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Abstract

As one of the major excitatory ion channels in the brain, NMDA receptors have been a leading
research target for neuroscientists, physicians, medicinal chemists and pharmaceutical companies
for decades. Molecular imaging of NMDA receptors by means of positron emission tomography
(PET) with [18F]GE-179 quickly progressed to clinical PET studies but a thorough understanding
of its binding specificity has been missing and has thus limited signal interpretation. Here, a
preclinical study with [18F]GE-179 in rodents and non-human primates is presented, in an attempt
to characterize [18F]GE-179 signal specificity. Rodent PET/CT was used to study drug occupancy
and functional manipulation in rats by pretreating animals with drug/dose followed by a single
bolus of [18F]GE-179. Binding competition with GE-179, MK801, PCP and ketamine, allosteric
inhibition by ifenprodil as well as brain activation with methamphetamine did not alter the
[18F]GE-179 brain signal in rats. In addition, multimodal imaging with PET/MRI in non-human
primates (NHPs) was used to evaluate changes in radiotracer binding as a function of
pharmacological challenges. Drug-induced hemodynamic changes were monitored simultaneously
using functional MRI. Comparisons of baseline and signal after drug challenge in NHPs
demonstrated that the [18F]GE-179 signal cannot be manipulated in a predictable fashion 7 vivo.
fMRI data acquired simultaneously with PET supported this finding and provided evidence that
radiotracer delivery is not altered by blood flow changes. In conclusion, the [18F]GE-179 brain
signal is not readily interpretable in the context of NMDA receptor binding based on the results
shown in this study.

Correspondence to: Christin Y. Sander.
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Introduction

NMDA receptors play a pivotal role in synaptic remodeling, learning and memory
formation.12 They belong to the class of ionotropic glutamate receptors (iGIuRs), which
also includes AMPA and kainate receptors.3 In contrast to other family members, NMDA
receptors display noticeable conductivity for Ca2* ions, enabling second messenger cascades
that eventually change gene expression, triggering the structural changes that underlie
synaptic remodeling.# To regulate these elements of signal transduction, NMDA receptor
activation is guarded by multiple safety mechanisms that are unique amongst iGIuRs: First,
the NMDA channel opening requires co-agonism of both glycine and glutamate. It is worth
recognizing that pentameric glycine receptors are chloride channels with an /nhibitory effect
and functionally counterbalance iGIuRs, which are cation channels with an excitatory effect.
Second, an Mg2* ion blocks the NMDA channel pore and is only expelled when the
membrane potential depolarizes, i.e. the neuron is activated. In sum, three triggers — glycine
agonism, glutamate agonism and membrane depolarization — have to coincide in order for
NMDA receptors to open.

Structurally, NMDA receptors follow the classical design of a ligand-gated ion channel with
an extracellular ligand-binding domain and an ion conducting transmembrane domain.8 Four
distinct binding sites — described in Figure 1 - are commonly addressed with small molecule
drugs:’ 1) The phenylcyclidine (PCP) binding site located in the channel pore in the TMD,
2) the clam-shell domain of GIuUNR2, which binds the native agonist glutamate in the LBD,
3) the clam-shell domain of GIUNRZ1, which binds the native ligand glycine in the LBD and
4) the interface of the dimer-of-dimers located in the NTD. Positron emission tomography
(PET) ligands have been developed as radiotracer candidates for all four binding sites
(reviewed in Fuchigami 2015)8.
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Ligands interacting with the pore region act by channel block, agonists and antagonists of
the clam-shell domains act as competitive binders to the native agonists and ligands
engaging the interface of the NTDs act by (negative or positive) allosteric modulation.
Generally, channel blockers do not discriminate between NMDA receptor isoforms due to
high sequence homology in the pore region, but competitive or allosteric ligands often
display selectivity for NMDA receptor subtypes.?10 Patch-clamp electrophysiology
experiments revealed activity-dependent channel blockade by PCP-binding site ligands,
demonstrating that the channel has to be activated before the small molecule can act.11
Furthermore, the term “trapped channel blocker” has been coined based on patch-clamp
studies that showed persistent blockade of activated channels long after wash-out of
extracellular ligand.12:13 Detailed understanding of these ligand-receptor-interactions is
pivotal for interpreting imaging data with the NMDA pore blocker [18F]GE-179.

