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Abstract
To test the hypothesis that functional metabolic deficits observed following surgical brain injury are
associated with changes in cognitive performance in rodents, we performed serial imaging studies
in parallel with behavioral measures in control animals and in animals with surgical implants.
Memory function was assessed using the novel object recognition (NOR) test, administered 3 days
prior to and 3, 7, 14, and 56 days after surgery. At each time point, general locomotion was also
measured. Metabolic imaging with 18F-fluorodeoxyglucose ([18F]FDG) occurred 28 and 58 days
after surgery. Animals with surgical implants performed significantly worse on tests of object
recognition, while general locomotion was unaffected by the implant. There was a significant
decrease in glucose uptake after surgery in most of the hemisphere ipsilateral to the implant relative
to the contralateral hemisphere. At both time points, the most significant metabolic deficits occurred
in the primary motor cortex (-25%; p<0.001), sensory cortex (-15%, p<0.001) and frontal cortex
(-12%; p<0.001). Ipsilateral areas further from the site of insertion became progressively worse,
including the sensory cortex, dorsal striatum and thalamus. This data was supported by a voxel-based
analysis of the PET data, which revealed again a unilateral decrease in [18F]FDG uptake that extended
throughout the ipsilateral cortex and persisted for the duration of the 58-day study. Probe implantation
in the striatum results in a widespread and long lasting decline in cortical glucose metabolism together
with a persistent, injury-related deficit in the performance of a cognitive (object recognition) task in
rats.
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1. Introduction
In human subjects as well as in animal models, cognitive deficits are an extremely common
finding in the aftermath of surgical, traumatic and ischemic brain injuries [10,12,14,19,
22-25]. Thousands of clinical neurosurgical procedures ranging from insertion of biopsy
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needles, shunts, catheters and electrodes to large resections and ablations are performed every
day. In experimental animals, surgical procedures such as cannulation, electrode placement
and microdialysis probe implants are performed routinely in studies of brain organization and
function. Studies in our laboratory and others have shown that following these routine surgical
procedures, animals undergo dramatic short-term and long-term neurochemical and metabolic
changes [5,34,39,41,46].

Unlike injury-induced depressions that eventually recover in a matter of days or weeks, our
previous observations of a persistent decrease in glucose metabolic rate as many as 25 days
after the implant points toward a more enduring metabolic depression with a surgical implant.
At a cellular level, it has been shown that activated, proliferating microglia appear around the
implant site as early as 1-day post implantation [18,21,42]. These activated microglia are
thought to gradually diminish both excess fluid and cellular debris 6 – 8 days after the implant,
although necrotic tissue has been observed up to 42 days later [41,44]. At later time points,
typical inflammatory cells or hemorrhaging has not been observed [47], while others have
documented neuronal cell loss and macrophages up to 112 days after the implant [6,41,42,
44]. As a testament to the transitory nature of this mechanically induced wound healing
response, electrode tracks could not be found in animals after several months when the
electrode was inserted and quickly removed [6,13,35,47]. We have shown a similar effect with
FDG, since glucose metabolism returned to normal levels within seven days if the microdialysis
probe was inserted and immediately removed [39]. Taken together, it appears that injury alone
produces a more transient metabolic response while the implant appears to induce a more
enduring brain tissue response.

Specifically, brain energy metabolism after injury fluctuates such that immediately after injury,
a hyperactivated state lasting only 30 minutes (in rats) to a few hours (in humans) is followed
by a metabolic depression lasting from 5-10 or 30 days in rats or humans, respectively [4,27,
30,46]. We have recently used serial small animal PET imaging to show a profound, persistent
metabolic decline following microdialysis cannula implant that began as early as 2.0 hrs after
the surgery, was at its lowest point 48 hrs after the surgery and persisted for the duration of the
experiment, 25 days [39]. In a related series of studies, we have also used autoradiography to
show that mice subjected to closed head injury undergo dynamic changes in glutamate NMDA
receptor activation and availability [5]. These studies demonstrated a transient increase in
NMDA receptor function within the first hour of injury followed by long lasting decrease (over
7 days).

Since cognitive impairments are extremely common and often long lasting after brain injuries
in humans [26], we sought to examine the presence and time course of cognitive deficits
following surgical brain injury in rodents. In animal models, long lasting cognitive deficits are
observed not only after severe brain injury [10] but also after moderate [33] and even mild
concussions which do not involve appreciable neuronal cell loss [48]. More recent studies in
animals are beginning to report significant inflammation and neurodegeration linked to minor
surgery such as electrode implanatation [34], although to our knowledge the cognitive effects
of a microdialysis probe cannulation have not been documented.

