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Abstract

Purpose: This study was designed to assess changes in brain glucose metabolism in rats after
visual stimulation.

Materials and methods: We sought to determine whether visual activation in the rat brain could
be detected using a small-animal positron emission tomography (PET) scanner and 2-deoxy-2-
['8Ffluoro-D-glucose (FDG). Eleven rats were divided into two groups: (a) five animals exposed
to ambient light and (b) six animals stimulated by stroboscopic light (10 Hz) with one eye
covered. Rats were injected with FDG and, after 45 min of visual stimulation, were sacrificed and
scanned for 90 min in a dedicated PET tomograph. Images were reconstructed by a three-
dimensional ordered subset expectation maximization algorithm (1.8 mm full width at half
maximum). A region-of-interest (ROI) analysis was performed on 14 brain structures drawn on
coronal sections. Statistical parametric mapping (SPM) adapted for small animals was also
carried out. Additionally, the brains of three rats were sliced into 20-um sections for
autoradiography.

Results: Analysis of ROI data revealed significant differences between groups in the right
superior colliculus, right thalamus, and brainstem (p<0.05). SPM detected the same areas as
the ROI approach. Autoradiographs confirmed the existence of hyperactivation in the left
superior colliculus and auditory cortex.

Conclusions: To our knowledge, this is the first report that uses FDG-PET and SPM analysis to
show changes in rat brain glucose metabolism after a visual stimulus.
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Introduction

S everal imaging techniques for conducting brain activa-
tion studies are currently available to the experimental
neuroscientist. Positron emission tomography (PET) enables
quantitative in vivo determinations of various physiological
and biochemical processes. The tracer 2-deoxy-2-['*F]
fluoro-p-glucose (FDG) is commonly used with PET to

image normal and altered metabolic states in several disease
processes in humans and small experimental animals.

For brain activation assessment, it is assumed that
changes in FDG uptake reflect an increased metabolic
demand following changes in neuron firing. Light-induced
functional changes in neural activity eventually affect the
glucose metabolism of cortical and subcortical structures.
Thus, regional changes in brain FDG uptake can indirectly
reflect changes in brain function associated with cognitive or
behavioral tasks.
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The primary visual pathway in albino mammals is
characterized by lower percentages of ipsilateral retinofugal
fibers and enhanced innervation of contralateral thalamic
targets [1-6]. Because of the greater predominance of
contralateral projections in these albino animals, monocular
stimulation (left eye obscured) is predicted to produce less
activation in the visual system structures contralateral to the
obscured eye (the right) than in those ipsilateral to the
obscured eye, for those parts of the visual system that are
predominantly monocular (the superior colliculus and the
thalamus), but not in those parts that are predominantly
binocular (visual cortex).

Sensitivity to light stimulation in albino and pigmented
rodents has been studied using behavioral and electrophys-
iological techniques [7—12]; however, there are no studies
using in vivo imaging techniques.

In our study, the left eye cover also obscured the left ear.
Previous work in mammals [13, 14] has shown that auditory
thalamic and sensory cortex respond more strongly to
contralateral than to ipsilateral stimulation. Thus, obscuring
the left ear should result in less stimulation to auditory
thalamic and cortical structures on the right side of the brain
as compared to the left side of the brain in strobe-light-
stimulated animals.

The goal of our study was to assess the feasibility of
detecting changes in brain glucose metabolism in albino rats
after a visual stimulus, by using FDG and a small-animal
PET scanner.

Materials and Methods
Subjects

Wistar female rats weighing 260 to 300 g were maintained in cages
in a room with a 12 h light dark cycle and fed with commercial
rodent laboratory chow and water ad libitum. The animals were
deprived of food but allowed free access to water for 10 h before
the PET scan. All animal procedures were in compliance with the
European Communities Council Directive of 24 November 1986
(86/609/EEC) and were approved by the Institutional Animal Care
and Use Committee of our Hospital.

Study Design

The animals were anesthetized with isoflurane (5% for induction
and 1 1.5% for maintenance in 100% O,). A polyethylene catheter
was inserted into a femoral vein to facilitate injection of FDG. The
catheter was buried under the skin in a tunnel running from the
femoral area to the back of the neck, thus allowing the animal to
move freely without damaging the catheter. After catheterization,
surgical wounds were sutured and treated with 5% lidocaine
ointment. Body temperature was monitored by a rectal probe and
maintained at 37°C by a thermostatically controlled heating lamp.
Duration of anesthesia during the surgical preparation was usually
about 30 min. At least 3 h were allowed for recovery from the
surgery and anesthesia before the animal underwent visual
stimulation and PET imaging.