[18F]GE-179 is an 18F-labeled PET ligand from the class of bisarylguanidine NMDA
receptor blockers.2415 It is structurally related to the 11C-labeled PET ligands CNS516116
and GMOM?Y7 (Figure 1) as well as the single photon emission computed tomography
(SPECT) ligand [123/125]]CNS12618. /n vivo molecular imaging of NMDA receptors by
means of PET or SPECT has been attempted numerous times and many ligands have
progressed to human imaging.81® However, to date, no /7 vivo imaging probe has been
established in routine research or clinical /n7 vivo imaging applications due to the lack of
specific, predictable binding to NMDA receptors.

In vivoimaging studies in healthy human subjects have shown that [18F]GE-179 passes the
blood brain barrier (BBB) and displays tissue uptake in the striatum, thalamus and cortex.2%
While the latter is consistent with NMDA receptor distribution, human [18F]GE-179 signal
also shows relatively high uptake in cerebellum, which has low concentration of the target.
In addition, evaluation of compartmental models in healthy human volunteers yielded good
fits to a two-tissue compartment model with reversible binding. It is important to note that a
trapped, open-channel binding mechanism would lead to irreversible binding kinetics with
no noticeable kq¢r. The possibility of anesthesia interfering with NMDA receptor states and
associated probes has also been raised in previous investigations.1’: 40 A dependency of
[*8F]GE-179 on blood flow has also been suggested through a correlation between K
(blood flow) and V1 (distribution volume).20

To date, there are no published studies that directly demonstrate /n vivo specificity of
[18F]GE-179 to NMDA receptors through drug competition studies or otherwise. Clinical
research studies with [18F]GE-179 are ongoing and [18F]GE-179 has been used to study
patients with focal epilepsy.2! Even though [18F]GE-179 imaging showed global increase of
V1 compared to healthy controls, it remained unclear if the signal corresponds to (activated)
NMDA receptors.

Intrigued by the discrepancy between the established cellular blocking mechanism and the
human /n vivo binding kinetics and in order to answer if [28F]GE-179 imaging allows
quantifying (activated) NMDA-receptors /n vivo, we performed a preclinical evaluation in
rodents and non-human primates (NHPs) with PET/CT and PET/fMRI.
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Results and Discussion

The preclinical experiments in rodents for evaluating the [28F]GE-179 brain signal were
designed to evaluate the effect of (i) occupying the PCP binding site with GE-179, MK801,
PCP and ketamine, (ii) allosteric inhibition at the NTD binding site with ifenprodil to
prevent channel opening, (iii) secondary/orthogonal modulation of NMDA activity through
CNS stimulants by methamphetamine. Male Sprague-Dawley rats were pretreated with the
respective drug prior to receiving a bolus injection of [18F]GE-179. A subset of the
pharmacological challenges (unlabeled GE-179, and a CNS stimulant) were tested in NHPs
using a within-scan challenge during a bolus-plus-infusion of the radiotracer. The
simultaneous acquisition of PET and fMRI in the NHP enabled the assessment of probe-
specific binding changes using PET, while observing changes in neuronal activation patterns
and hemodynamic changes resulting from the drug challenges.

