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CHAPTER 8

DECREASED IPSILATERAL [123I]IODODEXETIMIDE
BINDING TO CORTICAL MUSCARINIC RECEPTORS IN

UNILATERALLY 6-HYDROXYDOPAMINE LESIONED RATS

Remco J.J. Knol a,b, Kora de Bruin a, Brent Opmeer c, Pieter Voorn b,d, Allert J.
Jonker b,d, Berthe L.F. van Eck-Smit a, Jan Booij a,b
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a Department of Nuclear Medicine, University of Amsterdam, Academic Medical Center,
Amsterdam, The Netherlands. b Graduate School of Neurosciences, Amsterdam, The
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Abstract
Dysfunction of the cholinergic neurotransmitter system is present in Parkinson’s Disease
(PD), Parkinson’s Disease related Dementia (PDD) and Dementia with Lewy Bodies (DLB),
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Table 8.1. In-vivo imaging data of detected [123I]FP-CIT binding in the striatum and
[99mTc]Exametazine uptake of the striatum and total cerebral cortex on the lesioned vs.
the unlesioned side. Data are presented as the average of the normalized measurements
± 1 SD (standard deviation) of n=5 rats. Striatal measurements were obtained from
3-5 adjacent slices and cerebral measurements from 10 adjacent slices.

Relative radiotracer uptake Left Right

[123I]FP-CIT Striatum 100 ± 7.3 75.23 ± 7.64*
[99mTc]Exametazine Striatum 100 ± 5.25 88.95 ± 8.73**
[99mTc]Exametazine Cerebral Cortex 100 ± 8.75 98.59 ± 8.94

* P=0.0022, ** P=0.0266.



and is thought to contribute to cognitive deficits in these patients. In-vivo imaging of the
cholinergic system in these patients may be of value to monitor central cholinergic
disturbances and to select cases in which treatment with cholinesterase inhibitors
could be beneficial. The muscarinic receptor tracer [123I]Iododexetimide, which pre-
dominantly reflects M1 receptor binding, may be an appropriate tool for imaging of the
cholinergic system by means of SPECT. In the present study, we used this radiotracer to
study the effects of a 6-hydroxydopamine lesion (an animal model of PD) on the mus-
carinic receptor availability in the rat brain.

Rats (n=5) were injected in-vivo at 10-13 days after a confirmed unilateral 6-hydroxy-
dopamine lesion. The muscarinic receptor availability was measured bilaterally in multiple
brain areas on storage phosphor images by region of interest analysis. The data obtained
from the autoradiographic images revealed a consistent and statistically significant
lower [123I]Iododexetimide binding in all examined neocortical areas on the ipsilateral side
of the lesion as compared to the contralateral side. In the hippocampus and subcortical
areas, such asymmetry was not detected.

This study suggests that evaluation of the muscarinic receptor availability in the
dopamine depleted brain, using [123I]Iododexetimide is feasible. From the present results
we conclude that a 6-hydroxydopamine lesion induces a decrease of neocortical mus-
carinic receptor availability. We hypothesize that this arises from downregulation of mus-
carinic postsynaptic M1 receptors due to hyperactivation of the cortical cholinergic
system in response to the disruption of dopaminergic pathway.
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Introduction

