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This report describes a multi-receptor physiological model of the fMRI temporal response and signal magnitude
evoked by drugs that elevate synaptic dopamine in basal ganglia. The model is formulated as a summation of
dopamine's effects at D1-like and D2-like receptor families, which produce functional excitation and inhibition,
respectively, as measured by molecular indicators like adenylate cyclase or neuroimaging techniques like fMRI.
Functional effects within the model are described in terms of relative changes in receptor occupancies scaled by
receptor densities and neuro-vascular coupling constants. Using literature parameters, the model reconciles
many discrepant observations and interpretations of pre-clinical data. Additionally, we present data showing
that amphetamine stimulation produces fMRI inhibition at low doses and a biphasic response at higher doses
in the basal ganglia of non-human primates (NHP), in agreementwithmodel predictions based upon the respec-
tive levels of evoked dopamine. Because information about dopamine release is required to inform the fMRI
model, we simultaneously acquired PET 11C-raclopride data in several studies to evaluate the relationship be-
tween raclopride displacement and assumptions about dopamine release. At high levels of dopamine release, re-
sults suggest that refinements of the model will be required to consistently describe the PET and fMRI data.
Overall, the remarkable success of the model in describing a wide range of preclinical fMRI data indicate that
this approach will be useful for guiding the design and analysis of basic science and clinical investigations and
for interpreting the functional consequences of dopaminergic stimulation in normal subjects and in populations
with dopaminergic neuroadaptations.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Many pharmacological and natural stimuli elevate synaptic levels of
dopamine (DA) and elicit functional responses in flow and metabolism
that are measurable using non-invasive neuroimaging methods within
the DA-rich basal ganglia. However, basic mechanisms underlying
DA-mediated function in health and disease are poorly understood at
the level of systems biology despite an emerging picture of the relevant
biomolecular pathways. Based upon decades ofmolecular studies, DA re-
ceptors can be grouped into D1-like and D2-like receptor families that
produce opposing effects on the production of cyclic-AMP through acti-
vation or inhibition of adenylate cyclase (Neves et al., 2002; Stoof and
Kebabian, 1981). The G-protein coupled D1 and D2 signaling pathways
affect a host of functions, including regulation of metabolic enzymes,
ion channels, and plasticity through gene transcription (Carlezon et al.,
2005; Neves et al., 2002). Although the complexity of these cellular sig-
naling pathways makes it difficult to define a precise mechanistic rela-
tionship between receptor binding and gross indices of tissue function,
as measured by the group of techniques collectively called fMRI (BOLD
ndeville).
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signal, CBV, CBF,…), it is clear that D1 and D2 receptor families produce
opposing effects at the top level of the G-protein coupled signaling
cascade.

Use of selective dopaminergic agonists and antagonists can reveal
the functional roles of D1 and D2 receptors in vivo using systemic ad-
ministration and recording methods such as autoradiography to deter-
mine glucose utilization (e.g., Trugman and James, 1993) or IRON fMRI
to measure CBV (Mandeville, 2012). In rats, D1 agonism increases CBV
in basal ganglia (Choi et al., 2006), whereas antagonism decreases
CBV (Marota et al., 2000). Conversely, D2 agonists and antagonists pro-
duce effects on CBV that are opposite in sign to those produced by the
respective D1 agents (Chen et al., 2005; Choi et al., 2006). These results
clearly demonstrate that any understanding of DA-mediated function
must consider the relative balance of D1-mediated excitation versus
D2-mediated inhibition.

Viewing DA-mediated function in terms of opposing D1 and D2 con-
tributions helps explain some subtle features of data in domains of dose
and time and reconciles some pronounced differences observed across
species and versusdrug dosages. Amphetamine stimulation in the rat pro-
duces pronounced increases in CBV except at very small doses, where re-
sponses become slightly negative, an effect thatwas attributed to the high
affinity of DA for a subset of D2-like receptors (Ren et al., 2009). In the
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temporal domain, cocaine infusion produces a subtle decrease in CBV in
rats prior to the dominant positive response (Chen et al., 2011; Marota
et al., 2000; Schwarz et al., 2004), and segmentationof this temporal com-
ponent produces a D2-like spatial map (Chen et al., 2011).