In vivo rat imaging and drug competition experiments

As a starting point for dissecting the nature of the in vivo [28F]GE-179 signal, we pre-treated
rodents using the non-radioactive reference compound GE-179 as well as the commonly
used NMDA channel blockers MK801 and PCP and ketamine2? that compete for the same
binding site (Figure 2D). Animals were injected with either an equivalent volume of vehicle
or a dose of 1 mg/kg of the respective competition ligand 2 minutes prior to [8F]GE-179
injection. Animals underwent a 60 minute dynamic PET scan and the subsequent time-
activity-curves (TACs) were evaluated to compare the slope over the entire time-course.
Figure 2A displays TACs of the whole brain as well as cortex (Ctx) and cerebellum (Cb) of
three vehicle treated rats, which served as a baseline for referencing drug challenges. There
was no significant difference in slope between the whole-brain signal and Ctx or Cb. To
compare the effect of competitive drug challenges on [*8F]GE-179 binding, we normalized
standard uptake values (SUV) to the initial peak uptake, hypothesizing that binding site
saturation would accelerate the wash-off and reveal the extent of specific binding (Figure
2B). Interestingly, neither of the experiments led to a meaningful change of the whole-brain
TAC indicating that none of the Jin vivo [18F]GE-179 signal at baseline represents
displaceable binding. It could be hypothesized that the binding mode of a trapped channel
blocker and a tightly controlled NMDA receptor homeostasis does not allow classical pre-
occupation or competition experiments. However, the whole-brain binding kinetics display a
clear dissociation and washout, which would invalidate the assumption that the signal
represents a ligand-receptor-interaction via trapped binding mode.

Allosteric inhibition—Further investigating the hypothesis that [18F]GE-179 only binds
open NMDA receptor channels, we employed the well-investigated NAM ifenprodil, which
binds at the interface of NR1 and NR2 subunits and stabilizes a closed channel
conformation. Thus, no binding sites should be available for [18F]GE-179 and its signal
should represent nonspecific binding. However, the whole-brain TACs of ifenprodil treated
rats did not differ from vehicle treated animals, suggesting that the /n vivo signal of
[18F]GE-179 in anesthetized rats does not represent activated NMDA receptors, but rather
non-specific binding (Figure 2B).
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Orthogonal activation—A possible explanation of this finding could be that even at
baseline conditions, the effect of isoflurane anesthesia lowers the amount of glutamatergic
activity to a minimum, yielding a very small population of open NMDA receptors. In this
case, the available target density Bpyax Would be too small to provide a meaningful signal to
noise ratio, even with a low nanomolar binder such as [18F]GE-179. Therefore, we used
methamphetamine (MA) injections to trigger CNS activity (Figure 2C). MA is one of the
strongest brain stimulants that targets the dopaminergic system and triggers cortical
glutamate release.22 We hypothesized that an acutely MA-activated brain would show a
different population of open NMDA receptors than a vehicle treated brain. We compared the
TACs of the Ctx and Cb of rats that received MA, or a mixture of MA and non-radioactive
[*8F]GE-179 two minutes before radiotracer injection. Neither of these treatments changed
the slope of respective TACs compared to whole brain kinetics of the [18F]GE-179 baseline
signal.

Taken together, our preclinical imaging experiments with [18F]GE-179 in rodents using
direct competition, allosteric modulation and orthogonal activation were not able to reveal
an /n vivo signal that directly correlates with NMDA receptor occupancy or activity.

NHP imaging using simultaneous PET/MRI

PET/fMRI in NHPs was used to evaluate (i) [8F]GE-179 PET signal modulation, (ii)
hemodynamic changes due to pharmacological doses and (iii) species differences as a
potential reason for non-specific binding. The acquisition of dynamic PET and fMRI data
enabled the evaluation of blood flow as a factor that has been suggested to influence the
[*8F]GE-179 signal during pharmacological challenges.

Figure 3A shows representative voxelwise maps of the [18F]GE-179 signal in NHP averaged
over 20 - 50 minutes after a single bolus injection. The corresponding TAC in Figure 3B
shows that kinetics in the NHP are largely identical with the human data, with the exception
of minor differences in the uptake between brain regions.