Parkinson’s Disease (PD) is characterized clinically primarily by motor
dysfunction but cognitive impairment frequently accompanies this dis-
ease. In PD, the cognitive deficits are usually restricted to disturbances
in executive functioning and visuospatial tasks. In up to 60% of these
PD patients, the cognitive decline evolves into a dementia, called
Parkinson’s Disease related Dementia (PDD) 1. In dementia with Lewy
bodies (DLB), the timing of onset of dementia precedes the motor symp-
toms. “Lewy body disorders” is frequently used as the umbrella term for
PD, PDD and DLB 2. Importantly, all Lewy body disorders are character-
ized neuropathologically by degeneration of the dopaminergic as well as
the central cholinergic neurotransmission systems 2.
In PD, the dysexecutive syndrome is thought to arise from dopamine de-
pletion in the striatum or frontal cortex due to a disruption of dopamin-
ergic loops including the dorsolateral prefrontal or the mesocortical cir-
cuit 3, 4. Apart from dopamine, disturbances of the cholinergic system may
be a more important cause of progressive cognitive impairments in Lewy
body disorders. For example, the degree of cognitive impairment in PDD
correlates best with cholinergic disturbances 3, 5, 6. This may be due to
degeneration of the basal nucleus of Meynert (NBM) and its cholinergic
projection to the neocortex, which both have been shown to be affected
in Lewy body disorders 7-9. Moreover, anticholinergic medication is used
frequently in PD patients to alleviate motor symptoms presumably by
counteracting hyperactivity of striatal cholinergic interneurons, but
may have adverse effects on cognition 10, 11. Conversely, cognitive dys-
function is known to improve in PDD and DLB when these patients are
given acetylcholinesterase inhibitors (AChEIs), although mild adverse
effects on motor symptoms have been described 12, 13. Although the inter-
action between the dopaminergic and cholinergic system has been stud-
ied extensively, the exact mechanism remains controversial.
In-vivo single photon emission computed tomography (SPECT) or posi-
tron emission tomography (PET) using radioactive muscarinic receptor
tracers may provide further insight in the disturbances of the choliner-
gic neurotransmission system in Lewy body disorder patients and may
help to select patients who could benefit from cholinergic medication. A
human SPECT-study in which the binding of the muscarinic receptor
radiotracer [123I]Quinuclidinyl benzilate (QNB) in PDD and DLB patients
was evaluated, was published recently 14. In that study, significant
changes were demonstrated in the muscarinic receptor availability in
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both PDD and DLB as compared to a control group. In the past,
[123I]Iododexetimide has also been evaluated as a radiotracer for imaging
of the muscarinic system in cognitively compromised patients, such as
patients suffering from Alzheimer’s disease or schizophrenic patients 15,

16. Similar to [123I]QNB, [123I]Iododexetimide binds selectively to mus-
carinic receptors, however not subtype selective 17, 18, and therefore it
may also be suitable to explore the cholinergic system in Lewy body dis-
orders. Since the majority of central muscarinic receptors are postsynap-
tic M1 receptors, and [123I]Iododexetimide binds to all muscarinic recep-
tors with high affinity, [123I]Iododexetimide binding in-vivo predomi-
nantly reflects binding to postsynaptic M1 receptors.
Animal models of PD, such as the 6-hydroxydopamine (6-OHDA) mod-
el, have been used extensively in mice, rats and monkeys 19. Injection of
the neurotoxin 6-OHDA in the medial forebrain bundle (MFB) induces a
selective degeneration of dopaminergic neurons in the striatum. The
effects of such lesions on the function of the cholinergic system have
been scarcely studied using cholinergic radiotracers, but few previous
studies have demonstrated hyperactivity of the cholinergic system after
a 6-OHDA lesion 20, 21. These effects were studied using muscarinic
receptor tracers such as [3H]QNB or the presynaptic cholinergic marker
[3H]hemicholinium-3 (HC-3). However, the effects of 6-OHDA lesion
on the binding of [123I]Iododexetimide are unknown.
In this study, we investigated in rats the effects of a unilateral 6-OHDA
lesion in the MFB on the [123I]Iododexetimide measurements of mus-
carinic receptor availability in multiple brain areas by means of storage
phosphor imaging, the hypothesis being that the lesion would lead to a
decrease in [123I]Iododexetimide binding as a result of lower muscarinic
receptor availability due to hyperactivation of the cholinergic system.
All lesions were verified in-vivo by dedicated small animal SPECT using
[123I]FP-CIT, a radiotracer that binds to the dopamine transporter. Also,
the effects of the 6-OHDA lesion on brain perfusion were assessed in-vivo
by SPECT in all animals using the perfusion tracer [99mTc]Exametazine.

Materials and Methods

To study the effects of a dopaminergic lesion on the muscarinic receptor
availability in the brain, 5 male Wistar rats (270-325g, obtained from
Harlan, Horst, The Netherlands) were used. Under ketamine/xylazine
(2:1) anesthesia, unilateral lesions were induced by stereotactic injec-
tion of 6-OHDA (8µg in 3µl 0.9M NaCl containing 0.05% ascorbic acid,
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Sigma, St. Louis, MO) in the right MFB as described earlier 22.

