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Deep brain stimulation (DBS) is a promising experimental approach to treat various neurological disorders.
However, the optimal stimulation paradigm and the precise mechanism of action of DBS are unknown.
Neuro-imaging by means of Single Photon Emission Computed Tomography (SPECT) is a non-invasive
manner of evaluating regional cerebral blood flow (rCBF) changes, which are assumed to reflect changes in
neural activity. In this study, rCBF changes induced by hippocampal DBS are evaluated by subtraction
analysis of stimulation on/off using small animal µSPECT of the rat brain. Rats (n=13) were implanted with
a multi-contact DBS electrode in the right hippocampus and injected with 10 mCi of HMPAO-Tc99m during
application of various hippocampal DBS paradigms and amplitudes and during sham stimulation. Subtraction
analysis revealed that hippocampal DBS caused a significant decrease in relative rCBF, both in the ipsi- (the
side of the implanted electrode) and contralateral hippocampus. Hypoperfusion spread contralaterally with
increasing stimulation amplitude. A clear distinction in spatial extent and intensity of hypoperfusion was
observed between stimulation paradigms: bipolar Poisson Distributed Stimulation induced significant
hypoperfusion ipsi- and contralaterally (pb0.01), while during other stimulation paradigms, rCBF-changes
were less prominent. In conclusion, small animal µSPECT allows us to draw conclusions on the location,
spatial extent and intensity of the hypoperfusion observed in the ipsi- and contralateral hippocampus,
induced by hippocampal DBS. Our study demonstrates an innovative approach to visualize the effects of DBS
and can be a useful tool in evaluating the effect of various stimulation paradigms and target areas for DBS.
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Introduction

Deep brain stimulation (DBS) is a therapeutic approach that
involves the intracranial implantation of one or more electrodes in a
specific brain region. By means of an implantable battery and a
subcutaneous lead, electrical pulses are sent to the target site to
interfere with the neural activity. DBS is a promising treatment for a
variety of neurological disorders, such as movement disorders
(Benabid, 2003), chronic pain (Hosobuchi et al., 1973) obsessive-
compulsive disorder (Nuttin et al., 1999) and refractory epilepsy
(Boon et al., 2009). Temporal Lobe Epilepsy (TLE) is the most
refractory form of epilepsy (Kwan and Brodie, 2000). Because there
is considerable evidence that the hippocampal formation is involved
in seizure initiation in TLE patients (Spencer, 2002; Swanson, 1995),
electrical stimulation of the limbic system has been successfully
applied to treat refractory TLE. Velasco et al. (2000a) were the first to
discover that unilateral DBS delivered through depth electrodes in the
temporal area decreased interictal and ictal epileptiform activity in
refractory TLE patients. Later, these positive results were confirmed in
clinical trials (Boon et al., 2007; Velasco et al., 2001; Velasco et al.,
2000b; Vonck et al., 2002) and in animal experimental studies
(Wyckhuys et al., 2007). Despite these promising results, the precise
mechanism of action of DBS and the pathways affected due to
hippocampal depth stimulation are unknown. Furthermore, the
optimal stimulation parameters are undetermined, hampering its
therapeutic potential.

Neuro-imaging by means of Single Photon Emission Computed
Tomography (SPECT) is a non-invasive technique to evaluate regional
cerebral blood flow (rCBF) changes, which are assumed to reflect
changes in neural activity (Hershey and Mink, 2006; Shibasaki, 2008).
Consequently, this technique may be a useful tool in visualizing DBS-
induced rCBF-changes throughout the brain and evaluate changes
induced by different DBS-paradigms. The past 3 years SPECT scanners
have been successfully miniaturized to enter the preclinical arena
allowing for a high spatial resolution with an acceptable sensitivity in
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Fig. 1. Protocol of 1 scan day. Before intravenous injection with 370 MBq HMPAO-
Tc99m, rats received 1 h of continuous stimulation with either one of five stimulation
paradigms (sham, HFS2, HFS4, PDS2 or PDS4) or one of five stimulation amplitudes
(sham, 25 µA, 50 µA, 100 µA, 200 µA). During and 15 min following injection,
stimulation was continued. Then, stimulation was interrupted and rats were
anesthetized before initiation of µSPECT (1.5 h) followed by µCT.
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rats and mice. The system used in this study, the Milabs U-SPECT-II,
can reach resolutions down to 350 µm in whole body mice scanning
and well below 1 mm in rats.

In the current study, four hippocampal DBS paradigms were
compared with stimulation-off (sham stimulation) in the rat by
means of µSPECT subtraction analysis through coregistration with
their individual CT. Additionally, stimulation amplitudes were varied
and effect on location, spatial extent and intensity of rCBF-changes
were evaluated. Apart from µCT coregistration, µSPECT images were
also co-registered with MR-images of the same rat to allow an
accurate anatomical correlation.

Methods

Animals

MaleWistar rats (250–300 g body weight; Harlan, the Netherlands)
were treated according to guidelines approved by the European Ethics
Committee (decree 86/609/EEC). The study protocol was approved by
the Animal Experimental Ethical Committee of Ghent University
Hospital (ECP 09/16). The animals were kept under environmentally
controlled conditions (12 h normal light/dark cycles, 20–23 °C and 50%
relative humidity) with food and water ad libitum.