To evaluate the effect of pharmacological challenges on the [18F]GE-179 signal at steady-
state, a bolus-plus-infusion paradigm was employed for radiotracer administration. It was
hypothesized that, given the reversible binding kinetics observed before, a pharmacological
dose of cold GE-179 should reduce the brain signal by competitive displacement at the PCP
binding site. Figure 4A shows TACs from anatomically defined regions from the blocking
experiment with cold GE-179. The PET signal reached steady-state at about 35 minutes after
tracer injection. At 46 minutes after TOI, 0.6 mg/kg of cold GE-179 was administered, as
indicated by the gray dotted line. Interestingly, the cold GE-179 challenge did not reduce the
PET signal, but led to an overall increase of 3.8% =* 4.0% on average over the measured
anatomical regions, with prefrontal cortex showing the largest (11.1%) and putamen
surprisingly showing the smallest signal increase (3.7%). A small decrease in [18F]GE-179
binding was observed in two anatomical regions, the occipital lobe (-4.3%) and the
cerebellum (-4.1%). The signal changes were sustained for the duration of the experiment, as
displayed in Figure 4A. The differential effects in various anatomical regions do not
correlate with known NMDA receptor distributions, and show relatively small overall signal
changes due to a pharmacological dose of cold GE-179.
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Arterial plasma blood levels of [8F]GE-179 were not affected by administration of the cold
compound, which demonstrates that delivery of the radiotracer did not change with the
pharmacological dose of GE-179. Relative cerebral blood volume (CBV) as determined by
fMRI was acutely reduced by cold GE-179 (Figure 4B). Interestingly, this is in contrast to
previous reports of NMDA receptor blockers.24 The measured decrease in CBV reflects a
decrease in cerebral blood flow (CBF)2° and due to the opposite sign should not be the cause
for the observed [18F]GE-179 signal increase.2%

Combined, these data highlight that the /7 vivo [18F]GE-179 PET brain signal cannot be
“blocked” by unlabeled competition ligand and thus would not represent saturable or
displaceable binding, as standardly defined by /n vivo PET imaging. The reduction in CBV
by GE-179 has no measurable effect on the PET signal, indicating that the signal is
independent of flow, contrary to previous suggestions.2% Based on this evaluation in rodents
and non-human primates with PET, the major part of the [18F]GE-179 signal seems to be
largely nonspecific. Our results thus indicate that [18F]GE-179 is an inadequate tool for
quantifying NMDA receptor availability.

We finally tested the application of [18F]GE-179 as an activity-dependent brain imaging
probe in NHPs. Even though open channel blockers at the PCP binding site typically display
activity-dependent binding, previous evidence towards this functionality in [18F]GE-179
imaging is partly contradicting: First, the anesthetized NHP brain should show different
activity patterns than the awake human brain due to increased GABA-ergic activity. Second,
the in vivo binding kinetics of [18F]GE-179 in rodents, NHP and humans do not prove a
trapped binding mechanism, which has been observed in cellular electrophysiology. In order
to provide conclusive experimental evidence for activity dependent [18F]GE-179 binding in
vivoin our study, we employed a bolus plus infusion paradigm including administration of a
brain stimulant at binding equilibrium. At 48 minutes post injection of radiotracer (steady-
state), a bolus of amphetamine was administered (0.6mg/kg i.v.). We hypothesized that
according to the binding mechanism by open channel block, increased glutamatergic activity
should lead to an increase of regional [18F]GE-179 signal. Figure 4C shows the resulting
TACs from a bolus plus infusion of [18F]GE-179 for a range of anatomical regions in the
NHP: The PET signal decreased acutely and sustainably following amphetamine
administration. The difference in the shape of the TAC during uptake in Figure 4A vs. 4C
can be attributed to small adjustments in the bolus/infusion ratios between the two
experiments (see Methods for kpg values). Table 1 lists the [18F]GE-179 signal decrease due
to amphetamine for different anatomical regions. Maximum [18F]GE-179 signal decrease
from baseline was observed in the cerebellum (-16.6%), occipital lobe (-15.9%) and in
putamen (-11.7%). The smallest decrease was observed in the thalamus (-3.1%) and the
prefrontal cortex (-3.8%). In line with previous observations,27:28 the CBV signal due to
amphetamine decreased acutely due to the dominant signaling from the inhibitory dopamine
D2 receptor. This experiment could not provide evidence of the hypothesis of an activity-
dependent [18F]GE-179 signal in vivo.