Both the efficacy of the dopaminergic lesion and the effects of the lesion
on brain perfusion were assessed in-vivo in all rats using small animal
pinhole SPECT imaging 23. All radiotracers were injected intravenously via
a lateral tail vein under isoflurane anesthesia and the same anesthetic was
used during the scanning procedures and before the removal of the brain.
The efficacy of the unilateral lesion was evaluated at 4 or 7 days post-lesion
using the dopamine transporter tracer [123I]FP-CIT in order to detect
presynaptic dopaminergic cell loss 24, 25. [123I]FP-CIT (DaTSCAN™; specific
activity ≥185MBq/nmol; radiochemical purity 98%) was a generous gift
from GE Healthcare, Eindhoven, The Netherlands. All rats received
approximately 37MBq [123I]FP-CIT in 0.3ml saline and brain SPECTs
were acquired at 2h after injection of the tracer 24, 25. We used the acqui-
sition protocol as earlier described 26.
Eight or 11 days after the 6-OHDA lesion, potential influences of the 6-
OHDA lesions on brain perfusion were assessed using [99mTc]Exametazine
(Ceretec™, GE Healthcare, Eindhoven, The Netherlands). Rats received
approximately 50MBq [99mTc]Exametazine (radiochemical purity ≥90%)
in 0.3ml saline. After 15 minutes, brain perfusion SPECTs were per-
formed. We used the acquisition protocol as earlier described 26, with the
energy window adjusted for 99mTc.
Both obtained [123I]FP-CIT and [99mTc]Exametazine SPECT images were
co-registered with a MRI of an equally sized Wistar rat on a HERMES
workstation using the Multi Modality 4 software (Hermes Medical
Solutions, Stockholm, Sweden). Using the rat brain MRI as a reference,
a 3-dimensional VOI template of the cerebral cortex and striatum was
constructed. Radioactive uptake in these brain structures were then
measured as counts-per-voxel on the pinhole SPECT images. To assess
differences in tracer accumulation on the lesioned versus the unlesioned
side, all data were obtained bilaterally from 5 slices (striatum; interslice
distance 0.84mm) or 10 slices (cerebral cortex) and normalized to the
average of counts-per-voxel of the corresponding brain structure on the
unlesioned side.

Ten or 13 days after the 6-OHDA lesion, its effects on muscarinic recep-
tor availability in the rat brain were evaluated by means of storage
phosphor autoradiography using [123I]Iododexetimide as a radiotracer 28.
[123I]Iododexetimide (specific activity 185MBq/nmol; radiochemical
purity 98.0%) was a generous gift from GE Healthcare, Eindhoven, The
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Netherlands. The radiosynthesis of this (non-subtype selective) mus-
carinic receptor tracer was described earlier 18. Animals received approxi-
mately 37MBq of the tracer and were sacrificed by bleeding via portal
vein puncture at 4h after the injection of the tracer. Brains were excised,
quickly frozen and sliced into 25µm horizontal sections and every 1 in 5
sections was exposed to a Fuji BAS-MS imaging plate (Fuji Medical
Systems, Stamford, CT, USA) during 24h and scanned by an image plate
reader, as described earlier 28. The obtained images were analyzed using
the AIDA software package (Version 3.20.007, Raytest Isotopenmeß-
geräte GmbH, Straubenhardt, Germany) by region of interest (ROI)-
analysis. ROIs were based on a template that was built according to the
Paxinos rat brain atlas 27. ROIs from this template (prefrontal, frontal
association and motor cortex, sensory cortex, auditory cortex, ectorhi-
nal and temporal cortex) were matched manually to fit to the appropri-
ate phosphor images of 12 adjacent brain sections. Additionally, ROIs
were drawn manually on these slices for striatum, hippocampus, thala-
mus, midbrain, entorhinal cortex and cerebellum on the phosphor
images. Except for the cerebellum, all ROIs were placed bilaterally.
Absolute measurements were defined as the amount of detected phos-
phostimulated luminescence (PSL) per mm2 and all data were corrected
for background activity. For comparability reasons, data were expressed
as the ratio of the radioactive uptake in each specific structure to the
uptake in the cerebellar cortex in order to correct for slight differences
in section thickness 28.