Surgery

Healthy rats (n=13) were anesthetized with an isoflurane
mixture (2–5% isoflurane and medical O2). After exposure of the
skull, 7 small burr holes were drilled; four were used for the
positioning of anchor screws, the other three for electrodes. A
custom-made epidural electrode (Teflon-coated silver wire, soldered
to a screw, 1.57 mm diameter, Bilaney, Germany) was placed on the
right side of the skull at the height of the frontal cortex. A reference-
electrode was placed contralaterally. A multi-contact DBS-electrode
was custom-made by gluing together four polyimide coated stainless
steel wires (125 µm diameter, Bilaney, Germany). Each of the wires
was straight-cut at a different length resulting in a quadripolar
electrode with 1 mm distance between each of the four tips. This DBS-
electrode was inserted stereotactically in the right hippocampus
(AP−5.6 mm, ML 5.1 mm, DV−7.4 mm relative to bregma) (Paxinos
and Watson, 1998). The electrodes were lead to a connector which
was fixed to the screws and the skull with acrylic dental cement.

Experimental protocol

After recovery from surgery, rats were handled (N7 days). Following
handling, all rats underwent five µSPECT scans. Each µSPECT-scan was
followed by a µCT-scan. Each µSPECT (and consecutive µCT) scan was
separated from thenext by at least 48 h. After termination of all µSPECT-
scans, rats were deeply anesthetizedwith pentobarbital (100 mg/kg,
i.p.), electrodes (andconnector)were removedand rats thenunderwent
a final MR-scan.

Every µSPECT-scan was preceded by either 75 min of continuous
DBS (one of four paradigms or one of four stimulation amplitudes—
see further) or 75 min of sham stimulation (=no stimulation). For
each rat, the five stimulation paradigms were presented in a
randomized order. Stimulation was delivered to the rat by means
of a flexible wire allowing the rat to move freely. Additionally,
continuous scalp EEG was measured throughout the delivery of
stimulation to verify whether no EEG abnormalities occurred. After
1 h of DBS or sham stimulation, rats were, while awake, intravenously
injected with 370 MBq HMPAO-Tc99m. Stimulation was not inter-
rupted during injection and continued until 15 min following
injection. After discontinuation of stimulation (or sham), rats were
anesthetized with a mixture of isoflurane (2–5% isoflurane and O2)
and placed in a custom-made container that fits onto the bed of the
scanner (Fig. 1). The head of the rat was fixed with an alginate paste
(Cavex CA37, the Netherlands). Body temperature was kept constant
with a heating mat and respiration frequency was measured through-
out both µSPECT and µCT scans.

Different DBS paradigms and stimulation amplitudes

Seven out of 13 rats were subjected to one sham stimulation and
four DBS paradigms: bipolar High Frequency Stimulation (HFS2),
quadripolar HFS (HFS4), bipolar Poisson Distributed Stimulation
(PDS2) and quadripolar PDS (PDS4). All stimulation paradigms
consisted of a series of biphasic, charge-balanced square-wave pulses
with a pulse width of 100 µs and an average frequency of 130 Hz. HFS
(both HFS2 and HFS4) consisted of stimulus pulses given at a fixed
frequency of 130 Hz (interpulse interval of 7.69 ms). In the PDS
protocol (both PDS2 and PDS4), the interstimulus intervals were
drawn from a Poisson distribution with a mean and variance 1/130 s.
The mean frequency of the PDS was therefore also 130 Hz, so that on
average the same number of stimulus pulses was delivered in both
PDS and HFS protocols.

For bipolar stimulation (as in HFS2 and PDS2), pulses were
delivered between the most superficial and the deepest electrode tip
of the quadripolar DBS electrode. For quadripolar stimulation (HFS4
and PDS4), pulses were delivered between the most superficial and
third electrode tip and between the second and the deepest electrode
tip (Fig. 2).

Deep brain stimulation was delivered by custom-made isolated
current sources. DBS was started N1 h before and continued during
and 15 min following injection of 10 mCi HMPAO-Tc99m. For these
seven animals, stimulation amplitude was fixed for all four paradigms
at 100 µA.

Six out of 13 rats were subjected to one sham stimulation and four
stimulation amplitudes of bipolar PDS: 25 µA, 50 µA, 100 µA and
200 µA.

µSPECT/CT/MRI

The animals received 10 mCi HMPAO-Tc99m (Ceretec, GE Health-
care, UK) either during application of hippocampal DBS (various
stimulation paradigms and -amplitudes) or during sham stimulation.
For optimal registration with µCT, two line sources were placed in
oblique positions next to the animal's head (in the alginate paste).
These line sources were filled with low activity (0.37 MBq) of I125.