Many cortical brain regions are pivotal to the formation of memories and brain plasticity [3,
7,29] and intracranial surgery usually involves cortical regions even if the target is subcortical.
For example, a surgical implant targeting the striatum passes through the motor and sensory
cortices of the rat, and we have shown that these areas as well as distal cortical areas show a
persistent metabolic decline long after the cannulation. It follows that if an intracranial implant
targeting the striatum damages cortical regions, it may also impact memory function. The
striatum has also been implicated in learning and memory, adding to the potential cognitive
impact of striatal implants [8,9,36]. We therefore sought to extend our previous findings of
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metabolic functional deficits by assessing working memory function and general locomotion
in rats following a unilateral microdialysis cannulation targeting the striatum. While our
previous study characterized metabolic deficits immediately following the injury (from 2 hours
to 25 days), here we have extended these observations by scanning animals with [18F]FDG at
28 and 58 days after the procedure. Thus, while the overarching goal of these experiments was
to determine whether or not the probe induced a measurable change in cognition in these
animals, [18F]FDG scans were performed to ensure that the hypometabolic state described in
our previous report not only existed in these animals, but persisted for the duration of the 56
day behavioral experiment. Our results show that rats with chronic implants have deficits in a
working memory task as well as widespread decreases in glucose uptake in brain regions
ipsilateral to the implanted probe.

2. Results
Twenty-two animals began the study by performing the pre-surgical NOR. After this eleven
of these animals received surgical implants and eleven were anesthetized as control animals.
Two animals died from the initial anesthesia, leaving 20 animals. Not all of the animals were
scanned with [18F]FDG. Of these animals, fourteen were scanned with [18F]FDG at 28 days
after the surgery (control n = 7, surgical n = 7). These same animals were scanned 58 days after
the surgery, although one of the implanted animals had to be euthanized. Only a subset of
animals could be scanned because the maximum number of animals that can receive [18F]FDG
in an experimental day varies as a function of radiotracer delivery and scanner availability. To
be safe and to take into account these factors, we planned to scan 14 animals per day. Thus,
although 10 controls and 8 implanted rats had pre-surgical testing on the NOR and also were
tested in the NOR at each of the post-surgical tests (i.e., at 3, 7, 14 and 56 days). Seven rats in
each group were scanned 28 days after the surgery and all but one of these animals had a second
PET scan at day 58 post-surgery. In other words, 7 control rats and 6 implanted rats had both
the pre-and post-surgical behavioral assessments and the FDG scans. Scanning times were
chosen based on our previously published report of metabolic deficits as late as 25 days after
the surgical implant. To extend these earlier results and to ensure the presence of the metabolic
deficit, we scanned animals at 28 days and again two days following the culmination of the
behavioral portion of these experiments.

2.1 NOR and Locomotion
The outcome measure for the NOR experiments is proportional time spent with a novel object.
In the familiarization phase, animals spent equal time investigating the identical objects. Test
data is summarized in Figure 1 for both control and surgically implanted animals. The
proportional time spent at novel and familiar objects was not significantly different between
groups in the pretest (anesthesia controls spent 69% of their time with the novel object while
surgically implanted animals spent 61% of their time with the novel object, p=0.078), indicating
that rats in both experimental conditions readily discriminated the novel object prior to the
surgical or sham procedure. On the pre-surgical data, a two factor (Group X Object) ANOVA
indicated there was no significant effect of Group (P=1.0) and no interaction between Group
and Object (F[1,1]=3.39, P=0.08). Therefore, this data was combined in Figure 1. As shown in
this figure, the surgical implant impaired retention performance of rats. Control animals
continued to spend significantly more time with the novel object as the trials continued, while
surgically implanted animals did not. If only those animals which were scanned and completed
all NOR test days (e.g. animals that did not lose their surgical implants in the course of the
study) are considered, the proportional time spent investigating the novel object is the same as
if both scanned and unscanned animals are considered. Table 2 presents the behavioral results
from only those animals that were scanned. Two-way ANOVA of this dataset indicates a
significant effect of Day (with a dependent variable of proportional time spent with novel
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object; F=7.71, P<0.001) and of Group (F=14.9, P=0.001) but no interaction between the two
F=0.38, P=0.8). This allows a more accurate correlation with changes in regional [18F]FDG
uptake as well as facilitates a repeated measures statistical analysis. Two way repeated
measures ANOVA for exploration time of the novel object revealed a significant main effect
of the surgery (control versus cannulated animals; F[1,12] = 15.02, P = 0.002) and the post-
surgical day (F[4,12] = 7.08, P < 0.001) but no interaction between surgical implant and day
following the procedure (F[4,12] = 0.44, P = 0.78). Post hoc Bonferroni t-test indicated that the
time exploring the novel object on the presurgical test day significantly differed from both the
14-day test (t=2.86, p=0.039) and from the 56-day test (t=3.20, p=0.02). Control animals did
not differ in time exploring the novel object between testing days (F[7,4]=2.0, P = 0.118).