The performed experiments are in agreement with The Dutch Experi-
ments on Animals Act (1977) and were approved by the Animal Ethics
Committee (AMC, Amsterdam, The Netherlands).

Statistical Analysis

For data obtained from the phosphor images, the difference in mean up-
take ratio of tracer accumulation between the brain regions of the
lesioned and the unlesioned side was tested using a mixed linear model
to account for the nested structure of the measurements within each
rat. A heterogeneous covariance structure allowed correlations between
measurements across the 12 adjacent brain sections of the same rat to
differ per rat. The normalized data obtained from the SPECT studies
were analyzed in a similar manner using the data from 5 adjacent striatal
slices or 10 adjacent cerebral cortex slices. SAS 9.1 was used to perform
the statistical analyses.
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Results

As expected, mixed linear model analysis of the data obtained from the
SPECT images revealed a statistically significant lower [123I]FP-CIT
binding (approximately 25%; P=0.0022) in the striatum on the lesioned
side as compared to the unlesioned side 4-7 days after the 6-OHDA
lesion. In all individual animals, the uptake was lower at the lesioned
compared to the non-lesioned side. This proves the efficacy of the lesion
in all animals (Table 8.1.).
Also, the [99mTc]Exametazine measurements on slices obtained from
pinhole-SPECT showed a statistically significant lower tracer accumula-
tion in the striatum on the lesioned side as compared to the unlesioned
side (approximately 11%; P=0.0266), indicating a lower perfusion of the
lesioned striatum. The [99mTc]Exametazine accumulation in the rat cere-
bral cortex was unchanged on the lesioned side as compared to the unle-
sioned side (P=0.6924; Table 8.1.).
In cortical areas, a small (on average approximately 4%) but consistent
lower absolute binding of the tracer was detected in the brain sections
of lesioned hemisphere of all rats (Figure 8.1.). In thalamus and hip-
pocampus, the tendency towards lower binding of the tracer was less
Figure 8.1. Phosphor image of a brain section of a [123I]Iododexetimide injected rat
after a 6-OHDA lesion of the right medial forebrain bundle at 10 days before the
imaging procedure. The lesioned (right) side is depicted on the right side of the
image. Note the slightly lower binding of the radiotracer in cortical areas but not
in the striatum on the right side as compared to the left side. See color figure
appendix for the full color version of this figure

clear whereas in the striatum and midbrain, a consistent asymmetry was
not seen. Typical binding ratios of brain areas that express a high densi-
ty of muscarinic receptors to the binding in cerebellar cortex ([brain
structure] (PSL/mm2)/[cerebellar cortex] (PSL/mm2) were between 6
and 7, with small variations amongst the individual rats. For areas that
express a low density of muscarinic receptors, such as the midbrain, typ-
ical binding ratios were between 2 and 3.
Data obtained from phosphor images revealed a statistically significant
lower binding ratio of the total cerebral cortex to cerebellar cortex bind-
ing of [123I]Iododexetimide on the lesioned side as compared to the unle-
sioned side (P=0.0009, Table 8.2., Figure 8.1.). All individual neocortical
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areas also showed lower [123I]Iododexetimide binding ratios to the cere-
Table 8.2. Results of the mixed linear model analysis. Data represent the esti-
mated absolute differences of [brain region]/[cerebellar cortex] ratios between
the lesioned vs. the unlesioned hemisphere. The analysis of the [total cerebral
cortex]/[cerebellar cortex] ratio was performed separately from the analysis of the
individual brain regions.

Brain region Estimated difference Standard Error P-value

Prefrontal Cortex R -0.1941 0.04138 0.0094*
Frontal Ctx R -0.3897 0.03229 0.0003*
Sensory Ctx R -0.3315 0.07210 0.0100*
Auditory Ctx R -0.3734 0.10190 0.0215*
Temporal/Ectorhinal Ctx R -0.3336 0.07552 0.0115*
Entorhinal Ctx R -0.1685 0.04960 0.0274*
Striatum R -0.0436 0.08952 0.6514
Thalamus R -0.1235 0.04561 0.0537
Hippocampus R -0.1186 0.04811 0.0693
Midbrain R +0.0122 0.04690 0.8074

Brain region Estimated difference Standard Error P-value

Total Cerebral Cortex R -0.3729 0.04157 0.0009*

* P<0.05. Abbreviations; Ctx=cortex, R=right hemisphere (lesioned side).

bellar cortex binding (P<0.05; Table 8.2.). No significant decrease of tracer
binding ratio was detected in the hippocampus and subcortical areas, i.e.
the striatum, thalamus and the midbrain area, although the thalamus and
hippocampus showed a tendency towards a lower uptake (P=0.0537 and
P=0.0693, respectively; Table 8.2.).