Administration of psychostimulants like amphetamine and methamphetamine has been
demonstrated to be associated with increased dopamine and glutamate release as well as
NMDA synaptic currents?:30, An activity-dependent NMDA probe would thus be expected
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to exhibit a signal increase in mesocorticolimbic areas with amphetamine administration.
Yet, we observed a widespread decrease in signal. Even though some evidence has been
shown that amphetamine could inhibit the NMDA receptor directly or decrease NMDA
signaling31:32, the amphetamine dose administered in our experiment would be expected to
elicit a much stronger and anatomically specific change in signal. Both amphetamine and
cold GE-179 elicited only an overall small signal change even though administered doses
were large and are known to affect NMDA receptors, suggesting that the probe is limited in
its detection capability for NMDA activity.

Molecular imaging of NMDA receptors remains a challenge. Our extensive preclinical
experiments using the NMDA pore blocker [18F]GE-179 were not able to demonstrate
displaceable /n vivobinding or a predictable signal manipulation that provides evidence for
an /n vivo activity-dependent NMDA signal in rats and NHP. We thus recommend
interpreting existing and future studies using [18F]GE-179 in light of signal changes of the
radiotracer probe rather than NMDA activity.

Radiotracer synthesis

[18F]GE-179 was synthesized using a thiophenol precursor purchased from GE Healthcare
(Amersham, UK) for [18F]fluoroethylation as previously described.1> Briefly, the
radionuclide 18F and the common alkylation building block [18F]fluoroethyl tosylate (FETS)
were synthesized as described earlier in our lab.33 Freshly prepared FETs was added to 0.8
mg precursor and 0.5 mg K,CO3 as a solution in 0.5 mL acetonitrile. This mixture was
heated to 100 °C until all FETs was fully reacted (analyzed by radio-HPLC, typically 10-15
min). The crude mixture was diluted in 10 mL sterile water and passed through a strataX
reverse phase SPE cartridge. In order to remove unreacted precursor, the cartridge was
washed with 10 mL of 9:1 (v/v) 0.1 M ammonium formate/acetonitrile, followed by 10 mL
sterile water. Clean [18F]GE-179 was eluted with absolute ethanol (1mL) diluted with saline
(9 mL) and passed through a sterile membrane filter (0.22 pm) into a sterile evacuated vial
ready for injection for imaging experiments in rodents and non-human-primates. Purity and
identity of the radiolabeled compound was confirmed using UV (list wavelength) and radio-
HPLC (reference standard provided purchased by GE and confirmed by LCMS).

Preparation of pharmacological challenges

The drugs MK801, PCP, ifenprodil, MA and amphetamine, which were used for the
pharmacological challenges in the rats and NHPs, were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Unlabelled GE-179 was purchased from GE Healthcare (Amersham,
United Kingdom). MK801 and PCP were formulated in saline + 10% EtOH, ifenprodil and
GE-179 were formulated in saline + 10% (1:1 v/v DMSO/tween80), MA and amphetamine
were formulated in saline on the day of the experiment. Ketamine was obtained in liquid
formulation and diluted in saline to the appropriate concentration. All treatmen and imaging
experiments were performed according to procedures approved by the Institutional Animal
Care and Use Committee at the Massachusetts General Hospital.
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Rat experimental design, image acquisition and analysis

Sprague-Dawley rats (total of 7= 12, 250 — 500 g) were anaesthetized using isoflurane
inhalation (1-2 % with oxygen carrier) and depth of anesthesia was controlled by
maintaining a breathing rate of ~60 min-1. Animals were placed in a Triumph PET-CT-
scanner and dynamic scanning was initiated 10 sec prior to injection of [18F]GE-179. At the
end of the PET scan, a CT-scan was performed for attenuation correction and anatomical
reference. Imaging data were reconstructed in increasing time frames using the MLEM
method and analyzed using PMOD and AMIDE software.

