortical regions including SI and between the CPu of the two
hemispheres.

Fig. 7 shows reproducibility result of the resting-state connectivity for all 6 rats. The resting-
state connectivity calculated from the first half of the data (Figs. 7A, 7C) is similar to that from
the second half of the data (Figs. 7B, 7D), indicating good reproducibility in the resting-state
connectivity.

Discussions
Three major issues were addressed in this work. First, stimulus frequency dependence of BOLD
response in rat under medetomidine was studied and found to be different from that under α-
chloralose (Matsuura and Kanno, 2001; Silva et al., 1999; Ureshi et al., 2004). Of note is that
the frequency “tuning curve” of thalamus response was also obtained in our study. Second,
increasing the stimulation current increased the magnitudes of BOLD responses in SI, thalamus
and CPu. The individual relationships are not intimately coupled. The SI response reached a
plateau at a current of 4 mA while the thalamus and CPu response did not level off with
increasing currents (insets of Figs. 2B, 2D and 2E). Third, BOLD studies of resting-state
functional connectivity and forepaw stimulation-induced activity were performed in the same
rats to compare their spatial correlation. The synchronized LFF of BOLD signals were observed
between large cortical regions in two hemispheres. Interestingly, such synchronized LFF of
BOLD signals were also observed in the CPu of two hemispheres. But no synchronization was
found between the thalamus and the SI, which are both activated by contralateral forepaw
electrical stimulation. Based on its spatial and temporal characteristics of the synchronization,
it likely reflects functionally meaningful connections in the brain. The connectivity observed
in this study paves the way for future studies that may elucidate the mechanisms of functional
connectivity by combining more effective invasive techniques in animals.
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Stimulation-induced fMRI in medetomidine-sedated rats
From frequency-dependence study, ~9 Hz frequency of the stimulus that elicited maximum
BOLD response in SI under medetomidine is similar to the optimum frequency of 12 Hz under
the isoflurane (Masamoto et al., 2007) and that of 10 Hz under the enflurane (Sheth et al.,
2003). The 9 Hz peak frequency is significantly different from the optimum frequencies of 1–
5 Hz under the α-chloralose (Detre et al., 1998; Gyngell et al., 1996; Matsuura and Kanno,
2001; Ngai et al., 1999; Nielsen and Lauritzen, 2001; Silva et al., 1999; Ureshi et al., 2004).
Such a discrepancy can be caused by the different neural response and/or different neural-
hemodynamic coupling under different anesthesia as suggested by Masamoto and his
colleagues (Masamoto et al., 2007). Another interesting finding here is that the thalamus also
shows a frequency dependence, similar to that of SI. Such finding would be helpful for the
mapping of somatosensory pathway in which the thalamus is one of the important relay stations
(Keilholz et al., 2004; Paxinos, 1985).

From the stimulation strength dependence study, we observed that the BOLD change in SI
reached a plateau with increasing currents during forepaw stimulation (inset of Fig. 2B). This
observation indicates that there is a threshold at which the maximum hemodynamic response
can be induced, possibly corresponding to the maximum field potential that can be evoked by
stimulation (Masamoto et al., 2007). In the present case, the parameters for BOLD to reach the
plateau is 9 Hz, 0.3 ms and 4 mA. If the integration of the stimulation current represents the
stimulation strength, our result (4 mA × 0.3 ms = 1.2 mA·ms to reach the plateau) is comparable
to the stimulation strength under which the field potential response (8 Hz, 1 ms, 1.4 mA, 1.4
mA·ms) and CBF response (8 Hz, 1 ms, 1.6 mA, 1.6 mA·ms) reached the plateau under
isoflurane (Masamoto et al., 2007). Similar stimulation strength dependence was also observed
in CBF-based functional imaging and local field potential studies of current variations under
α-chloralose (Nielsen and Lauritzen, 2001). Unlike the response in the SI, the BOLD response
in the thalamus is smaller and do not level off even at 8 mA, suggesting the possible existence
of nonlinearity in thalamocortical transmission or neuronal saturation in cortex. Since electrical
activities of both the SI and the thalamus can be directly measured, an electrophysiological
experiment could be performed in this animal model to study the origin of the differential
responses in thalamus and cortex.