Static scanning in 18 frames of 5 min was performed using the
Milabs U-SPECT-II (MILabs, Utrecht, The Netherlands). This µSPECT
scanner is equipped with collimators consisting of a tungsten cylinder
with 5 rings of 15 pinhole apertures of 1.0 mm diameter. All pinholes
focused on a single volume in the center of the tube (van der Have et
al., 2009). For imaging rat brain, the animal bed was translated in 3
dimensions using an XYZ stage into 8 different bed positions. A 20%
main photopeak was centered at 140 keV to reconstruct the Tc99m

images while a 100% windowwas centered around 30 keV for the I125

capillaries. The data were reconstructed on 0.75 mm3 voxels by 3



Fig. 2. (A) Illustration of the four stimulation paradigms delivered through quadripolar
electrodes. For bipolar stimulation (HFS2 and PDS2), biphasic stimulation is delivered
between the anode (+) and cathode (−). For quadripolar stimulation (HFS4 and
PDS4), two times biphasic stimulation is delivered (anode/cathode-couples indicated);
B) HFS with a fixed interpulse interval of 7.69 ms (130 Hz) and pulse width of 100 µs
and PDS with asynchronous Poisson distributed stimulus intervals with the same mean
value as HFS.
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iterations of 16 OSEM subsets (Vastenhouw and Beekman, 2007).
Each time a µCT scan of the animal was acquired with the Gamma
Medica Ideas (Northridge, LA, USA) X-O CT in fly-mode acquiring 256
projections (2×2 rebinning) with the tube set to 70 kV and 170 µA
and the magnification at 1.3 (FOV=91.08 mm). A general purpose
reconstruction mode was used in a 512×512 matrix of 150 µm pixel
size. The resultant image was then fused with the µSPECT scan using
the capillaries fixing the 6 degrees of freedom. Afterwards the animals
were sacrificed, their electrode was removed and a MRI scan was
performed using a dedicated rat brain coil (Rapid Biomedical, Rimpar,
Germany) on a Siemens Trio 3 T (Siemens, Erlangen, Germany). A
MPRAGE sequence resulting in 0.281×0.281×0.3 mm resolution was
applied with the rats placed head first and prone.

Data analysis

First (i) the stimulus-on µCT and the MRI were registered to the
stimulus-off µCT using Amide (freeware; http://amide.sourceforge.
net) followed by (ii) the fusion of the off/on µSPECT scans with their
off/on µCT counterparts thereby using the two line markers (cfr.
supra). From the MRI, (iii) with MRIcroN (freeware; http://www.
mricro.com) the rat brain is extracted, which is used as a mask for the
calculation. Afterwards, (iv) both off/on µSPECT scans are normalized
within this MRI brain mask and subtracted from each other in Matlab.
Finally, (v) the Z-score, representing the activation map, is achieved
through dividing by the standard deviation of the stimulus-off µSPECT
(Staelens et al., unpublished data).

Accordingly, the magnitude of the Z-score can thus be determined
for each voxel, indicating the significance of differences in rCBF for
stimulation on/off. For each resulting image, we determined the
location, the maximal and minimal Z-score and the total number of
significant voxels (assuming pb0.05 to indicate significant differ-
ences; i.e. Z-scoreN1.96 or Z-scoreb−1.96).

Data are expressed as mean and standard error of themean (SEM).
Statistical evaluation of the maximal and minimal Z-score and total
number of significant voxels was performed using repeated measures
ANOVA.
Histology

Histology confirmed that all four electrode tips were located
within the hippocampus. Rats with electrode located outside the
hippocampus were not included in the analysis.

Results

Direction and location of changes in rCBF

Predominantly decreases in rCBF were visualized when the
different DBS scans were subtracted from sham stimulation scans.
Hyperperfusion was occasionally seen but these changes were never
consistent between different rats and/or different scans.

The hypoperfusion was restricted to the different structures of the
hippocampal formation including the CA1, CA2 and CA3 areas, the
subiculum, the dentate gyrus and the entorhinal cortex in an intensity
and stimulation paradigm-dependent manner. These decreases in
rCBF were both in the ipsilateral (at the side of DBS) and the
contralateral hippocampus (Fig. 3 and Fig. 4). Other brain regions
occasionally displayed signal changes during hippocampal DBS
including the olfactory lobes, somatosensory cortex and the cerebel-
lum, but the presence and direction of changes in these areas were not
consistent among rats, stimulation amplitudes and/or stimulation
paradigms.

Intensity and spatial extent of rCBF changes

Subtraction analysis in the rats (n=7) subjected to the four
different stimulation paradigms, revealed that PDS2 caused a
significantly stronger hypoperfusion in the hippocampal formation
compared with HFS2 and HFS4 (pb0.05 and pb0.01 respectively;
repeated measures ANOVA) as indicated in Fig. 5A. Mean (±SEM)
minimal Z-score measured in the hippocampal formation for HFS2,
HFS4, PDS2 and PDS4 was −2.07±0.26, −2.26±0.39, −2.90±0.11
and −2.11±0.16 respectively. For all stimulation paradigms, there
was no statistical difference between the intensity of rCBF change in
the ipsilateral hippocampal formation versus the contralateral
hippocampal formation.

Subtraction analysis in the rats (n=6) subjected to PDS2with four
stimulation amplitudes, revealed no statistical difference (repeated
measures ANOVA) inminimal Z-score of rCBF changes between 25 µA,
50 µA, 100 µA and 200 µA (Fig 5B). The average minimal Z-score for
all stimulation amplitudes was −2.82±0.03. Additionally, for all
stimulation amplitudes, there was no statistical difference between
the intensity of rCBF change in the ipsilateral hippocampal formation
and the one in the contralateral hippocampal formation.