NHP experimental design

Two animals (male rhesus macaques) underwent PET/MRI. For each study, the animal was
anesthetized, initially with 10 mg/kg ketamine and 0.5 mg/kg xylazene, and maintained with
isoflurane (~1%, mixed with oxygen) after intubation. A timespan of ~2 h was ensured
between the initial ketamine administration and injection of the radiotracer to allow for the
washout of ketamine and to minimize any direct blocking effects due to ketamine. All
studies and procedures complied with the regulations of the Institutional Animal Care and
Use Committee at Massachusetts General Hospital. For the baseline study, a bolus of 4.5
mCi [*8F]GE-179 was injected intravenously. Based on the single bolus injection kinetics,
bolus plus infusion parameters were calculated.3* Based on this protocol, equilibrium should
be reached within 30-40 minutes, and thus the time points for the drug challenges were
chosen to occur beyond that time for a predictable signal manipulation. For the cold GE-179
challenge experiment, a bolus of 3.0 mCi was followed by continuous infusion of 3.6 mCi
over the course of 100 minutes (Kyo = 84 min). For the amphetamine challenge, a bolus of
3.0 mCi was followed by continuous infusion of 4.0 mCi (kpo = 75 min). For monitoring
overall [18F]GE-179 blood concentrations, arterial blood (venous blood for the baseline
study) was taken throughout the experiment. Using simultaneous fMRI, cerebral blood
volume (CBV) was calculated in order to correlate CBV changes to PET signal.

NHP image acquisition
Simultaneous PET and MR data were acquired on a prototype scanner that consists of a
BrainPET insert and a Tim Trio 3T MR scanner (Siemens AG, Healthcare Sector, Erlangen
Germany). A custom-built PET compatible 8-channel NHP receive array together with a
vendor-supplied local circularly polarized transmit coil was used for MRI.3% An anatomical,
T1-weighted MRl (MEMPRAGE)38 was acquired at the beginning of the scan session. To
improve fMRI detection power, ferumoxytol (Feraheme, AMAG Pharmaceuticals,
Cambridge MA) was injected at 10 mg/kg prior to fMRI and radiotracer injection. Whole-
brain fMRI data were then acquired throughout the remainder of the scanning session with
multi-slice echo-planar imaging (EPI) at 2-fold acceleration that had an isotropic resolution
of 1.3 mm and a temporal resolution of 3 seconds. Other parameters included FOVr =
110x72.8 mm2, BW = 1350 Hz/pixel, flip angle = 60° and an echo time (TE) of 23 ms.

PET emission data were acquired in list-mode format for 100 min starting with radiotracer
injection. Images were reconstructed with a standard 3D Poisson ordered-subset expectation
maximization algorithm using prompt and variance-reduced random coincidence events.
Normalization, scatter and attenuation sinograms (including attenuation of the
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radiofrequency coil) were included in the reconstruction. The reconstructed volume
consisted of 1.25x1.25x1.25 mm voxels in a 256x256x153 matrix, which were
downsampled by a factor of 2 post-reconstruction. Framing intervals were 10 x 1 min, 5 x 2
min, followed by 5 min frames.

NHP functional image analysis

PET and MR data were registered to the Saleem-Logothetis stereotaxic space (Saleem and
Logothetis, 2006)37 with an affine transformation (12 degrees of freedom) using a multi-
subject MRI template38, in which anatomical ROIs were defined. After motion-correcting
(AFNI software) and spatially smoothing fMRI data with a 2.5 mm Gaussian kernel,
statistical analysis was carried out using the general linear model (GLM). The temporal
response to the drug injection was modeled with a gamma-variate function, in which the
time-to-peak was adjusted to minimize the XZIDOF of the GLM fit to the data. The resulting
signal changes were converted to percent changes in CBV by previously described methods.
39 All PET and fMRI data analysis and generation of parametric images from voxel-wise
kinetic modeling were generated with open-access software (www.nitrc.org/projects/jip).
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Figurel.