In this study, the detectability of the somatosensory pathway (thalamus, primary and secondary
somatosensory cortices) under medetomidine was improved comparing with that under the α-
chloralose (Keilholz et al., 2004). The stimulation-induced fMRI signal depends on the
neuronal response, basal blood flow and neurovascular coupling. Anesthetics could decrease
fMRI signal by suppressing neuronal response, perturbing the neurovascular coupling
associated with increased neuronal activity and modulating basal blood flow (Chapin et al.,
1981; Fukuda et al., 2005; Martin et al., 2006; Sicard et al., 2003). To detect fMRI signal in
anesthetized animals, choice of anesthetics and level of anesthesia are important to ensure
maintaining neural viability and hemodynamic response. If an anesthesia level is too high, it
will substantially suppress neural activity as well as hemodynamic response to make it hard to
obtain fMRI signal. In our study, the medetomidine with the suggested dose (Weber et al.,
2006) was used as an anesthetic. As discussed in the next section, the rats in our study are under
sedation and are far from fully anesthetized (Bol et al., 1999). Although currently there is little
relevant data regarding the medetomidine effects on neuronal response, basal blood flow and
neurovascular coupling with medetomidine as an independent anesthetic, it is conceivable that
these physiological processes are more preserved under medetomidine with the dose used,
leading to an increased detectability of the activities in the somatosensory pathway.

A robust, reproducible negative BOLD response was detected in the CPu and some cortical
regions when the stimulation current is > 2mA (see Figs. 2 and 3), consistent with a recent
report (Lowe et al., 2007). Since the BOLD signal is inversely proportional to the local content
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of deoxyhemoglobin, the negative BOLD reflects an increase in venous blood
deoxyhemoglobin, which could result from: 1) a decrease in CBF due to spatial redistribution
of CBF that is independent of the local changes in neuronal activity and CMRO2 – “stealing”,
activated cortex stealing blood from less active regions; 2) a reduction in neuronal activity, or
“deactivation”, which causes the decrease in CBF exceeding the decrease in CMRO2. If it is
stealing, based on fMRI study of cat visual cortex (Harel et al., 2002), negative BOLD should
be mainly detected in the brain area adjacent to the positive BOLD response, and the negative
BLOD amplitude should be highly correlated with the positive BOLD amplitude. Given that
the negative BOLD in this study was detected in both hemispheres, distant (>5mm) from the
activated site, and its amplitude in CPu is not correlated with the positive BOLD amplitude of
the positive response in SI, it is not likely due to such “stealing” effect. In a BOLD and CBF
study in a human visual cortex (Shmuel et al., 2002), it is shown that the region with the negative
BOLD response exhibits a decrease in CBF exceeding a decrease in CMRO2 and concluded
that the negative BOLD is caused by “deactivation.” Furthermore, a recent study of
simultaneous fMRI and electrophysiological recording of monkey visual cortex revealed a
decrease in neuronal activity in the cortical region where the negative BOLD was detected and
a correlation between the two and that negative BOLD region is far away (~7 mm) from the
positive BOLD region (Shmuel et al., 2006). In this study, with the negative BOLD signal
detected in functional related but distant regions, it is likely arising from “deactivation,” which
may be related with the sensation of pain (Lowe et al., 2007).

Resting-state functional connectivity in medetomidine-sedated rats
In the cortex, spatial correspondence between stimulation-induced activation and resting-state
maps is observed but limited. Functional connectivity is bilateral, suggesting that resting state
connectivity can identify the entire relevant network, as seen also in human subjects (De Luca
et al., 2005). In the CPu, where bilateral negative BOLD response was seen during single
forepaw stimulation (see Fig. 2A), a strong resting-state correlation was detected. In human
studies, some regions exhibiting task-related deactivation were seen as functionally connected
in the resting-state (Fox et al., 2005; Greicius et al., 2003). In summary, similar to resting state
connectivity revealed in human subjects (Biswal et al., 1995; Biswal et al., 1997; Damoiseaux
et al., 2006; Fukunaga et al., 2006; Greicius et al., 2003; Lowe et al., 1998), our results showed
that the synchronized resting-state LFF in BOLD signal in rats under medetomidine resides in
functionally networks. The ability to detect such connectivity in animals robustly paves the
way for future investigation of the resting-state fMRI mechanism and opening up a new avenue
of using the resting state measure in a wide range of applications that utilizes animal models.