Subtraction analysis in the rats (n=7) subjected to the four
different stimulation paradigms, revealed that during PDS2 more
significant voxels (Z-scoreb−1.96) were counted in the hippocampal
formation than during the three other stimulation paradigms: 377%
more significant voxels due to PDS2 compared with HFS2, 162% more
due to PDS2 compared with HFS4 and 660% more due to PDS2
compared with PDS4 (Fig. 6). For all stimulation paradigms, there was
no statistical difference between the volume of hypoperfused brain in
the ipsilateral hippocampal formation and the one in the contralateral
hippocampal formation.

Subtraction analysis in the rats (n=6) subjected to PDS2with four
stimulation amplitudes, revealed a linear increase (R2=0.983) in
number of significant voxels at the contralateral hippocampal
formation with increasing stimulation intensities (Fig. 7). Addition-
ally, a linear decrease (R2=0.954) was observed in the number of
significant voxels at the ipsilateral hippocampal formation with
increasing stimulation intensities. For the entire hippocampal struc-
ture, the total number of significant voxels was not different between
all stimulation amplitudes.

http://amide.sourceforge.net
http://amide.sourceforge.net
http://www.mricro.com
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Fig. 3. Coronal, sagittal and transverse anatomical scans co-registered with the colored subtraction SPECT data illustrating the rCBF changes induced by DBS (in this example PDS2,
100 µA). Colored bars indicate Z-scores for increases (warm colors) and decreases (cold colors) induced by DBS in comparison with sham stimulation. The white arrows indicate the
hippocampal DBS electrode artifact. The corresponding sections, modified from the Paxinos and Watson (Paxinos and Watson, 1998) rat brain atlas are shown on the right (CA1–
CA3; DG=dentate gyrus; Sub=subiculum; Ent=entorhinal cortex). The different hippocampal structures are colored and the position of the DBS electrode is indicated.
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Discussion

In this study we demonstrated that unilateral hippocampal DBS
caused a significant decrease in relative rCBF, both in the ipsi- (at the
side of the implanted electrode) and contralateral hippocampus.
Different stimulation paradigms (High Frequency Stimulation and
Poisson Distributed Stimulation, both on two and four electrode tips)
were evaluated and revealed a clear distinction in spatial extent and
intensity of hypoperfusion between the different stimulation para-
digms. Bipolar Poisson Distributed Stimulation (PDS2) induced the
most intense and widespread hypoperfusion in comparison with the
other stimulation paradigms. Next, for PDS2 various current stimula-
tion amplitudes were evaluated. With lower current intensities,
relative hypoperfusion was restricted to the hippocampal formation
ipsilateral to the electrode tip while with increasing current
intensities, more widespread (contralateral) hippocampal tissue was
being hypoperfused. The total number of active voxels in the ipsilateral
hippocampus decreased with increasing amplitude. In addition, the
minimal intensity of hypoperfusion in the hippocampal formation
remained constant throughout the different stimulation amplitudes.

Brain perfusion scintigraphy and subtraction analysis using SPECT
provides a well-establishedmeans of studying changes in rCBF flow in
Fig 4. Coronal section of one representative rat during sham stimulation (A) and during 100
tracer uptake in both the left and right hippocampal structure during stimulation in compar
scans co-registered with MR (stimulation minus sham).
vivo. Intravenously injected Tc99m HMPAO distributes rapidly (2–
10 min) within the brain, representing perfusion at the time of
injection and is assumed to reflect neuronal and interneuronal activity
downstream from cell bodies and in distant input pathways (Hershey
and Mink, 2006). Therefore, SPECT-measured rCBF changes in both
the ipsi- and contralateral hippocampal formation due to DBS can
indicate a change in input to that region or alterations in the local
interneuronal activity that is provoked by DBS.

SPECT scanners have been successfully miniaturized to enter the
preclinical arena allowing for ahigh spatial resolutionwithanacceptable
sensitivity in rats and mice. State-of-the-art systems, such as the U-
SPECT-II used here achieve resolutions well below 1 mm in rats and
down to 350 µm in whole body mice imaging. Further instrumentation
research was performed (Beekman et al., 2008) the past 2 years and a
first commercial version of a dedicated rat brain collimator was recently
purchased by our group. The performance of this new collimator will
first be evaluatedwith adedicatedphysical ratbrainphantom(Beekman
et al., 2009). We will also study the use of rapid prototyping to modify
these physical phantoms to conditions where hypoperfusion is present.
A successful deployment of such a dedicated rat brain collimator will
allow us to increase the sensitivity versus the specificity of our future
experiments by exploiting the enhanced spatial resolution.
µA PDS2 (B). Color bar indicates relative intensity for HMPAO-Tc99m. Note the lower
ison with SPECT taken during sham stimulation. (C) Subtraction analysis of both SPECT