Distance traveled during the test phase was compiled to yield an index of locomotion. There
were no significant differences between the two groups at any time point. Two-way repeated
measures ANOVA for distance traveled (in millimeters) demonstrated no main effect of Day
(pre-surgical, 3, 7, 14 and 56 days later) or Group (control vs. surgical) and no interaction
between the two factors (F[7,4]=0.56, P=0.69). There was no correlation between the distance
traveled during the test and the time spent at the novel object (R2=0.093).

2.2 [18F]FDG microPET results
The changes in [18F]FDG uptake in rats with a surgical implant compared to controls are
displayed in several ways. First, they are shown as mean [18F]FDG uptake images (Figure 2),
where scans that were both spatially and globally normalized were averaged by group. These
mean images show the difference in FDG uptake in control animals (Figure 2b) versus animals
with cannulations (Figure 2c and d). Second, regional decreases in surgically implanted animals
compared to controls 28 days after the procedure are displayed on a representative three-
dimensional brain model to facilitate visualization of spatial relations (‘glass-brain’ view;
Figure 3). It is evident from this figure that the extent of voxels which are significantly different
from control animals is focused around the site of probe insertion. Third, both increases and
decreases at 58 days after the procedure are shown as a color-coded statistical t-map (Figure
4) superimposed on a three-dimensional atlas of the rat brain [40]. Compared to the glass-brain
view presented in Figure 3, it appears that the extent of voxels which are significantly decreased
compared to control has increased to incorporate much of the ipsilateral hemisphere. Finally,
Table 1 lists the percentage change between hemispheres with the ROI-based analysis. Our
previous studies demonstrated that at later time points, [18F]FDG uptake contralateral to the
probe is not significantly different from pre-scan levels [39]. Therefore, statistical comparisons
were made using the proportional difference between hemispheres. Three way ANOVA for
percent asymmetry with factors of Group, Brain Region and Time revealed a significant main
effect for Group (F[1,264] = 154.96, P < 0.001) and Region (F[10,264] = 7.46, P < 0.001) but no
main effect for Time (F[1,264] = 0.19, P = 0.657). A significant interaction occurred between
Group and Brain Region (F[1,11] = 11.96, P < 0.001), where the most impacted regions were
the primary motor cortex followed by the primary sensory and frontal cortices (F[3,11]=45.1,
P<0.001). Two-way repeated measures analysis of percent asymmetry data from only
cannulated animals that completed both scans were performed for each region, where factors
were Group and Time. None of the regions were significantly different between the scan 28
days and 58 days after the procedure. Thus, the decrease in metabolism did not recover, nor
did it significantly decline. The hippocampus, colliculi and cerebellum appear to be relatively
spared, since the proportional difference between hemispheres was not different from controls
in these regions.

According to the voxel-based analysis, which is not based on hemispheric differences but based
on voxels which are significantly different between control and surgically implanted animals,
several additional regions showed marked effects of the surgical implant. In cannulated animals
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28 days after surgery, the statistical parametric mapping analysis identified two regions
(clusters) in which there was a significantly lower [18F]FDG uptake as compared with that for
the control group (Figure 3). The area revealing the most significant difference between the
groups is located on the border of the ipsilateral motor and sensory cortices, the coordinates
of which are given in Figure 3. The center of the second significant cluster of deactivation is
in the striatum, at 2.8, 1.4, -5.8. There were no significant increases in this comparison, however
at 58 days the voxel-based analysis indicated increased activity in the region around the
contralateral amygdala (-6.0, -1.8, -9.2; x,y,z), contralateral insular and perirhinal regions (-4.4,
1.6, -7.0; x,y,z) and contralateral caudate/putamen (-3.8, 1.2, -5.1; x,y,z). Significant decreases
at this time point were contained within the cortex (Figure 4).

3. Discussion
Implantation of microdialysis cannulas, probes and shunts are procedures used in a number of
experimental protocols. In humans, similar procedures are used for surgical interventions such
as implantation of intracranial pressure monitors, microdialysis probes, shunts and stimulating
electrodes. In these procedures, the implanted object remains in the brain for periods ranging
from a few days to weeks, months or years. Previously, we have shown that intracerebral
microdialysis implants cause a lasting decline in glucose metabolism for as long as twenty five
days after the surgery [39]. In this report, there were no alterations in the rate constants
governing radiotracer delivery to the brain (K1) or phosphorylation by hexokinase (k3),
however there was a significantly more rapid dephosphorylation (k4). Related experiments
used 3H-PK11195 in surgically implanted animals to show two-fold increases in peripheral
benzodiazepine receptor activation in brain regions close to the site of the implant (frontal
cortex, anterior cingulate), and increases of 30-50 percent were observed distally in the dentate
gyrus and temporal cortex [43]. Here we extend these findings to show that the decline in
[18F]FDG uptake persists to 58 days following implant and is associated with a significant and
equally persistent cognitive impairment in these animals.