The most basic aspects of dopaminergic function appear to be similar
across species except in the laboratory rat, one of the mainstays of scien-
tific research. Glucose autoradiography reported cocaine-induced eleva-
tion of metabolism in rats (Porrino, 1993) but decreased metabolism in
non-human primates (NHP) (Lyons et al., 1996) and mice (Zocchi et al.,
2001). Similarly, IRON fMRI reported cocaine-induced elevation of CBV
in rats (Chen et al., 2011;Marota et al., 2000; Schwarz et al., 2004) but de-
creased CBV in NHP (Mandeville et al., 2011) and wild-type mice
(Perles-Barbacaru et al., 2011). Because the different fMRI responses in
rats and NHP occur despite similar levels of evoked DA (Bradberry,
2000; Chen et al., 2010; Schwarz et al., 2004), we previously hypothe-
sized that these different responses might be attributable to the ratio of
D1 to D2 receptors (Mandeville et al., 2011), which ismuch higher in lab-
oratory rats than in humans, NHP, or wild-type mice. Neuroadaptations
in human cocaine-abusing populations, such as blunted dopamine re-
lease (Martinez et al., 2007) and down-regulated D2 receptor densities
(Volkow et al., 1993), complicate a comparison with preclinical data,
but the preponderance of evidence from a variety of neuroimaging tech-
niques suggests that cocaine produces functional inhibition in human
striatum in a manner similar to NHP results (Johnson et al., 1998;
Kaufman et al., 1998; Kufahl et al., 2005; London et al., 1990; Wallace et
al., 1996). However, the conundrum remains that cocaine infusion pro-
duces anopposite fMRI response in rats andNHP, but amphetamine stim-
ulation increases CBV in both species at the doses that have been tested
(Chen et al., 1999; Jenkins et al., 2004). This observation could be related
to the differentmechanisms of action between these drugs, or itmight be
that a single model can account for this difference based upon the differ-
ent levels of DA induced by the two drugs.

This study describes a model of DA-induced function coupled to bio-
chemistry through receptor occupancies using standard pharmacological
principles. The goalwas to develop an intuitive and extensiblemodel that
provides an integrative explanation of fMRI observations using dopami-
nergic drugs, while adhering to a mathematical approach that is testable
using non-invasive neuroimaging. Predictions for fMRI signal are based
upon a classical occupancy model driven by estimates in DA levels from
themicrodialysis literature. Because PET can detect changes in DA release
through 11C-raclopride displacement, albeit through mechanisms that
are not fully understood (Ginovart, 2005), we acquired fMRI and PET
data simultaneously in several sessions to evaluate relationships between
these signals and the common unmeasured temporal function – evoked
DA – that drives responses for both modalities. Note that D1-targeted
PET ligands show little sensitivity to changes in DA levels, for reasons
that may be related to ligand characteristics (Laruelle, 2000), so no
D1-targeted PET studies were performed.

Model results are compared to prior literature and also to simulta-
neous PET/fMRI experiments in NHP using smaller doses of amphet-
amine than have been employed previously by fMRI studies using
NHP (Jenkins et al., 2004). Although literature comparisons focus on
preclinical results using the commonly employed IRON fMRI tech-
nique, the expectation is that the model calculations also will be
applicable to future human studies based upon robust techniques
like BOLD signal at very high field strengths, or the IRON method in
standard clinical MRI scanners (Qiu et al., 2012). This model approach
has been presented previously in preliminary form (Mandeville et al.,
2012; Normandin et al., 2012a).

Methods

An fMRI model coupled to receptor occupancy

Pharmacological effects in biological systems often have been inter-
preted within the context of the classical receptor occupancy model
(Clark, 1937), in which a response is a function of the fraction of recep-
tors that are occupied. Furthermore, a classical occupancy model, or a
“pure competition” model within the context of raclopride displace-
ment studies (Ginovart, 2005; Laruelle, 2000), views receptors as static
targets that are not dynamically regulated by processes like internaliza-
tion within post-synaptic membranes. In developing a model for DA-
induced fMRI signal, we adhere to the classical model and a simple
linear coupling relationship between function and neuroreceptor occu-
pancy. We postulate that a neurotransmitter evokes a functional
response that can be expressed as a summation of changes in bound
receptor densities, producing effects that can be either excitatory or
inhibitory. Limitations of this viewpoint will be addressed in the
Discussion section. In our notation, fMRI measurements are expressed
as changes in CBV (ΔV) assuming the use of exogenous contrast
agent, but the model is intended to apply to any measurements based
upon changes in the blood supply using methods such as BOLD signal
or CBF. Thus, a steady-state formulation of the model is