Fig. 5. Mean (±SEM) minimal Z-score per stimulation paradigm for the whole
hippocampal structure illustrating the intensity of hypoperfusion induced by (A) HFS2,
HFS4, PDS2 and PDS4 and (B) PDS2 with 25 µA, 50 µA, 100 µA and 200 µA. The dotted
line indicates Z=−1.96 which is the threshold for significant (pb0.05) difference
between baseline µSPECT-scan and stimulation-scan. Comparison between the four
stimulation paradigms reveals a significant stronger hypoperfusion for PDS2 in
comparison with HFS2 and PDS4 (*pb0.05, repeated measure ANOVA). Comparison
between the four stimulation amplitudes of PDS2 does not reveal significant differences
in minimal Z-scores.
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The current study revealed predominantly decreases in rCBF in the
hippocampal formation due to application of hippocampal DBS. This
significant reduction in rCBF is assumed to reflect reductions in local
Fig. 6. Mean (±SEM) number of significantly (pb0.05; Z-scoreb−1.96) active voxels
(volume of hypoperfused brain) during four different stimulation paradigms for the
whole hippocampal formation.
neuronal metabolism and are thus correlates of reduced activity
induced by DBS, be it excitatory or inhibitory (Pereira et al., 2007). It is
well-established that DBS acts by functional inhibition of the targeted
brain region. For the treatment of Parkinson's disease (PD), stimula-
tion of the subthalamic nucleus (STN) produces clinical effects similar
to ablative lesioning (Benabid et al., 1996). Similarly, hippocampal
DBS successfully suppresses seizure activity generated in the limbic
system both in patients with refractory temporal lobe epilepsy as in
animalmodels for TLE (Boon et al., 2007; Velasco et al., 2000a; Velasco
et al., 2001; Velasco et al., 2000b; Vonck et al., 2002; Wyckhuys et al.,
2007). The exact mechanism of action of DBS is unknown, but the
current findings provide important additional evidence that DBS leads
to a decreased neuronal activity in the stimulated structure. Active
inhibition (e.g. Long-Term Depression) is an energy demanding
process and would require increases in rCBF (Ackermann et al.,
1984), excluding these processes as possible mechanisms underlying
DBS's mode of action. As a possible mechanism of action of DBS, we
suggest a role for homeostatic scaling of membrane excitability and/
or synaptic strength. Neurons selectively adjust the magnitudes of
their functional intrinsic currents (van Welie et al., 2004) and/or
modulate their synaptic strength (Turrigiano and Nelson, 2004) in
response to the overall level of synaptic activity (Beck and Yaari,
2008). High synaptic activity, as induced by application of DBS, would
then lead to downscaling of neuronal activity (vanWelie et al., 2004).
Consequently, DBS may induce decreases in rCBF in the stimulated
structure. Our study design did not permit to evaluate whether 1 h of
DBS has long-lasting effects on hippocampal functioning. Further
studies are needed to determine the mechanisms underlying the
effect of DBS and the long-lasting effects following DBS.

Hippocampal DBS is successfully used in the treatment of
refractory temporal lobe epilepsy (Boon et al., 2007; Velasco et al.,
2000a; Velasco et al., 2000b; Vonck et al., 2005). A characteristic
feature of temporal lobe seizures is an initial hyperperfusion in the
epileptogenic region during the early phase of a seizure visualized
during ictal SPECT (Blumenfeld et al., 2009; Chang et al., 2002; Van
Paesschen et al., 2003), reflecting the higher neuronal activity during
onset. Chronic application of DBS causes the opposite (decreased
perfusion in the hippocampal formation), providing evidence that
µSPECT may be a possible tool to visualize and evaluate the anti-
epileptic properties of this experimental treatment option.

During application of DBS, significant hypoperfusion is seen in all
hippocampal structures, both at the ipsilateral and at the contralateral
side: CA1, CA2, CA3, dentate gyrus, subiculum and entorhinal cortex.
All the regions highlighted in the present study are tightly connected
to one another, with reciprocal connections existing among the
entorhinal cortex, amygdala and hippocampus (Beckstead, 1978;
Rosene and Vanhoesen, 1977; Witter et al., 1989; Wyss, 1981).
Commissural connections (hippocampal or anterior) join the homo-
topic structures in the two hemispheres. Other brain regions than the
hippocampal formation occasionally displayed signal changes during
hippocampal DBS but the presence and directions of changes in these
areas were never consistent. Occasional changes in distinct brain
regions can be caused by slight differences in animal handling or
sensory input received by the rat (e.g. whiskers are stimulated or not)
during or immediately after injection of the tracer (Shimoji et al.,
2003).

Despite the promising results of hippocampal DBS in both
experimental animals and TLE patients on the suppression of epileptic
activity, the optimal stimulation parameters are undetermined,
hampering its therapeutic potential. Therefore, in a first part of our
study, we systematically investigated the effects of four stimulation
paradigms on the generation of functional maps and its quantitative
value. Both bipolar and quadripolar HFS and PDS were delivered.
Bipolar PDS induced the most intense and widespread hypoperfusion.
In a previous animal study, bipolar HFS and PDS were delivered in
kainate treated animals with spontaneous seizures (Wyckhuys et al.