To our knowledge, there have been no studies of the impact of a routine microdialysis surgery
on cognitive performance in animals. In vivo microdialysis is widely used because it provides
on-line measurements of neurochemical flux in behaving animals. Our previous observations
of the metabolic decline in animals following this routine surgical procedure were not
accompanied by any behavioral measurements, although casual observations did not support
any changes in locomotor behavior. In the present experiment, there were no apparent
differences in general locomotion between animals that had probes and animals that did not,
although a more sensitive measure may yield information on ipsilateral and contralateral
behavioral asymmetries. What we do observe however, is that when challenged with a
cognitive task, animals who have been anesthetized and had microdialysis probes inserted
perform very differently from animals that have just been anesthetized (Figure 1). Further,
these animals show a profound decrease in glucose metabolism that extends far from the site
of cannula insertion. Performance differences in the working memory task were observed
between animals that received routine microdialysis cannulations and animals that were
anesthetized as non-surgical controls. These cognitive changes are consistent with the probe-
induced decrease in glucose metabolic rate observed previously, and persist in parallel with
changes in FDG uptake in the present experiments.

Unequivocal conclusions cannot be drawn without further investigation of the effect of surgical
implants on cognition and behavior using more sensitive measures. Working memory
impairment reported here is only one potential explanation for the behavioral deficits observed
in cannulated animals. It is important to note that the NOR task, as it was administered, can
not differentiate between sensory or perceptual problems versus retrieval impairments. Deficits
observed here may only be sensory in nature; that is, these animals may be unable to store the
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memory of their prior experience with the objects in the first place. Presumably, this is due to
the implant targeting the striatum and passing through the cortex between the sensorimotor
and motor cortices. Thus, memory impairment per se may only be one potential explanation
for the behavioral differences in cannulated animals versus controls. Further studies are needed
to examine the effects of a surgical implant in comparable tasks that permit an evaluation of
ipsilateral and contralateral behavioral asymmetries, coordination and other sensory/
attentional deficits.

Studies of brain energy metabolism after human and rodent brain injury demonstrate dynamic
changes occurring during the acute period after injury, such that a hypermetabolic state lasting
only 30 minutes (in rats) to a few hours (in humans) is followed by a profound depression
lasting 5-10 to 30 days in rats and humans, respectively [27,30,46]. Along the same time course,
we have recently shown that NMDA glutamate receptors in mice subjected to closed head
injury undergo dynamic changes in activation and availability [5], with a transient activation
(less than 1 hour) followed by long lasting decrease (over seven days) in receptor function and
availability. At later time points, we have shown that the metabolic deficit is most likely related
to the dephosphorylation of FDG. There were no alterations in the rate constants governing
radiotracer delivery to the brain or phosphorylation by hexokinase, however there was a
significantly more rapid dephosphorylation. Thus, enduring metabolic and cognitive deficits
observed here may lead to more chronic changes in NMDA receptor function and availability.

In these studies as well as in our previous experiments, animals with the surgical implants had
little or no recovery of metabolic function while also showing no recovery of behavioral
function. This distinguishes the present studies from other investigations of brain injury, where
acute insults to the brain were shown to result in widespread metabolic deficits that improved
with time [4,11,30,46]. In brain lesion models, the period of post-injury metabolic depression
has been shown to correlate with the duration of behavioral deficits [11,20,45]. Resolution of
these model injuries, either spontaneously or through pharmacological treatment, is thought to
play a significant role in the recovery of behavioral function [17]. We have previously shown
that the hypometabolism recovers to control levels within 7 days if the implant is inserted and
immediately removed [39]. It thus appears that the prolonged and persistent decrease in brain
metabolism is associated with the implant, since without it this procedure produces an effect
that recovers over time. Given the lack of recovery and persisting deficit in behavioral
performance, we found no correlation between the degree or extent of the metabolic decline
to the severity of behavioral deficits. This may also have been because the present experiments
measured basal, resting glucose metabolism in injured animals, instead of measuring
metabolism in an activated injured brain. Our measures of cerebral metabolism at rest did not
asses the capacity of the injured brain to utilize metabolic energy in times of increased demand,
such as during task performance.

An alternative and perhaps more sensitive strategy would be to measure [18F]FDG uptake as
the animals are performing the NOR task or even a more sensitive measure of asymmetry or
coordination. It is likely the pattern of brain activations captured during the baseline state differs
from the activated state, and thus may reveal a different pattern of functional deficits in animals
with surgical implants and/or injuries. Such studies may reveal alterations in glucose
metabolism during activated states that may not be otherwise detected. Nevertheless, it appears
that a relatively small brain implant (300 μm probe) produces a widespread ipsilateral
suppression of brain glucose metabolism and a dramatic decrease in working memory
performance.