ΔV tð Þ ¼ ∑ receptor types
i Ni Bi tð Þ−Bi 0ð Þ½ � ð1Þ

where changes in the concentration of bound receptors (Bi) are scaled
by neurovascular coupling constants (Ni). In order to more directly as-
sociate the model with literature values and measurement methods,
we separate the bound receptor densities into total receptor densities
(Bmax;i) and fractional occupancies (θi ¼ Bi=Bmax;i),

ΔV tð Þ ¼ ∑iNiBmax;i θi tð Þ−θi 0ð Þ½ �: ð2Þ

Changes in occupancy at a single receptor
Prior to considering a multi-receptor model for dopaminergic stim-

ulation, we review a standard model for changes in occupancy at a
single receptor derived from basic physiological principles. Using first-
order kinetics and conventional terminology to describe a neurotrans-
mitter communicating between free (F) and bound (B) compartments,
the time-derivative of bound receptor is defined by the law of mass ac-
tion (Michaelis et al., 2011):

dB tð Þ
dt

¼ kfBavailF tð Þ−krB tð Þ: ð3Þ

Binding exhibits saturation as the density of available receptors,
Bavail tð Þ ¼ Bmax−B tð Þ, becomes small. Using the definition of the
dissociation constant as the ratio of reverse to forward rate constants
(KD ¼ kr=kf), and replacing the reverse rate constant with kOFF for
clarity, yields a standard first-order dynamic model for occupancy:

dθ tð Þ
dt

¼ kOFF 1−θ tð Þð Þ F tð Þ
KD

−θ tð Þ
� �

: ð4Þ

The model becomes more intuitive if we replace the absolute con-
centration of free neurotransmitter with the relative amount, as
would be measured in the extracellular compartment by micro-
dialysis or cyclic voltammetry. From the steady-state condition
dθ=dt t b 0ð Þ ¼ 0ð Þ, the basal concentration of free neurotransmitter
can be replaced with basal receptor occupancy and the dissociation
constant for the neurotransmitter at the target receptor (KD), yield-
ing a differential equation for receptor occupancy that depends
only upon basal occupancy and the offset (or dissociation) rate
constant, in addition to the flux of neurotransmitter that drives the
system:

f tð Þ≡ F tð Þ
F 0ð Þ ; F tð Þ ¼ F 0ð Þ; f tð Þ ¼ KD

θ 0ð Þ
1−θ 0ð Þ f tð Þ ð5Þ



Table 1
Model input values.

Quantity Value
Bmax;1
Bmax;2

1.3 for NHP; 2.8 for rat
θ2(0) 0.25
N1
N2

1
N2j jBmax;2 0.5% CBV per % DA occ
KD;1
KD;2

4
kOff,1,kOff,2 0.5 and 1 min−1
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dθ tð Þ
dt

¼ kOFF 1−θ tð Þð Þ θ 0ð Þ
1−θ 0ð Þ f tð Þ−θ tð Þ

� �
: ð6Þ

The first term inside the square brackets contains the relative level
of synaptic neurotransmitter concentration (f) that drives changes in
occupancy, and the second term is the “resistance” due to finite head-
room (i.e., θ cannot exceed 1, which corresponds to all receptors being
bound).

A two-receptor model for dopaminergic stimulation
Although a general model like Eq. (1) is extensible, a fundamental

challenge for all biological models is to simplify the framework to mini-
mize unknowns and still capture enough complexity to describe the
main features of data. Toward this goal, we compose a model consisting
of only two receptor sub-types: D1-like receptors producing activation,
and D2-like receptors producing inhibition. Fig. 1 illustrates the two-
receptor model, which is defined by these equations:

ΔV tð Þ ¼ N1Bmax;1∫
t

0

dθ1 t′
� �
dt

dt′ þ N2Bmax;2∫
t

0

dθ2 t′
� �
dt

dt′

dθ2 tð Þ
dt

¼ kOFF;2 1−θ2 tð Þð Þ θ2 0ð Þ
1−θ2 0ð Þ f tð Þ−θ2 tð Þ

� �
dθ1 tð Þ
dt

¼ kOFF;1 1−θ1 tð Þð Þ θ1 0ð Þ
1−θ1 0ð Þ f tð Þ−θ1 tð Þ

� �
:

ð7Þ

A slightly altered form of Eq. (7) emphasizes that the overall shape
and sign of the modeled fMRI response depends upon ratios of recep-
tor densities and coupling constants, as well as the quantities within
the derivatives of occupancy.