Fig. 7. (A) Difference in spatial extent of hypoperfusion within the hippocampal formation during PDS2 with different stimulation intensities: 25 µA reveals mainly ipsilateral
hypoperfusion, 100 µA reveals more contralateral. (B–C) Number of significantly (Z-scoreb−1.96) active voxels (volume of hypoperfused brain) during PDS2 with four different
stimulation amplitudes for both the ipsilateral (B) and contralateral hippocampus (C). When the number of active voxels for all stimulation amplitudes, and experimental animals is
plotted against the current intensity, a clear linear relationship is observed for both the ipsi- and contralateral hippocampus.
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unpublished data). Hippocampal bipolar PDS was found to suppress
epileptic seizures more effectively than bipolar HFS. These findings
may possibly indicate a correlation between the potential of a
stimulation paradigm to induce hypoperfusion and its seizure
suppressive potential. However, this correlation needs to be further
investigated experimentally.

In a second part of our study, four different current intensities
(25 µA, 50 µA, 100 µA and 200 µA) during bipolar PDSwere evaluated.
Low current intensity only lead to hypoperfusion of the hippocampal
formation ipsilaterally from the DBS electrode. With increasing
stimulation amplitudes, more contralateral hippocampal tissue was
being hypoperfused. The intensity of rCBF change (the minimal Z-
score) remained unaltered for all stimulation amplitudes, the spatial
extent (the total volume of hypoperfused tissue) shifted contral-
aterally with higher stimulation intensities. The linear relationship
between the current intensity used to stimulate the tissue and the
extension of the induced rCBF-changes shows that higher current
intensities lead to larger volumes being stimulated (McIntyre et al.,
2004). The effect of DBS on the contralateral side is probablymediated
by commissural fibers. These fibers are activated either directly, or via
activation of the corresponding neurons. Electrophysiological mea-
surements, such as multi-unit activity and local field potential
recordings in both the ipsi- and contralateral hippocampal formation
during delivery of DBS would be interesting in determining the
underlying mechanisms of the effects observed in our experiment.

In a similar animal experimental study, stimulation with different
current intensities and stimulation frequencies in the perforant path
was systematically evaluated using fMRI (Canals et al., 2008). Canals
et al. also observed a linear relationship between current intensity
delivered to the perforant path and spatial extension of the induced
BOLD signal. Additionally, they found a frequency-dependent spatial
pattern of activation. No different stimulation paradigms besides the
different stimulation frequencies were evaluated. This study confirms
the potential of small animal neuro-imaging techniques to evaluate
DBS paradigms and amplitudes.

Only a few animal studies have used neuro-imaging techniques to
study the effect of DBS, but several human studies are available.
Recent subtraction SPECT analysis of on-DBS versus off-DBS in
patients with dystonia confirms decreased cerebral blood flow in
the frontal lobes, the pre-motor and supplementary motor cortex due
to DBS, suggesting the reduction of the hyperactivity causing the
clinical symptoms (Katsakiori et al., 2009). In a case-study with
pallidal DBS for tardive dyskinesia, a decrease in rCBF was also
reported during on-DBS versus off-DBS (Kefalopoulou et al., 2009).
Clinical improvement of this patient with bilateral pallidal DBS
implies a possible correlation between brain functional imaging
findings and the clinical response to DBS. Further, STN-DBS in PD
patients revealed bilateral rCBF decrements in motor cortical areas
and prefrontal cortex bilaterally compared to presurgical condition as
well as compared to PD controls (Cilia et al., 2009). However, the
design of the study does not allow to discriminate whether the
hypoperfusion is due to STN-DBS, implantation of the DBS electrode
or both, or the reduction in medication doses or the effect of the
reduction in tremor and motor effects. In our animal study, these
confounding factors are ruled out by the fact that all scans were taken
after electrode implantation. Furthermore, our study visualizes the
“pure” effect of DBS on brain tissue, and is not biased by the seizure
suppressive effects of DBS, as healthy rats are used.

In conclusion, subtraction analysis using high-resolution small
animal SPECT reveals that hippocampal DBS induces hypoperfusion
both in the ipsi- and contralateral hippocampal formation. Differences
in spatial extent and intensity of rCBF changes enable us to
discriminate between different stimulation paradigms and ampli-
tudes. These findings may provide important mechanistic insights
into the mechanism of action of DBS and promote further research on
stimulation parameters for DBS using µSPECT in rats.



61T. Wyckhuys et al. / NeuroImage 52 (2010) 55–61
Acknowledgments

Dr. T. Wyckhuys is supported by a grant from Ghent University
(B.O.F.). Prof. Dr. P. Boon is a Senior Clinical Investigator of the Fund for
Scientific Research-Flanders and is supported by grants from FWO;
grants from BOF and by the Clinical Epilepsy Grant from Ghent
University Hospital. Prof. Dr. S. Staelens is supported by the Fund for
Scientific Research-Flanders and Ghent University. S. Deleye and Dr. H.
Hallez are financed through IBBT and Ghent University, respectively.

References

Ackermann, R.F., Finch, D.M., Babb, T.L., Engel, J., 1984. Increased glucose-metabolism
during long-duration recurrent inhibition of hippocampal pyramidal cells. Journal
of Neuroscience 4, 251–264.