Comparisons of ipsilateral to contralateral hemispheres are predicated on our previous fully
quantitative microPET findings, in which an identical surgery did not increase the rate of
glucose metabolism in the contralateral hemisphere [39]. Here, the parametric, voxel-based
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analysis provides an efficient way of assessing regional increases in the whole brain. According
to the parametric map, there appear to be several areas of significant increase in the contralateral
hemisphere at 58, but not at 28, days after the procedure (Figure 4). This may represent some
reorganization in the face of prolonged damage caused by the implant. It is also important to
note that the increases in the present study were only observed in the SPM analysis and two of
the regions (perirhinal cortex and amygdala) are not included in our ROI template.
Nevertheless, the SPM detected several regions of contralateral activation that were not evident
in the ROI analysis. On the one hand, it is well known that the size and shape of regions chosen
for an ROI analysis and the number of planes of data on which they are placed may introduce
a subjective error. If regional brain activations lie partially outside the defined ROI, a failure
to detect a significant activation may result. However if regions of brain activation are
substantially smaller than the defined ROI, significant activation may be missed when active
signal is averaged with the surrounding background within the ROI.

The study of rodent models has proven to be critical for the understanding of anatomical,
biochemical, and molecular responses to brain injury or insults, as well as to provide the means
to test novel therapies and assess the consequences of routine interventions. The use of PET
in rodent models of CNS plasticity allows for powerful in vivo observations and within-animal
designs. The application of parametric mapping approaches strengthens these strategies and
provides an outcome measure that can be readily translated from animal models to human
diseases.

4. Experimental Procedure
4.1 Experimental Design

Our study employed 16 adult male Sprague-Dawley rats (250-300g, ~55 days of age, Taconic
Farms, Long Island, NY) and was approved by the Institutional Animal Care and Use
Committee (IACUC).

All animals were given preliminary novel object recognition (NOR) tests to determine baseline
(pre-surgical) performance [15]. Animals were then divided into two groups where one group
received anesthesia only and the other received anesthesia during which a microdialysis
cannula was implanted in the right striatum. Both groups received behavioral tests at 3, 7, 14,
and 56 days after the procedure and microPET [18F]FDG scans at 28 and 58 days.

4.2 Surgical Implantation
All animals were anesthetized with intra-peritoneal (i.p.) injections of 1.5 mL chloral hydrate
(8%). Intracerebral guide cannulae and stylets (BAS, West Lafayette, IN; 300 μm outer
diameter) were inserted into the right striatum using established procedures [37,38]. The
coordinates for the striatum were obtained from the Paxinos and Watson stereotaxic atlas: 0.5
mm anterior and 2.5 mm lateral to bregma, and 6.0 mm below the surface of the brain [32].
Guide cannulae were secured with dental acrylic, which was affixed to the skull by four nylon
bone screws. Once solid and in place, the stylet was removed from the guide cannula, trimmed
down using a Dremel Moto-Tool sander, and reinserted. This prevented animals from catching
their caps on their cages and/or scratching them off during the two-month study. All animals
received antibiotic immediately following the surgery (0.1 mL Baytril given intramuscularly).

4.3 Behavioral Measures: Novel Object Recognition (NOR) and Locomotion
The object recognition test was similar to that originally described by Ennaceur and Delacour
[15]. The testing arena was an opaque, plastic rectangle measuring 65 × 45 × 45cm. Two objects
were placed at one end of the arena floor with sufficient space on all sides for rats to survey
each side of each object. Objects were affixed to the arena floor using Velcro. Pairs of objects
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were of the same material but varied in shape and color. Objects were sized to be roughly the
same surface area as the animals. Before each phase of the NOR, objects and the chamber were
rinsed with a 10% ethanol solution.

At the start of each testing day, animals were placed in the test room for at least 45 minutes to
adjust to conditions. The test room was fully lit with overhead fluorescent lights, and tests
commenced in the evening to alleviate some lethargy due to the nocturnal nature of rats. Each
experimental day consisted of two phases – the familiarization phase and the testing phase.
These two phases were separated by a four-hour delay. In the familiarization phase, two
identical objects were placed in the arena. Rats were placed in the arena and allowed to explore
the identical objects for 10 minutes, after which they were removed and returned to their home
cages for four (4) hours. In the testing phase, one of the objects was replaced by a new, novel
object. Of the two objects, the familiar object used in this testing phase was selected randomly
prior to the start of each set of recognition experiments. The position of the novel object (left
or right placement of the object) was also randomized during the different test sessions. During
the test session, rats were placed in the arena and allowed to explore the novel and familiar
objects for five minutes.