Structure of the NMDA protein crystal (pdb 4pe5).> NTD = N-terminal domain, LBD =
ligand binding domain (referring to native ligands), TMD = transmembrane domaine, PAM
= positive allosteric modulator, NAM = negative allosteric modulator, A = activity, GIUN2 =
subunit that binds glutamate (shown as orange spheres), GIuN1 = subunit that binds glycine
(shown as yellow spheres). Four common drug binding sites are highlighted with red circles.

ACS Chem Neurosci. Author manuscript; available in PMC 2019 February 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Schoenberger et al.

A
2
2
=
o
m
°
o
N
™
E
£
]
z

Cc

Page 13

he 1.2 o GE179
MK801
1 —8— cortex 1 PC_P
—®— cerebellum > Ketamine
0.8 —8— whole brain :..;“ 0.8 _.'_ |f{£':|?r'0d
(5] venicie
-]
0.6 0.6
N
]
0.4 E o4
]
=
0.2 0.2
0 0
0.00 20.00 40.00 60.00 0 20 40 60
tin min tin min
25 D
—e— vehicle
—e— MA Cix 1
—o—MA-Cb ~ i e
< —e—MA - Ctx 1N . NVJ H3C—NH
—o—MA - Cb = i o
—o—MA & GE179 - Ctx = \)
—o—MA & GE179-Cb 3
MK801 PCP Ketamine

OH H
\.\/\_';-’_\ 1
I N
| N 3 L
@ i () X,
~F

cHy Loy CHy

0 20 40 60

tin min Ifenprodil Methamphetamine

Figure 2. In vivo

micro-PET imaging of [18F]GE-179 in rats. (A) Time-activity-curves (TACs) from vehicle
treated rats comparing whole brain (grey), cerebellum (orange) and cortex (blue), 7= 3.
Activity is normalized to peak uptake; error bars represent one standard deviation in each
deflection. (B) Normalized whole brain TACs comparing vehicle treated rats (n7= 3) and
animals treated with MK801 (/7= 1), PCP (n= 1), ketamine (/7= 1), and ifenprodil (7= 1).
(C) TACs showing the dynamic standard uptake value (SUV) of vehicle treated rats (whole
brain, grey, n=3), as well as the cortex (Ctx) and cerebellum (Cb) of animals, who received
methamphetamine (MA) (B = 2) or a mixture of MA and [18F]GE-179 (7= 1). (D)
Chemical structures of the drugs, which were used to manipulate the in vivo [18F]GE-179
signal.
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Figure 3.
(A) Distribution of the [18F]GE-179 baseline signal in a non-human primate. Voxelwise

maps display the average signal over 20-50 minutes after tracer injection. (B) TACs for a
variety of anatomical regions show reversible binding and similar dynamics to human data.
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Figure 4.

Simultaneously acquired PET and fMRI timecourses during two separate drug challenges in
non-human primates. (A) Time activity curves of [28F]GE-179 (bolus plus infusion) with a
cold 0.6 mg/kg GE-179 drug challenge administered at the dotted gray line. Anatomical
regions of interest in the brain and the arterial plasma curve are shown. (B) Corresponding
representative CBV data and GLM fit for the putamen for the GE-179 drug challenge. (C)
TACs of [18F]GE-179 (bolus plus infusion) with a 0.6 mg/kg amphetamine drug challenge
administered at the dotted gray line. Anatomical regions of interest in the brain and the
arterial plasma curve are shown. (D) Corresponding representative CBV data and GLM fit
for the putamen for the amphetamine challenge.
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