Beck, H., Yaari, Y., 2008. Plasticity of intrinsic neuronal properties in CNS disorders.
Nature Reviews Neuroscience 9, 357–369.

Beckstead, R.M., 1978. Afferent connections of entorhinal area in rat as demonstrated by
retrograde cell-labeling with horseradish-peroxidase. Brain Research 152, 249–264.

Beekman, F.J., van der Have, F., Vastenhouw, B., 2008. Sub-half mm rat brain SPECT with
a dedicated ultra-high resolution focusing pinhole collimator. 49 ed, p. 401.

Beekman, F.J., Vastenhouw, B., van der Wilt, G., Vervloet, M., Visscher, R., Booij, J.,
Gerrits, M., Ji, C.G., Ramakers, R., van der Have, F., 2009. 3-D rat brain phantom for
high-resolution molecular imaging. Proceedings of the IEEE 97, 1997–2005.

Benabid, A.L., 2003. Deep brain stimulation for Parkinson's disease. Current Opinion in
Neurobiology 13, 696–706.

Benabid, A.L., Pollak, P., Gao, D.M., Hoffmann, D., Limousin, P., Gay, E., Payen, I.,
Benazzouz, A., 1996. Chronic electrical stimulation of the ventralis intermedius
nucleus of the thalamus as a treatment of movement disorders. Journal of
Neurosurgery 84, 203–214.

Blumenfeld, H., Varghese, G.I., Purcaro, M.J., Motelow, J.E., Enev, M., McNally, K.A., Levin,
A.R., Hirsch, L.J., Tikofsky, R., Zubal, I.G., Paige, A.L., Spencer, S.S., 2009. Cortical and
subcortical networks in human secondarily generalized tonic–clonic seizures. Brain
132, 999–1012.

Boon, P., Vonck, K., De Herdt, V., Van Dycke, A., Goethals, M., Goossens, L., Van Zandijcke,
M., De Smedt, T., Dewaele, I., Achten, R., Wadman, W., Dewaele, F., Caemaert, J., Van
Roost, D., 2007. Deep brain stimulation in patients with refractory temporal lobe
epilepsy. Epilepsia 48, 1551–1560.

Boon, P., Raedt, R., De Herdt, V., Wyckhuys, T., Vonck, K., 2009. Electrical stimulation for
the treatment of epilepsy. Neurotherapeutics 6, 218–227.

Canals, S., Beyerlein, M., Murayama, Y., Logothetis, N.K., 2008. Electric stimulation fMRI
of the perforant pathway to the rat hippocampus. Magnetic Resonance Imaging 26,
978–986.

Chang, D.J., Zubal, I.G., Gottschalk, C., Necochea, A., Stokking, R., Studholme, C., Corsi, M.,
Slawski, J., Spencer, S.S., Blumenfeld, H., 2002. Comparison of statistical parametric
mapping and SPECT difference imaging in patients with temporal lobe epilepsy.
Epilepsia 43, 68–74.

Cilia, R., Marotta, G., Landi, A., Isaias, I.U., Mariani, C.B., Vergani, F., Benti, R., Sganzerla, E.,
Pezzoli, G., Antonini, A., 2009. Clinical and cerebral activity changes induced by
subthalamic nucleus stimulation in advanced Parkinson's disease: a prospective
case-control study. Clinical Neurology and Neurosurgery 111, 140–146.

Hershey, T., Mink, J.W., 2006. Using functional neuroimaging to study the brain's
response to deep brain stimulation. Neurology 66, 1142–1143.

Hosobuchi, Y., Adams, J.E., Rutkin, B., 1973. Chronic thalamic stimulation for the control
of facial anesthesia dolorosa. Archives of Neurology 29, 158–161.

Katsakiori, P.F., Kefalopoulou, Z., Markaki, E., Paschali, A., Ellul, J., Kagadis, G.C., Chroni,
E., Constantoyannis, C., 2009. Deep brain stimulation for secondary dystonia:
results in 8 patients. Acta Neurochirurgica 151, 473–478.

Kefalopoulou, Z., Paschali, A., Markaki, E., Vassilakos, P., Ellul, J., Constantoyannis, C.,
2009. A double-blind study on a patient with tardive dyskinesia treated with
pallidal deep brain stimulation. Acta Neurologica Scandinavica 119, 269–273.
Kwan, P., Brodie, M.J., 2000. Early identification of refractory epilepsy. New England
Journal of Medicine 342, 314–319.

McIntyre, C.C., Mori, S., Sherman, D.L., Thakor, N.V., Vitek, J.L., 2004. Electric field and
stimulating influence generated by deep brain stimulation of the subthalamic
nucleus. Clinical Neurophysiology 115, 589–595.

Nuttin, B., Cosyns, P., Demeulemeester, H., Gybels, J., Meyerson, B., 1999. Electrical
stimulation in anterior limbs of internal capsules in patients with obsessive–
compulsive disorder. Lancet 354, 1526.

Paxinos, G., Watson, C., 1998. The rat brain in stereotaxic coordinatesFourth Edition.
Academic Press, San Diego.