The animals and cages were monitored by a video surveillance camera mounted on the ceiling.
Cumulative time spent by the rats at each of the objects during the 5 minute test was scored
from the digital video. Data were evaluated manually by quantitating the time in seconds that
each rat spent investigating each object, with an investigation being defined as seconds spent
sniffing an object or climbing on its sides. The time spent at each of the objects was recorded
for both phases, and only the time spent exploring objects was used to calculate the duration
at each (e.g. time at novel/time at novel + time at familiar object). The basic measure is the
percent of the investigation time spent by each animal at each object during a five minute testing
period. This measure was first described as the discrimination index previously reported by
Ennaceur [16] calculated as the difference in time exploring the novel and familiar object. The
discrimination index is expressed as the ratio of the total time spent exploring both objects,
making it possible to adjust for any difference in total exploration time [16,31].

Video data was also analyzed for total locomotion using TopScan 1.0 (CleverSys, Inc., Reston,
VA). For this measure, distance traveled (in mm) by each animal was recorded for both the
familiarization and testing phases and the locomotion data for the test session was compared
to the proportional time spent at the novel object during this session. Significant differences
were assessed on a test-by-test basis by comparing the proportional time spent at novel versus
familiar objects with a Student’s t-test.

4.4 [18F]FDG microPET Scans
On the day of each microPET study, fully conscious animals were injected i.p. with 500-700
μCi [18F]FDG in their home cages. Using a time course established from previous studies,
uptake occurred for 50 minutes following radiotracer injection [39]. After 50 min, animals
were lightly anesthetized with chloral hydrate (8%), positioned in a nylon stereotaxic frame
(Kopf Instruments, Tujunga, CA) and underwent a 10 minute microPET acquisition. One blood
sample was taken at the end of the scan, after the tail was placed under a heat-lamp for several
minutes. This final sample was split and used (1) with a glucometer to assess whole blood
glucose levels and (2) with a well counter to measure the amount of 18F in the blood. These
values were used to normalize [18F]FDG data.

Emission data were collected using a first-generation microPET R4 (CTI/Siemens, Knoxville,
TN), housed in a temperature controlled suite. The R4 tomograph has a transaxial resolution
of 2.0 mm full width at half maximum (FWHM) in a 12 cm animal port, with an image field
of view of 11.5 cm. Animals were placed in a prone position using a nylon stereotaxic head
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holding device manufactured by Kopf Instruments (Tujunga, California, USA). All animals
were placed in the center of the field of view. All microPET frames included subtraction of
random coincidences collected in a delayed time window. 3D sinograms were converted into
2D sinograms before image reconstruction. This was done with the process of Fourier
rebinning. After Fourier rebinning, images were reconstructed by 2D-filtered back projection
using a ramp filter with cutoff at one-half the Nyquist criteria (maximum sampling frequency).
Data were corrected for photon scatter using a method previously established in our laboratory
[1]. At the time of these studies, the measured attenuation correction method available for this
system used a 68Ge point source and contributed a degree of noise to the transmission scans
[1]. Therefore, attenuation correction was not applied. Sinograms were first reconstructed using
the manufacturer’s filtered back projection (FBP) software. The volumetric resolution using
this method is ~5.0 μl at the center of the field of view on the basis of the 10-ns timing window
and is less than ~14 μl within a 1.0 cm radius. A complete performance evaluation of the scanner
has been done by Knoess et al. [28]. Scatter-corrected sinograms were also reconstructed using
an iterative maximum likelihood maximization estimation (MLEM) algorithm. The image
pixel size in FBP reconstructed images was 0.85 mm transaxially with a 1.21 mm slice
thickness, and MLEM reconstructed images had a pixel size of 0.4 × 0.4 × 1.21 mm (x, y, z).

4.5 Image Analysis
A requirement for whole-brain analysis is that the images of different brains must be spatially
normalized into a standard space, which we identified as Paxinos and Watson [32] stereotaxic
space. We first chose one control [18F]FDG scan with a high degree of symmetry, alignment
and freedom from obvious artifacts. Using the SPM software, this reference scan was smoothed
with a Gaussian kernel of full width at half maximum (FWHM) of 3 mm (three times the voxel
dimensions), so that artifacts from outstanding features of the brain would not bias the
normalization. Next, each control rat brain was co-registered and spatially normalized to the
smoothed reference brain. Spatial normalization consisted of a 12-parameter affine
transformation, followed by a non-linear spatial normalization using the low-frequency basis
functions of the three dimensional discrete cosine transform (6 × 8 × 5 in each direction) plus
a linear intensity transformation [2]. This process was implemented in SPM, where the
intensities from the original images were mapped into normalized images. In the warping
procedure for creating the normalized images, the following SPM options were used: heavy
regularization to penalize large deformations, 12 iterations and trilinear interpolation. The
images of the reference brain and remaining normalized brains (all unsmoothed) were averaged
to create a mean image. This mean image was divided by the average pixel value to give a
ratio-to-whole brain image and smoothed with a 6 mm FWHM Gaussian kernel. The smoothed
brain was then coregistered to an MRI template [40] and became the [18F]FDG template brain
to which all scans were spatially normalized. For each [18F]FDG scan, the radioactivity
distribution was divided by the mean pixel value to give one scan where the pixel values were
normalized to match the template in addition to the original radioactivity distribution.