ΔV tð Þ ¼ N2j jBmax;2
N1

N2j j
Bmax;1

Bmax;2
∫t

0

dθ1 t′
� �
dt

dt′−∫t
0

dθ2 t′
� �
dt

dt′
8<
:

9=
;: ð8Þ

Eq. (8) can be solved by iterative numerical integration subject to
the initial conditions

θ1 0ð Þ ¼ KD;2

KD;1

θ2 0ð Þ
1−θ2 0ð Þ ; f 0ð Þ ¼ 1 : ð9Þ

Literature inputs to the model
Eqs. (7) and (8) have six fixed parameters and one temporal quan-

tity describing DA efflux. Unless otherwise noted, values used for the
fixed constants in our model calculations are those shown in Table 1,
which are estimates from the literature.

Receptor densities (Bmax) have been measured in rats and NHP by
autoradiography, and PET also can estimate densities in vivo through
binding potentials. Although there are variations in receptor densities re-
gionally and across studies, the overall ratio of D1 to D2 receptors is
slightly larger than unity in the basal ganglia of wild-type mice
(Thompson et al., 2010), NHP (Madras et al., 1988; Weed et al., 1998),
Fig. 1. A first-order two-receptor model for stimulation of D1 and D2 receptors by free
dopamine (F).
and humans (Hall et al., 1994; Piggott et al., 1999). However, docile
mice possess a high D1 to D2 receptor ratio in comparison with an ag-
gressive strain (Couppis et al., 2008), suggesting that selective breeding
for passivity can alter this ratio in laboratory rodents. In fact, laboratory
rats possess a D1 to D2 receptor ratio in striatum of nearly 3 (Hyttel
and Arnt, 1987; Schoffelmeer et al., 1994; Seeman, 1987). Weed et al.
(1998) provided particularly good data on this subject by employing
multiple concentrations ofmultiple ligands tomeasure D1 andD2 recep-
tor densities in both rats and NHP; they concluded that macaque stria-
tum (D1/D2 ratio = 1.2) does not display the relative overabundance
of D1 receptors found in rat striatum (D1/D2 ratio = 2.6). A recent re-
view of DA receptor densities across species found a markedly higher
D1/D2 ratio in rats relative to human/NHP using either intact brain sec-
tions or washed membranes (Cumming, 2011). The D1/D2 ratios
shown in Table 1 are consistent with these data.

Basal D2 occupancy has been measured in human studies using
DA depletion, with an average value of about 20% in normal control
subjects across five such reports (Abi-Dargham et al., 2000; Laruelle
et al., 1997a; Martinez et al., 2009; Verhoeff et al., 2001, 2002). Some-
what larger D2 occupancy values have been reported in anesthetized
NHP (Delforge et al., 2001; Ginovart et al., 1997; Laruelle et al.,
1997b) using methodologies that were similar, but not identical, to
the human studies.

In principle, neurovascular coupling constants can be measured in
PET/MR experiments using selective agonists or antagonists to estimate
the relationship between changes in occupancy and fMRI signal; in fact,
we recently demonstrated a linear coupling between D2 receptor occu-
pancy and the fMRI response in NHP basal ganglia due to progressive
blocking of DA agonism at D2 by raclopride (Sander et al., 2012).
Based upon this study and an assumption for D2 basal occupancy, the
overall scale of model calculations was set by the measured function–
occupancy relationship for whole putamen in NHP, |N2|Bmax,2 ≈ 0.5%
CBV per % DA occupancy. Lacking any data on D1-mediated function
versus occupancy, we assume here that the D1 and D2 coupling con-
stants are similar in magnitude but opposite in sign.

The offset rate constants also are unknown, but these only have a
modest effect on the shape of the model response as long as they are
not too dissimilar and are fast compared to the time scale of DA release,
which evolves over many minutes. Although ratios of offset and onset
constants are defined by dissociation constants (KD), the absolute
values of these individual parameters typically are not measured in in
vitro binding assays. Dopamine offset rates have been estimated to be
within the range 0.3 to 6 min−1 (Logan et al., 1991). In model simula-
tions, we used 0.5 min−1 and 1 min−1 for the kOFF values of DA binding
to D1 and D2 receptors, respectively. The choice of these two parame-
ters can affect the initial onset response of fMRI signal.