The animals were divided into two groups:

Group A (N=5): animals maintained in ambient light
Group B (N=6): animals stimulated with stroboscopic
light pulsing at 10 Hz with the left eye and ear covered

The animals were then positioned in front of the stroboscopic
lamp and restrained with a loose fitting plaster cast around the
pelvis, which allowed free movement of the upper body. The
animals were not under anesthesia during the 45 min of ambient or
stroboscopic light exposure. The stroboscopic device used in this
study to deliver visual stimuli produced not only light flashes but
also produced audible click sounds when switching on the light.

FDG-PET Study

2 deoxy 2 ['®F]fluoro D glucose (2.18+0.25 mCi) was injected
through the intravenous catheter. The animals underwent light
stimulation for 45 min and were sacrificed with a bolus venous
injection of Pentothal (Abbott Laboratories) solution before being
imaged for 90 min.

Imaging was performed with a piPET scanner [15]. This system
has two detectors 18 cm apart, which consisted of arrays of 26x22
BGO crystals (2x2x10 mm) coupled to a position sensitive
photomultiplier tube.

Tomographic images were reconstructed using a three dimen
sional ordered subset expectation maximization algorithm (20
iterations, five subsets) [16], creating 43 tomographic images of
102x102 pixels that spanned the 55%45 mm field of view of the
scanner. The reconstructed voxel size was 0.55x0.55x1.1 mm?,
and the spatial resolution in these images was 1.65 mm full width at
half maximum (FWHM) isotropic. The energy window was 300
650 keV, and decay and dead time corrections were applied. The
usefulness of the piPET imaging device has been reported
elsewhere [17].

Fourteen regions of interest (ROIs) of at least 10 pixels
(3.3275 mm®) were drawn on coronal views of different areas of
the visual and auditory systems: left superior colliculus (1 SC),
right superior colliculus (r SC), left visual cortex (I VC), right
visual cortex (r VC), left thalamus (1 th), right thalamus (r th), left
somatosensory cortex (1 SSC), right somatosensory cortex (r
SSC), brain stem (BS; from the boundary with the spinal cord up
to the thalamus, superior colliculus excluded), left amygdala (1
AA), right amygdala (r AA), right auditory cortex (r AC), left
auditory cortex (1 AC), and whole brain (WB). Because of the
limited anatomical resolution of the PET images, ROIs were
positioned by identifying the 3D coordinates of each structure in a
rat brain atlas [18].

A background ROI was also drawn outside the brain region. The
activity of this ROI was very low in all the studies, indicating a small
contribution from random coincidence events and from scatter. To
normalize FDG uptake, tissue activity was corrected by subtracting
background and dividing by whole brain activity. The results are
expressed as a percentage (%) according to the expression:

FDG uptake= | (study ROI activity background activity)/
whole brain activity

x 100



Autoradiography

To further validate the PET results, after the FDG PET scan, the
brains of two rats from group B and one from group A were
extracted, frozen in isopentane at 40°C, sliced in a cryostat at

20°C into 20 pm coronal sections, dried on glass slides, and
exposed for 12 h at room temperature for FDG autoradiography.
Images were obtained on a Fujifilm BAS 1500 scanner. Autoradio
grams were visually examined to verify areas with high uptake of
FDG in the PET images.

Data Analysis

ROI Data Statistics ROI based data were analyzed using one way
analysis of variance (ANOVA). Data normality and homoscedasticity
were previously assessed by the Kolmogorov Smirmov test and the
Levene test.

Statistical Parametric Mapping Rigid body transformations
should be enough to register rat brains since their anatomy is quite
similar provided the animals are within a certain weight range [19].
In our study, we created a template by registering and averaging all
the images from group A to a single reference image. The
registration algorithm was based on the maximization of mutual
information [20, 21]. Finally, the whole dataset (groups A and B)
was then registered to this template. The results were checked
visually and no misregistration was detected.

A brain mask was then manually segmented on the template and
applied to all registered scans before intensity normalization. The
resulting images were smoothed with a Gaussian kernel (1.0x1.0x
2.0 mm FWHM) and analyzed with the SPM2b software package
(SPM, Wellcome Department of Imaging Neuroscience, Institute of
Neurology, UCL, London, UK) [22], using an ANOVA design to
detect differences between groups. Results are provided for two
thresholds of uncorrected p values (<0.05 and <0.01), both for a
minimum cluster size of ten adjacent voxels.