Besides neuronal originated LFF of BOLD signal, several other physiological fluctuations may
also cause fluctuation of BOLD signal. First, BOLD fluctuations caused by respiration and
cardiac movements can contribute to LFF synchronization through “aliasing” effect (Biswal
et al., 1996; Fukunaga et al., 2006; Lowe et al., 1998). Compared with the respiration frequency
of ~1 Hz and cardiac frequency of 4–6 Hz in rats, the image sampling rate of 0.5 Hz (TR = 2
sec) in the present study is low. Such physiological fluctuations in BOLD signal cannot be
identified. Due to aliasing, physiological fluctuations can alias into the low frequency range
which is used for connectivity mapping. Several observations suggest that such aliased
physiological noise is not the main source of the detected connection. First, the time courses
and the corresponding frequency spectra of the connected ROIs shown in Fig. 5 indicate that
the synchronized low frequency fluctuations do not appear to correspond to respiration which
would be more periodic. Second, the temporal patterns shown in the cortical network and the
CPu network are very different, indicating that they are not from a single source, such as
respiration. Furthermore, as shown in Fig. 8, the connectivity patterns observed are spatially
different from those of the standard deviation map of the fluctuation.
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Another physiological fluctuation is from autoregulation of the cerebral vasculature (Fukunaga
et al., 2006; Hudetz et al., 1992; Kiviniemi et al., 2000; Zhang et al., 1998) in response to
arterial blood pressure changes which can be triggered by anesthesia (Kiviniemi et al., 2000)
or in response to arterial carbon dioxide changes due to respiration (Birn et al., 2006; Wise et
al., 2004) and CO2 inhalation (Zhang et al., 1998). However, this type of BOLD fluctuations
is expected to be global and exhibit two spatial characteristics. First, its magnitude should be
proportional to the baseline venous blood volume hence most prominent in the cortical surface
where the large veins reside (Birn et al., 2006; Cohen et al., 2004). Second, these fluctuations
should reside in widespread brain regions including gray matter and white matter (Birn et al.,
2006; Cohen et al., 2004; Wise et al., 2004). In the present study, correlated clusters were
observed in the two hemispheres in localized regions symmetrically and distant from each other
(Fig. 4 and Fig. 6B, 6C). To compare the baseline fluctuations with the connectivity maps, the
functional connectivity maps (1st slices in Figs. 4A and 4B) were overlaid on the baseline
standard deviation (STD) map representing the baseline signal fluctuations calculated from the
filtered resting-state data (Fig. 8). As expected, the baseline STD map clearly exhibits spatial
differences, showing larger fluctuations near the cortical surface and midline where large
draining veins reside. However, pixels with significant connectivity to the SI seed cluster in
two hemispheres and do not correspond to regions with high baseline fluctuations. On the other
hand, the baseline STD maps exhibit large fluctuations in CPu regions and overlap with the
clusters of the significant connectivity to the seed of CPu reside, suggesting that the large
fluctuations in CPu may be dominated by synchronized fluctuations. From our results, even
though the contribution from the autoregulation of the cerebral vasculature could not be ruled
out, the spatial pattern of our connectivity maps indicates that they reflect the neural
connectivity to a good extent.

The functional connectivity detected may be specific to the medetomidine dose used in this
study which retains some wakefulness in the rats during imaging. Based on the pharmacokinetic
study of medetomidine in rat, its half-life in blood is ~1 hour (Bol et al., 1997). Assume that
the blood volume of rat is ~5% of body weight, the blood concentration is ~1 ng/ml after the
initial dose of 50 ng/kg. Subsequently, medetomidine was continuously injected at the rate of
2 ng/ml/hour. Based on pharmacokinetic analysis (Bonate, 2006), the medetomidine
concentration in the blood is under 1 ng/ml during the acquisition of the resting-state fMRI
data. According to a previous study (Bol et al., 1999), rats with a blood concentration of
medetomidine < 1 ng/ml still have responses to whisker stoking by a pencil, cornea stoking by
a paper tip, and tail clamping. Thus, the rats in our study are far from fully anesthetized. In
fact, when the rats were removed from the cradle after cessation of the imaging session in this
study, they were always responsive. In human subjects, functional connectivity can be detected
with light anesthesia but is totally ablated with deep anesthesia (Peltier et al., 2006). Given
these considerations, the functional connectivity detected in our study can be attributed to
wakefulness of rat.