Discussion

In this study we focused on the effects of dopamine depletion due to a
6-OHDA lesion in the MFB on the muscarinic receptor availability as
measured by [123I]Iododexetimide in the rat brain. At 10-13 days after a
confirmed lesion, we demonstrated a decreased binding of the radiotrac-
er in cortical areas but not in the striatum ipsilateral to the lesion.
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The animal model that was used in our study is a well established model
for PD in rats. 6-OHDA lesions of the MFB induce a severe degeneration
of dopaminergic cells in the striatum which reaches its maximum at 2-3
days post-lesion 19, 29. In the present study, all imaging data were
acquired at time points greater than 4 days post-lesion. The lesions were
induced unilaterally in our study and the animals served as their own
control group. To verify each lesion, the effects on the striatal density
of the presynaptically localized dopamine transporters were assessed in-
vivo using the radiotracer [123I]FP-CIT. This radiotracer is used routinely
in clinical practice to detect dopaminergic cell loss in e.g. PD by means
of brain SPECT 24, 25. In a previous study we have successfully evaluated,
in-vivo and ex-vivo, 6-OHDA lesions in rats using this radiotracer and
our dedicated small animal SPECT-camera 26. In the present study, our
results confirm the successfulness of the lesion in all rats. We observed a
decrease in [123I]FP-CIT binding of approximately 25% using our SPECT
system, which is an underestimation of the absolute decrease of
dopamine transporters, as was shown in our previous work 26. Reasons
for the underestimation include a combination of partial volume effects
due to limited image resolution and scattering 26.
Since alterations in brain perfusion could potentially influence the trac-
er delivery and thereby change the biodistribution of radiotracers in the
brain, we also performed an in-vivo [99mTc]Exametazine brain-SPECT in
all animals. This radiotracer is also used routinely in clinical practice, in
order to evaluate brain perfusion disorders. On the acquired images, a
decrease in cerebral blood perfusion was detected in the striatum but not
in the cerebral cortex on the lesioned side at 6-9 days after the 6-OHDA
lesion. Influences of the blood perfusion on the delivery of [123I]Iodo-
dexetimide can therefore not be excluded in the lesioned striatum.
The autoradiographic measurements of the muscarinic receptor availabili-
ty were performed on horizontal brain slices using the storage phosphor
imaging technique, which is an appropriate tool to study the distribution
of short-living radiotracers in the brains of small animals, as we have
reported recently 28. The distribution of [123I]Iododexetimide in the rat
brain sections was similar to the previously published results and in line
with the distribution of muscarinic receptor density in the rat brain 30. For
the analysis, sections were analyzed on which the cerebellar cortex was
visible, since radioactive uptake in this area was used as a reference to cor-
rect for very small but inevitable variations in section thickness.
One limitation of the present study may be the use of anesthetics, but
in-vivo imaging by means of small animal SPECT is impossible in awake
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rats. One might argue that isoflurane could have interfered with the
results of the study. Since all animals served as their own control and all
animals were subjected to the same protocol, potential effects of the
anesthetic are considered systematic. Also the small number of rats may
be a limitation of the study. However, being their own control group, a
group size of n=5 should be adequate, but inclusion of a sham-operated
control group could have been of value to detect possible contralateral
effects of the unilateral 6-OHDA lesion 20.
In the present study, a significant decrease of [123I]Iododexetimide bind-
ing was revealed in cortical areas but not in hippocampus and subcorti-
cal brain areas at 10-13 days after a confirmed brain lesion. Several stud-
ies have shown an effect of dopaminergic lesions on the muscarinic
neurotransmitter system. Araki and co-workers demonstrated a decrease
of [3H]QNB binding in the parietal cortex on the ipsilateral side of uni-
laterally 6-OHDA lesioned rats at 2 and 8 weeks after a 6-OHDA lesion 20,
which is in line with the present study. Although that study showed a