Pereira, E.A.C., Green, A.L., Bradley, K.M., Soper, N., Moir, L., Stein, J.F., Aziz, T.Z., 2007.
Regional cerebral perfusion differences between periventricular grey, thalamic and
dual target deep brain stimulation for chronic neuropathic pain. Stereotactic and
Functional Neurosurgery 85, 175–183.

Rosene, D.L., Vanhoesen, G.W., 1977. Hippocampal efferents reach widespread areas of
cerebral-cortex and amygdala in rhesus-monkey. Science 198, 315–317.

Shibasaki, H., 2008. Human brain mapping: hemodynamic response and electrophys-
iology. Clinical Neurophysiology 119, 731–743.

Shimoji, K., Ravasi, L., Esaki, T., Soto-Montenegro, M.L., Schmidt, K., Seidel, J., Green,
M.V., Sokoloff, L., Eckelman, W.C., 2003. Use of [F-18]FDG and atlas small animal
PET scanner to study functional activation in the somatosensory cortex by
whisker stimulation in unanesthetized rats. Journal of Nuclear Medicine 44, 215P.

Spencer, S.S., 2002. Neural networks in human epilepsy: evidence of and implications
for treatment. Epilepsia 43, 219–227.

Swanson, T.H., 1995. The pathophysiology of human mesial temporal lobe epilepsy.
Journal Clinical Neurophysiology 12, 2–22.

Turrigiano, G.G., Nelson, S.B., 2004. Homeostatic plasticity in the developing nervous
system. Nature Reviews Neuroscience 5, 97–107.

van der Have, F., Vastenhouw, B., Ramakers, R.M., Branderhorst, W., Krah, J.O., Ji, C.G.,
Staelens, S.G., Beekman, F.J., 2009. U-SPECT-II: an ultra-high-resolution device for
molecular small-animal imaging. Journal of Nuclear Medicine 50, 599–605.

Van Paesschen, W., Dupont, P., Van Driel, G., Van Billoen, H., Maes, A., 2003. SPECT
perfusion changes during complex partial seizures in patients with hippocampal
sclerosis. Brain 126, 1103–1111.

van Welie, I., van Hooft, J.A., Wadman, W.J., 2004. Homeostatic scaling of neuronal
excitability by synaptic modulation of somatic hyperpolarization-activated I-h chan-
nels. Proceedings of the National Academy of Sciences of the United States of America
101, 5123–5128.

Vastenhouw, B., Beekman, F., 2007. Submillimeter total-body murine imaging with
U-SPECT-I. Journal of Nuclear Medicine 48, 487–493.

Velasco, A.L., Velasco, M., Velasco, F., Menes, D., Gordon, F., Rocha, L., Briones, M.,
Marquez, I., 2000a. Subacute and chronic electrical stimulation of the hippocampus
on intractable temporal lobe seizures: preliminary report. Archives of Medical
Research 31, 316–328.

Velasco, M., Velasco, F., Velasco, A.L., Boleaga, B., Jimenez, F., Brito, F., Marquez, I., 2000b.
Subacute electrical stimulation of the hippocampus blocks intractable temporal
lobe seizures and paroxysmal EEG activities. Epilepsia 41, 158–169.

Velasco, F., Velasco, M., Velasco, A.L., Menez, D., Rocha, L., 2001. Electrical stimulation
for epilepsy: stimulation of hippocampal foci. Stereotactic and Functional
Neurosurgery 77, 223–227.

Vonck, K., Boon, P., Achten, E., De Reuck, J., Caemaert, J., 2002. Long-term
amygdalohippocampal stimulation for refractory temporal lobe epilepsy. Annals
of Neurology 52, 556–565.

Vonck, K., Boon, P., Claeys, P., Dedeurwaerdere, S., Achten, R., Van, R.D., 2005. Long-term
deep brain stimulation for refractory temporal lobe epilepsy. Epilepsia 46 (Suppl
5), 98–99.

Witter, M.P., Groenewegen, H.J., Dasilva, F.H.L., Lohman, A.H.M., 1989. Functional-
organization of the extrinsic and intrinsic circuitry of the parahippocampal region.
Progress in Neurobiology 33, 161–253.

Wyckhuys, T., De Smedt, T., Claeys, P., Raedt, R., Waterschoot, L., Vonck, K., Van Den
Broecke, C., Mabilde, C., Leybaert, L., Wadman, W., Boon, P., 2007. High frequency
deep brain stimulation in the hippocampus modifies seizure characteristics in
kindled rats. Epilepsia 48, 1543–1550.

Wyss, J.M., 1981. An autoradiographic study of the efferent connections of the
entorhinal cortex in the rat. Journal of Comparative Neurology 199, 495–512.


	Hippocampal deep brain stimulation induces decreased rCBF in the hippocampal formation of the r.....
	Introduction
	Methods
	Animals
	Surgery
	Experimental protocol
	Different DBS paradigms and stimulation amplitudes
	µSPECT/CT/MRI
	Data analysis
	Histology

	Results
	Direction and location of changes in rCBF
	Intensity and spatial extent of rCBF changes

	Discussion
	Acknowledgments
	References