It is a little surprising that no thalamic connectivity and thalamocortical connection were
detected in this study. The thalamus is known to be a “sensory gate” receiving afferents from
sensory receptors and transferring received information to targeted cortical regions.
Connectivity between thalamus and cortex is bidirectional (Killackey and Sherman, 2003). In
our study, both the thalamus and the SI are activated during forepaw stimulation, verifying that
the thalamus is an input relay of the somatosensory pathway. But no resting-state connectivity
between thalamus and somatosensory cortex and between thalami in the two hemispheres is
detected even though connectivity between bilateral somatosensory cortices was detected
during resting state. It is difficult to know whether the lack of thalamocortical connection and
thalamic connection in the present study is due to the anesthesia or something else. Note that
a lack of functional connectivity does not mean a lack of network connection. In human studies
without anesthesia, results of thalamocortical connection and thalamic connection are variable
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and inconclusive. White et al. reported a positive thalamocortical connection (White and
Alkire, 2006) and Goldman et al. reported a negative thalamocortical connection (Goldman et
al., 2002), while no thalamocortical connection was detected by others (Fukunaga et al.,
2006; Laufs et al., 2003; Moosmann et al., 2003). A thalamic connection has been reported in
some studies (Fukunaga et al., 2006; Goldman et al., 2002; Laufs et al., 2003; Moosmann et
al., 2003; Schreckenberger et al., 2004; Wehrle et al., 2007), but was not detected in other
studies (Fukunaga et al., 2006; Laufs et al., 2003; Moosmann et al., 2003).

Based on our results, the peak amplitude of synchronized fluctuations can be as high as ~1.5%
(see Figs. 5A and 5C), comparable to the amplitude of stimulation-induced fMRI signal change
in this study (see Fig. 2). Since such fluctuations also act as background noise in the stimulation-
induced fMRI study, they could compromise the detection of stimulus induced response.
Nonetheless, their effects are minimal because they are random and their frequency content is
different from that of the BOLD response to the 20-second stimuli in the present study.
Furthermore, the effect of these fluctuations was significantly reduced by averaging between
the repeated runs in this study.
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Fig. 1. Stimulus frequency dependence of BOLD response in medetomidine-sedated rats
(A) Left forepaw electrical stimulation-induced BOLD response of one animal in four
consecutive slices (slice thickness: 1 mm) are displayed as t-value maps on corresponding
T1-weighted anatomical images. Positive BOLD responses (red/yellow) are observed in
contralateral forepaw areas of the primary and secondary somatosensory cortices (SI and SII),
as well as in contralateral thalamus. D: Dorsal; M: Medial. (B) Averaged time courses within
the SI and (C) thalamus of five animals are plotted for seven different stimulus frequencies
(mean ± SEM, n=5). Red bars under the time courses indicate the 20 sec stimulation period.
The insets show the response amplitude versus the stimulus frequency.