tendency towards both a lower [3H]QNB binding in the ipsilateral stria-
tum and a higher binding in the contralateral striatum at 2-8 weeks
after the lesion, this was not statistically significant as compared to
sham-operated animals. In the present study, also no statistically signif-
icant differences between tracer binding in the ipsilateral vs. the con-
tralateral striatum were detected. On the other hand, Araki showed an
increase in [3H]HC-3 binding in the ipsilateral striatum but not in the
parietal cortex, indicating upregulation of the presynaptic high affinity
choline uptake sites, suggesting enhanced cholinergic activity in ipsilat-
eral striatum. Such enhanced cholinergic activity would result in either
direct competition of acetylcholine (ACh) 31 at muscarinic receptors or
downregulation of postsynaptic muscarinic M1 receptors in the striatum,
although several studies were unable to show enhancement of ACh lev-
els in this brain structure after a 6-OHDA lesion 19. Interestingly, we
detected a hypoperfusion in the striatum on the lesioned side using
[99mTc]Exametazine SPECT. In our study, we injected the radiotracer
intravenously, and assessed the [123I]Iododexetimide binding ex-vivo.
Since we observed a hypoperfusion, but normal [123I]Iododexetimide bind-
ing in the lesioned striatum, we may even underestimate the amount of
muscarinic receptors since diminished tracer delivery cannot be excluded.
Muma and co-workers demonstrated the effects of a 6-OHDA lesion of
the MFB on the [3H]HC-3 binding in the frontal and prefrontal cortex at
10-12 days after the lesion, but did not study the effects in the striatum.
[3H]HC-3 binding was shown to be twice as high in the frontal cortical
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areas as compared to unlesioned animals 21, which is suggestive of choliner-
gic hyperactivation. In addition, they found no indications of degenera-
tion of the cholinergic neurons in this brain area at this time point. The
present study is in line with these observations. The presently observed
decline of muscarinic receptor availability in the cortical areas is likely
the result of an increase in activity of the cholinergic system and result-
ing downregulation of postsynaptic M1 receptor subtypes. Upregulation
of presynaptic M2 receptor subtypes may also have occurred, but due to
the higher expression of postsynaptically localized M1 subtypes, this
effect is probably outweighed. However, since the radiotracer was
injected in-vivo, direct competition of ACh on the muscarinic receptors
cannot be excluded. Evidence on the influence of a 6-OHDA lesion on
the cortical release of ACh is sparse in the literature, but Day and co-
workers did not find significant influences on cortical ACh levels 32.
Supportive to the present observations, Liskowsky et al. did show a low-
er binding of [3H]Oxotremorine, a high affinity muscarinic receptor ago-
nist, in the frontal cortex of rats that were given a 6-OHDA lesion 33.
All in all, since secondary degeneration in the cholinergic neurotrans-
mitter system is not likely to occur as early as 10-13 days after a 6-
OHDA lesion, our data suggest cortical hyperactivation of cholinergic
neurons due to dopamine depletion. From the present results, we cannot
provide evidence for hyperactivation of the cholinergic neurons in the
striatum. We hypothesize that the hyperactivation of the cortical
cholinergic neurons are due to adaptations of the ganglia-thalamocorti-
cal circuitry in a response to the disruption of the dopaminergic path-
way or due to changes to the direct dopaminergic input of the basal
forebrain including the NBM.
In-vivo imaging of the brain in Lewy body disorders using [123I]Iododex-
etimide may be of value to monitor the disturbances in the central cho-
linergic system and may help to select patients that could benefit from
AChEI therapy. The present study suggests the feasibility of [123I]Iodo-
dexetimide to detect changes in the cholinergic neurotransmitter system
that occur in response to dopaminergic degeneration. In this study we
have demonstrated the effects of a unilateral dopaminergic lesion on the
muscarinic receptor binding by [123I]Iododexetimide in the rat brain. From
the present results, we conclude that there is a decrease in cortical cholin-
ergic receptor availability after a dopaminergic deficit has been induced,
which may arise from hyperactivation of cortical cholinergic neurons.
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