Results

PET Study

The ANOVA analysis revealed significant differences
between groups in the right superior colliculus, right
thalamus, right auditory cortex, and brainstem (p<0.05).
These structures showed lower FDG uptake in those rats
stimulated with stroboscopic light. The analysis also
revealed significantly smaller activation in the right superior
colliculus when both hemispheres were compared (p<0.05).
Figure 1 illustrates these results with coronal views of the
PET scan of one rat from group B (left panel), where the lower
FDG uptake in the right superior colliculus can be observed.
The right panel shows the autoradiography at the same level.
Table 1 summarizes the effect of light stimulation on
brain glucose metabolism in the different ROIs measured.
SPM analysis detected no significant increases in FDG
between groups. However, it did find significant decreases in
FDG uptake in the brainstem (14%), right superior colliculus
(12%), and right (7%) and left thalamus (5%; p<0.01; t=

2.28; k=10 voxels). Figure 2 shows the statistical parametric
map for decreases in FDG uptake after visual stimulus for p<
0.01. For the p value threshold p<0.05 (t=1.83), a new
structure appeared, the right auditory cortex (9%). Figure 3
shows the statistical parametric map for decreases in FDG
uptake after visual stimulus for p<0.05.

Table 2 summarizes the effect of light stimulation on
brain glucose metabolism by SPM analysis.

Autoradiographic Study

Visual inspection of the autoradiographs showed notably
smaller activation in the left superior colliculus compared to
the right side (Fig. 1). No other area showed visually salient
changes in brain glucose metabolism. Quantification was not
performed. The results obtained by autoradiography were
consistent with those of both the ROI- and SPM-based
approaches and with those of previous reports.

Discussion

To our knowledge, this is the first report that uses a small-
animal PET scanner and SPM analysis to show changes in
brain glucose metabolism in rats undergoing visual stimula-
tion (ambient vs. flashing light).

For the experiment, we used albino rats because of their
higher light sensitivity and more rapid signal transmission at
lower light levels [10]. Moreover, albino specimens show a
larger crossed pathway than uncrossed pathway, thus
favoring a better visualization of the visual pathway by
FDG-PET imaging [23-25].

Conventionally, PET images are analyzed manually by
drawing ROIs. This technique is time-consuming, as the
complete study must be segmented on a slice-by-slice basis
and subjective error when defining the ROIs may introduce
inaccuracies in the image analysis. Furthermore, ROI-based
analyses are usually hypothesis-driven, in such a way that
possible significant effects outside hypothesized ROIs may
be missed. The use of SPM analysis can alleviate these

Fig. 1.

Coronal brain slices from a rat that was stimulated
at 10 Hz. The lower uptake of FDG in right superior
colliculus is noticeable (left panel, FGD image; right panel,
autoradiograph).



Table 1. ROI analysis: tissue activity has been normalized to whole-brain activity and results are shown as a percentage

Visual paradigm p

Control (n 5) Stimulated at 10 Hz (n  6)
Right superior colliculus 144.21£5.51 130.84+3.27*% ** (13%) 0.05
Left superior colliculus 141.99+3.42 146.16+5.34 0.55
Right visual cortex 105.10+4.05 101.81+2.79 0.51
Left visual cortex 107.03+£2.36 104.56+2.93 0.54
Right thalamus 122.89+3.04 114.52+1.48* (8%) 0.03
Left thalamus 120.89+1.63 117.27£2.11 0.22
Right somatosensory cortex 104.69+3.60 101.87+2.75 0.54
Left somatosensory cortex 104.23+1.51 104.23+3.58 1.00
Brainstem 122.48+3.95 110.97+2.51* (11%) 0.03
Right amygdala 89.68+5.31 90.54+4.07 0.89
Left amygdala 91.89+4 .91 93.33+3.90 0.82
Right auditory cortex 115.04+4.3 104.49+9.17* (9%) 0.04
Left auditory cortex 108.29+7.68 111.75+7.46 0.47

Values expressed as mean+SD
*p<0.05 versus control group; **p<0.05 versus interhemispheric

drawbacks. In humans, this technique is the method of
choice for the statistical analysis of brain functional data
obtained using PET, single-photon emission computed
tomography, and functional magnetic resonance imaging
(fMRI) [26-29]. SPM has been used for many years in
clinical research to detect subtle activity changes in the
brain and is an excellent exploratory tool, as it does not
require a priori assumptions about the expected brain
region activations.

The SPM technique had to be adapted so that it could be
used for rat brain studies. Few studies have used SPM
techniques in rats with different imaging modalities: autora-
diographic iodoantipyrine [30-34], fMRI [35-40], and FDG-
PET [20, 41, 42]. Two PET studies used a standardization
according to a custom digital template matched to a high-
resolution microMRI image in Paxinos orientation [41, 42].
The third study analyzed FDG-PET images by comparing
different registration approaches to align small-animal PET
studies. It also proposed a procedure to validate the results by
means of objective measurements of registration consistency
that would enable SPM to be applied to small-animal brains
[20].