Zhao et al. Page 15

Neuroimage. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Stimulus strength dependence of BOLD response in medetomidine-sedated rats
(A) Left forepaw electrical stimulation-induced BOLD response of one animal in four
consecutive slices (slice thickness: 1 mm) are displayed as t-value maps on corresponding
T1-weighted anatomical images. Positive BOLD responses (red/yellow) are observed in
contralateral forepaw areas of the primary and secondary somatosensory cortices (SI and SII)
and thalamus, while negative BOLD responses (blue/violet) are observed in the bilateral
Caudate Putamens (CPu) and other cortical regions of both hemispheres. D: Dorsal; M: Medial.
(B) Averaged time courses within the SI, (C) SII, (D) Thalamus, and (E) CPu of five animals
are plotted for five different stimulus currents (mean ± SEM, n=5). Red bars under the time
courses indicate the 20 sec stimulation period. The insets show the response amplitude versus
the stimulus current.
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Fig. 3. Reproducibility of stimulation-induced activations
fMRI measurements of stimulus strength dependence study were divided into two sub-groups,
consisting of either even or odd runs. From these subsets, separate activation maps were derived
and shown in (A) and (B). The t values within the ROIs (indicated by arrows) of activated
regions and backgrounds (BG, as in yellow box) for two subsets are plotted against each other
in (C) with red data points representing the data from the animal shown in (A) and (B) and
other color data points showing data from the remaining animals (one color corresponds to one
animal). For the red data points, the cross correlation values are 0.93 (p = 1.5 × 10−41) for SI,
0.9 (p = 3.4 × 10−6) for SII, 0.93 (p = 5.6 × 10−21) for thalamus, 0.48 (p = 9.0 × 10−13) for CPu,
0.17 (p = 1.3 × 10−3) for cortical regions with negative response, and 0.06 (p = 0.3) for
background regions. D: Dorsal; M: Medial. Cortex: cortical regions with negative response.
BG: background regions as indicated by yellow boxes in (A) and (B).
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Fig. 4. Resting-state connectivity in medetomidine-sedated rats
The resting-state connectivity in four consecutive slices (slice thickness: 1 mm) from the same
animal presented in Fig 2A is displayed as cross-correlation coefficient (CCC) maps calculated
by correlating the time course of pixels with the time course of the seed in SI (A) and with the
time course of the seed in CPu (B). The seed pixels in SI and CPu are marked by blue squares.
Significant pixels were thresholded at CCC > 0.3 and spatial cluster size > 4 (p < 4×10−6). D:
Dorsal; M: Medial.
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Fig. 5. Comparisons of the time courses from symmetrical ROIs of two hemispheres during resting-
state and their Fourier Transforms
The time courses from left side (green) and right side (red) ROIs of SI (A), CPu (C) and
thalamus (E) are displayed as percentage signal fluctuate. The ROIs are indicated on the inset
in resting-state connectivity maps of (B), (D) and (F), respectively. Synchronized peaks are
observed in the time courses of the SI and the CPu as indicated by black arrows in (A) and
(C), while no such synchronized peaks are observed in the time courses of the thalamic ROIs
(E). The cross correlation coefficient between the two time courses in (A) is 0.56 (p = 2 ×
10−9), in (C) is 0.63 (p = 4 × 10−12) and in (E) is −0.03 (p = 0.78). (B), (D) and (F) are Fourier
Transforms of (A), (C) and (E), respectively. Significant low frequency peaks are observed in
(B) and (D), not evident in (F). Note that inset images of (B) and (D) are different from that
of (F). Tha: thalamus.
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Fig. 6. Stimulation-induced neural activation and resting-state connectivity of five animals in the
slices where the primary somatosensory cortices reside
(A) presents the stimulation-induced activation maps. The significant positive signal changes
(red/yellow) were observed in contralateral forepaw area of the primary somatosensory cortex
(SI). The stimulus parameters were listed under the stimulation-induced activation maps,
respectively. (B) shows the corresponding resting-state connectivity maps with the seed in SI.
Significant connectivity is observed in bilateral cortices for all five animals. (C) displays the
corresponding resting-state connectivity maps with the seed in CPu. Significant connectivity
is observed in bilateral CPu. The color bars for (A) are t-values: 2 (−2) to 12 (−12) for positive
(negative) responses, respectively. The color bars for (B) and (C) are cross correlation
coefficients (CCC): 0.3 to 0.6 for positive correlation. D: Dorsal; M: Medial.
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Fig. 7. Reproducibility of resting-state connectivity
A 10-minutes fMRI run without stimulation was divided into two 5-minutes subsets. From
these subsets, cross-correlation coefficient (CCC) maps were calculated by correlating the time
course of pixels with the time course of the seed in SI (A, B) and with the time course of the
seed in CPu (C, D). Rats 1–5 correspond to those shown in Fig. 6 and rat 6 is the one whose
data is displayed in Fig. 4.

Zhao et al. Page 21

Neuroimage. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8. Relation between resting-state connectivity and baseline signal fluctuation
Resting-state connectivity maps of SI (A) and CPu (B) were overlaid on the baseline standard
deviation (STD) map. Green contour outlining the cortical surface from T1-weighted image
was overlaid on the baseline STD map. Data from the first slice shown in Fig. 4 is shown. D:
Dorsal; M: Medial.
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Table 1
Reproducibility of activations in different regions.

SI SII1 Thalamus CPu
CC2 0.90 ± 0.02 0.76 ± 0.13 0.81 ± 0.10 0.42 ± 0.13

P-value3 8.8 × 10−27 0.08 0.002 0.01
Pixels4 64 ± 11 10 ± 2 30 ± 9 276 ± 137

1
SII activation is only observed in 4 rats, while other activations are observed in all five rats.

2
CC is averaged correlation coefficient between the two maps obtained from two data subsets for all animals.

3
P-value is the maximum P-value for all animals.

4
Pixels is averaged activated pixels for all animals.
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