A Region of Interest (ROI) template was developed in PMOD based on a digital atlas of the
rat brain [40] which was subsequently applied to all spatially normalized microPET data. The
ROI template included 10 regions based on a functional atlas of the rat brain [32]; the Frontal/
Prelimbic/Cingulate cortex (FrA-PrL-Cg; with the center at ±0.9 mm lateral to bregma, x axis;
+1.6 mm anterior to bregma, y axis; -3.1 mm below bregma, z axis), primary motor cortex
(M1; ±3.4, +1.3, -3.1 x, y, z), sensory cortex (S1; ±4.3, -0.9, -4.6 x, y, z), auditory/temporal
association cortex (temporal, AuTeA; ±5.5, -5.3, -4.6, x, y, z), primary visual cortex (V1-V2;
±3.7, -6.2, -2.0 x, y, z), caudate/putamen (CPu; ±2.2, +0.6, -5.6 x, y, z), thalamus (Thal; ±1.8,
-3.2, -6.4 x, y, z), hippocampus (Hippo; ±2.4; -4.2, -4.0 x, y, z), superior colliculi (Colliculi;
±1.7, -8.1, -3.7 x, y, z) and cerebellum (CB; ±1.9, -12.5, -6.0 x, y, z). The mean volume of all
ROIs was 0.86 cm3 and the shapes were elliptical or round. Since the SPM rat atlas template
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is in Paxinos and Watson [32] stereotaxic space, the center of all ROIs corresponded to the
location of the region in three dimensional coordinate plane (given in parentheses above). This
allows a direct comparison with the surgical implant, which is guided by the same coordinate
system.

Before statistical analysis, each of the scans were individually smoothed with a Gaussian kernel
to reduce the impact of misregistration into template space and to satisfy the assumption of
Gaussian random field theory and to improve the signal to noise ratio. These criteria require
that smoothness be substantially greater than voxel size. Next, to ensure that only voxels
mapping cerebral tissue were included in the analysis, voxels for each brain failing to reach a
specified threshold were masked out to eliminate the background and ventricular spaces. We
set the default threshold as 80% of the mean voxel value inside the brain (threshold masking).
In addition, global differences in the absolute amount of [18F]FDG delivered to the brain were
adjusted by scaling the voxel intensities so that the mean intensity for each brain was the same
(global normalization).

To examine regional differences in [18F]FDG uptake between the control and surgically
implanted scans on a voxel-by-voxel basis, a t-test was performed across groups using the
SPM2 software package. Because some animals that were scanned 28 days after the surgery
did not survive to the second, 58-day scan, groups were entered separately and comparisons
were made based on scan. To do this, separate t-tests were performed on controls and surgically
implanted animals from Scan 1 (at 28 days after the anesthesia/surgery), then on controls and
surgically implanted animals from Scan 2 (at 28 days after the anesthesia/surgery). Spatially
extended statistical results, or SPM t-maps, were used to characterize and present regionally
specific effects in the imaging data.

For the ROI analysis of differences between the control and surgically implanted groups, a
two-way ANOVA was performed where the factors of brain region and group (4 groups:
Control Scan 1 and Scan 2, Surgical Implant Scan 1 and Scan 2) were assessed using the
outcome measure of percent difference between hemispheres. This was chosen because we
have previously established using fully quantitative microPET and [18F]FDG that at later time
points, metabolic rates in the hemisphere contralateral to the implant do not significantly differ
from pre-surgical rates measured from the same animals [39]. Post hoc significance was
determined using a Bonferroni analysis. The threshold for ROI calculations was set at P<0.05
(two-tailed).
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PET  