In our study, the SPM technique detected significant
regional brain activations that overlapped most regions that
were also detected with a standard ROI analysis. Activations
appeared in visual circuits (superior colliculus, thalamus),
auditory circuits (auditory cortex), and in motor areas
(brainstem). This result is consistent with the nature of the
task. Furthermore, it also agrees with the metabolic changes
in different brain regions of the rat reported by Toga and
Collins [43], who studied the visual system in albino rats
using the 2-deoxy-p-['*C]-glucose quantitative autoradiog-
raphy method.

We did not find changes in any structures related to
stress. The possible effects of immobilization stress on the
local cerebral metabolic rate of glucose has been investigat-
ed elsewhere, and no significant differences were found
either [44, 45].

In the subcortex, SPM detected several activation regions
that were also found on the ROI analysis. These included the
right superior colliculus and right thalamus, which contains
the lateral geniculate nucleus. It is well known that the
superficial layers of the superior colliculus in the rat are the
major targets of retinal inputs [46] and respond to pulsed
visual stimuli [47, 48]. Therefore, afferents from the superior
colliculus project to the visual thalamus. Toga et al. [44, 45]
found that the metabolic changes were greatest in the
superior colliculus, less so in the lateral geniculate, and
considerably less in second-order sites such as layer IV of
the visual cortex. Moreover, these changes were frequency
dependent in the superior colliculus and lateral geniculate,

Fig. 2. Statistical parametric map for decreases in FDG
uptake after visual stimulus. Color scale represents all T
distributions achieving statistical significance (p=0.01, k=10
voxels).



Fig. 3. Statistical parametric map for decreases in FDG
uptake after visual stimulus. Color scale represents all T
distributions achieving statistical significance (p=0.05, k=10
voxels).

showing a greater metabolic rate at higher frequencies of
stimulation. In our study, we used only one frequency
(10 Hz), and we observed significant changes in the superior
colliculus and thalamus.

Unexpectedly, both SPM and ROI analysis detected
hypoactivation in the brainstem and right auditory cortex.
A possible explanation for detecting activation in right
auditory cortex is that the stroboscopic device used in our
study produced a noise that was synchronous with light
flashes, thus producing a concomitant auditory stimulus.
Many auditory areas of the brainstem are binaural, so if one
ear is covered, there may not be an overall difference in
metabolic response—however, the inferior colliculus would
show a difference in activation [13, 49] that could make the
overall levels lower in the strobe condition. Moreover, it is
well known that the brainstem is related to the basic motor
and somatic sensory pathway, where there is a wide variety
of sensorial nuclei (cochlear, vestibular, pedunculopontine
tegmental). In fact, the changes in FDG uptake in the
brainstem may be explained by the fact that not only was the
left eye covered but the left ear was also covered. This
means that there may have been a lower input from these
sensorial nuclei in the brainstem and, consequently, less
FDG uptake in that area.

In our study, the SPM analysis confirmed the pattern of
predicted right-left differences in activation for the visual
and auditory components of the strobe-stimulated animals—
lower activation on the right side in the thalamus and
auditory cortex for auditory stimulation and lower activation
on the right side in the superior colliculus and thalamus but
not in the visual cortex for visual stimulation. The ROI
analysis, however, only found some of these differences.

SPM detected one additional unpredicted activation region,
the left thalamus, that did not appear in the ROI analysis. We
found lower FDG uptake in this region, but we cannot offer a
sound explanation for this fact. The thalamus is known to
have multiple functions since it acts as a translator for various
“prethalamic” inputs from the auditory, somatic, visceral,
gustatory, and visual systems. The size and shape of this
region when defining the ROI and the number of slices on
which it appears may have prevented ROI assessment from
finding it. Moreover, if any region of brain activation is
smaller than the defined ROI, significant activations may be
missed. Because significance in SPM is established at a voxel
level, it theoretically allows for more accurate detection of
activations. In the case of complex paradigms, SPM could
detect functional brain activations, which are difficult to
predict a priori, as reported elsewhere [30].

Our study has several limitations. The first is the low
anatomical resolution of the PET images. Measurements of
metabolic activity by this technique in small regions may not
be entirely accurate since ROI activity could be contaminat-
ed by that of surrounding brain regions. This is also the
reason why the brainstem was studied as a single region, not
dividing into left and right side. In future studies, metabolic
activity could be improved if partial volume effects were
corrected by defining the ROI on registered magnetic
resonance imaging (MRI) scans of the same animal. SPM
can take advantage of this MRI scan if the template used is
an MRI image instead of a PET image. Second, the sample
size was relatively small. Nevertheless, the number of
animals in each group proved sufficient to detect significant
changes in glucose metabolism.

In conclusion, this is the first report to show changes in
rat brain glucose metabolism using FDG-PET after a visual
stimulus. Our data suggest that a small-animal PET scanner
could be suitable for studies of cognitive or behavioral tasks.
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