One of the most critical parameters in the model is the affinity ratio
of DA for D1 and D2 receptors, expressed as the KD ratio in Table 1. A re-
cent binding assay using both human and rat receptors found that DA
has a much higher affinity for D2 receptors relative to D1 receptors
(Marcellino et al., 2011), in agreement with one older study that
found a higher affinity for D2 receptors but concluded that both types
of receptors exhibited similar functional affinities, based upon adenyl-
ate cyclase activity (Schoffelmeer et al., 1994). Conversely, two reports
found similar D1 and D2 binding affinities for DA (Madras et al., 1988;
Sokoloff et al., 1992), although the latter study also reported high
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affinities for D3 and D5 relative to either D1 or D2 receptors. We as-
sumed an affinity ratio of 4 in favor of the D2-family of receptors rela-
tive to the D1 family, based upon inhibition constants for human
receptors (Marcellino et al., 2011). However, this affinity ratio is not
well constrained by available data.

In addition to the fixed quantities in Table 1, the model requires
knowledge of the magnitude and timing of DA release. Simulations are
presented for conditions corresponding to IV infusion of 0.5 mg/kg co-
caine and IV infusion of 0.6 or 1 mg/kg amphetamine. Tomodel previous
fMRI results for cocaine administration in awake NHP (Mandeville et al.,
2011), we relied upon the DA microdialysis measurements in awake
NHP using the same cocaine dose and a temporal resolution of just
2 min (Bradberry, 2000). DA microdialysis in rats using this cocaine
dose shows a similar magnitude response, potentially with a slightly ex-
tended release profile (Chen et al., 2010; Frank et al., 2008) as might be
expected due to an extended drug blood half life in the anesthetized con-
dition. Because amphetamine stimulates DA release, much higher levels
of evoked DA can be achieved. For amphetamine doses up to 1 mg/kg
in the rat, a linear fit to microdialysis data versus dose in units of mg/kg
yields %DA = 2270 ∗ dose (Ren et al., 2009). Pooling NHP data across
studies (Endres et al., 1997; Kirkland Henry et al., 2009; Laruelle et al.,
1997b), the linear fit is %DA = 1976 ∗ dose. For these calculations, we
used amphetamine-induced peak DA magnitudes of 1000% at 0.6 mg/kg
and 2000% at 1 mg/kg, with a time-to-peak equal to 20 min (Kirkland
Henry et al., 2009; Ren et al., 2009).

Amphetamine-induced fMRI response in NHP

Two simultaneous PET/fMRI experiments were performed in one
rhesus macaque monkey using doses of 0.6 and 1.0 mg/kg amphet-
amine, and fMRI results at the higher dose were replicated in a second
monkey in the absence of PET. In each study, anesthesia was induced
with injected agents (20 mg/kg ketamine and 0.4 mg/kg diazepam)
and maintained by isoflurane (1% to 1.5%) in oxygen through an intuba-
tion tube without ventilation. Venous lines were placed in saphenous
veins of the lower leg for injections of MRI contrast agent (Feraheme,
10 mg/kg), PET ligand (11C-raclopride), and amphetamine. Physiological
parameters (blood pressure, pulse rate, oxygen saturation, end-tidal CO2,
and respiratory rate) were monitored throughout experiments. Proce-
dures complied with the regulations of the Subcommittee on Research
Animal Care at Massachusetts General Hospital.

Functional MRI employed the IRON method (Mandeville, 2012) in
conjunction with single-shot EPI that was accelerated by a factor of
two in the phase-encode direction in order to provide an isotropic spa-
tial resolution of 1.3 mmwith an echo time of 23 ms. Whole brain vol-
umes were collected every 3 s. fMRI analyses followed previously
described procedures (Mandeville et al., 2011) for registration to a
brain atlas (Saleem and Logothetis, 2006) and MRI template (McLaren
et al., 2009) and for time-series analysis using the general linear model.

PET raclopride displacement data were acquired to provide an inde-
pendent correlate of dopamine release in order to further evaluate
assumptions employed in the fMRImodel. Simultaneous PET/fMRI imag-
ing data were acquired in a 3 T MRI scanner (MAGNETOM Trio, Tim
System, Siemens AG, Healthcare Sector, Erlangen, Germany) with an
MRI-compatible PET insert (BrainPET, Siemens AG, Healthcare Sector,
Erlangen Germany; Schmand et al., 2007). PET list-mode data were
sorted in the line-of-response space and reconstructedwith the ordinary
Poisson-ordered subsets expectationmaximization algorithm. Datawere
binned into 1-minute intervals except during the first 5 min of uptake,
where bins were reduced to 30 s.