Positron Emission Tomography

[18F]FDG  
18F-fluorodeoxyglucose

NOR  
Novel Object Recognition

SPM  
Statistical Parametric Mapping
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Figure 1. NOR performance for pre-and post-injury and control animals
Graphs depict percentage of total investigation time that animals investigated the familiar (dark
grey) or the novel (light grey) object during each of the 5 minute test sessions. This percentage
was calculated as the ‘time at novel/total investigation time’ and as ‘time at familiar/total
investigation time’. Bars indicate standard error of the mean (SEM). Significant differences in
the duration of investigation at each object were determined with a two-tailed Student’s t-test
in which *p<0.05, **p<0.01 and ***p<0.001.
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Figure 2. Serial FDG scans of animals with implants versus controls (mean images)
In (a), an MRI atlas is provided for anatomical detail. Control animals at the 28 day time point
are shown in (b) while mean images from cannulated animals are shown at 28 days (c) and 58
days (c) after the surgery. Red shows regions with highest normalized uptake. Cross hairs
indicate the target coordinates of the stereotaxic implant in Paxinos and Watson brain space,
+2.5, +0.5, -6 mm x, y, z from the surface of the brain.

Frumberg et al. Page 15

Brain Res. Author manuscript; available in PMC 2009 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Glass–brain representation of the clusters with a significantly decreased [18F]FDG
accumulation in the surgical implant group as compared with the control group at 28 days after
cannulation
Clusters were delineated from the SPM{T} map by a height threshold of T > 3.16 and by the
threshold of cluster size over 100 contiguous voxels with the contrast of the control group
minus the surgically implanted group.
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Figure 4. Changes in basal [18F]FDG uptake 58 days following microdialysis probe implant
targeting the right striatum
Numbers below the slices indicate their position relative to bregma in millimeters according
to a standard rat brain atlas. Depicted in (a) and (b) are coronal slices (anterior-posterior
coordinates, AP), in (c) and (d), transverse slices (dorsal-ventral coordinates, DV) and in (e),
a sagittal slices (2.5 mm lateral to bregma). Colored overlays show statistically significant
positive (red) and negative (blue) differences of animals with surgical implants (n=6) compared
to controls (n=7). Significance is shown with a t-statistic color scale corresponding to the level
of significance at the voxel level.

Frumberg et al. Page 17

Brain Res. Author manuscript; available in PMC 2009 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Frumberg et al. Page 18

Table 1
Regional percent difference in resting [18F]FDG uptake (left vs. right) at 28 and 58 days after surgical implant
into the right striatum
Regions of interest (ROIs) were used to calculate hemisphere differences for controls (anesthesia only) or surgically
implanted animals.

Controls Surgical Implants†

Region Scan 1 (n=7)
% Δ (SEM)

Scan 2 (n=7)
% Δ (SEM)

Scan 1 (n=7)
% Δ (SEM)

Scan 2 (n=6)
% Δ (SEM)

Frontal Cortex 2.04 (1.78) 3.47 (1.02) -11.30 (1.58)*** -13.71 (2.69)***

Motor Cortex (M1) 1.05 (0.92) -0.62 (1.19) -24.65 (4.83)*** -25.64 (3.29)***

Sensory Cortex (S1) -5.20 (0.50) -5.26 (0.82) -12.96 (2.59) -17.04 (3.15)**

Auditory Cortex 0.58 (2.03) -1.31 (0.92) -8.48 (2.95)* -9.25 (3.23)

Visual Cortex (V1-V2) 8.18 (2.12) 4.78 (1.27) -5.63 (3.52)*** -10.71 (2.78)***

Caudate/Putamen -3.94 (1.34) -1.92 (1.34) -8.85 (2.89) -15.81 (2.50)***

Thalamus 2.40 (1.84) -0.13 (0.94) -7.40 (2.44)* -9.98 (1.68)*

Hippocampus -3.53 (3.22) -3.13 (0.81) -5.12 (0.67) -2.35 (2.31)

Colliculi (Superior) -3.79 (1.86) -3.57 (1.40) -0.22 (5.42) -3.66 (2.60)

Cerebellum 2.73 (1.24) -3.43 (2.52) -7.11 (5.38) -0.26 (1.96)

†
Comparisons were made between groups using a two-way ANOVA (region x group) followed by post-hoc Bonferroni analysis

*
different from scan-specific control group, p < 0.05;

**
different from scan-specific control group, p < 0.01;

***
different from scan-specific control group, p < 0.001
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Table 2
Proportional time at novel vs. familiar objects in the subset of animals that received FDG scans.

Control Surgical

Days post surgery % time with novel
Mean ± SEM

% time with familiar
Mean ± SEM

% time with novel
Mean ± SEM

% time with familiar
Mean ± SEM

Presurgical 69 ± 5 31 ± 5 66 ± 3 34 ± 4

3 59 ± 5 41 ± 5 53 ± 5 47 ± 6

7 60 ± 3 40 ± 3 53 ± 4 47 ± 3

14 56 ± 3 42 ± 4 47 ± 5 53 ± 5

58 58 ± 3 42 ± 3 46 ± 4 54 ± 4
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