Raclopride was synthesized using standard techniques (Farde et al.,
1985) with minor modifications. In one study, administration of
0.6 mg/kg amphetamine occurred 30 min after a bolus injection of
3.8 mCi 11C-raclopride. In the second study, amphetamine administra-
tion occurred at the same time point relative to the bolus infusion, but
PET ligand was injected as a bolus plus continuous infusion paradigm
used a “Kbol” of 50 min, a value derived from prior bolus data without
challenge (Carson et al., 1993); the injected activity in the bolus of the
second experiment was 4.5 mCi.

PET analysis used a general linear model implementation (http://
www.nitrc.org/projects/jip) of the simplified reference tissue model
(Lammertsma and Hume, 1996) with two parameters (Ichise et al.,
2003) and a time-varying binding term (Alpert et al., 2003; Normandin
et al., 2012b) to determine a temporal quantity, k2a(t), that can be related
to a dynamic binding potential (DBPND) relative to non-displaceable
binding that is analogous to an equilibrium binding potential. Using the
definition for k2a (Lammertsma andHume, 1996), we defined a dynamic
quantity

DBPND tð Þ≡ k2
k2a tð Þ−1: ð10Þ

The temporal form of k2a(t) was determined by minimizing the
chi-squared per degree of freedom for SRTM fits by varying the pa-
rameter τ in predefined functional forms that were either gamma-
variate (t=τe

−t=τ ) or sigmoidal (t=τ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ t=τð Þ2

q
) functions.

Within the context of a “pure competition” or “classical occupancy”
model (Ginovart, 2005; Laruelle, 2000), relative changes in DA efflux
can be determined from raclopride displacement studies; accordingly,
significant temporal ormagnitude deviations from themicrodialysis lit-
erature would suggest a violation of the classical occupancy model. As
in Eq. (6), changes in raclopride occupancy using a tracer dose of ligand
θR≈0ð Þ can be written as

dθR tð Þ
dt

¼ kOFF;R 1−θDA tð Þð Þ θR 0ð Þ
1−θDA 0ð Þ f tð Þ−θR tð Þ

� �
ð11Þ

and peak levels of DA release can be estimated by setting the derivative
to zero to obtain

f max ¼ θmax
DA 1−θDA 0ð Þð Þ

θDA 0ð Þ 1−θmax
DA

� � : ð12Þ

Maximum changes in DA levels can be related to relative changes
in DBPND (Eq. (10)) using

DBPmin
ND ¼ Bmax 1−θmax

DA
� �
KD

⇒
DBPND 0ð Þ
DBPmin

ND

¼ 1−θ 0ð Þð Þ
1−θmax

DA

� � ;
or f max ¼ 1þ 1

θ 0ð Þ
DBPND 0ð Þ
DBPmin

ND

−1

 !
:

ð13Þ

When estimating evoked DA from Eq. (13), we employed the D2
basal occupancy value from Table 1. Hence, PETmeasurements within
a pure competition model can provide an estimate of the relative
magnitude of evoked DA (f) that is assumed in the fMRI model.

Because SRTMdoes not separate the free and non-specifically bound
compartment from specific binding (Lammertsma and Hume, 1996),
we performed forward-model simulations using separate specific and
non-specific compartments to estimate the degree of error associated
with using DBPND as an index of specific binding. Simulations used liter-
ature values for rate constants and adjusted the simulated time–activity
curves to approximately match data prior to amphetamine injection.
Simulations were analyzed using the DBPND metric, and these were
compared to the known dynamic quantity Bavail(t)/KD from the simula-
tions. Additionally, simulations estimated the magnitude of change in
time–activity curves due to amphetamine-induced changes in blood
flow, which alter delivery and washout rates. Such simulations have
been reported previously by others for raclopride (Alpert et al., 2003;
Normandin andMorris, 2008; Pappata et al., 2002) based upon estimat-
ed ranges for changes in CBF. We estimated changes in CBF directly
frommeasured changes in CBV assuming a power–law relationship be-
tween these quantities (Grubb et al., 1973); in turn, changes in CBF

http://www.nitrc.org/projects/jip
http://www.nitrc.org/projects/jip
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were converted to changes in the delivery (K1) and washout (k2) rates
using the Renkin–Crone equation.

Results

To investigate model accuracy relative to data published previously
or acquired in this study, we first generate simulations employing the
model defined by the parameters in Table 1 and by the DA efflux curves
described in the Methods. Figs. 2, 3, and 4 conform to this fixed model.
We then evaluate the sensitivity of the model to changes in individual
parameters across ranges defined byour estimates of literature variance
(Fig. 5), and we also investigate covariance between parameters that
can lead to similarmodel results by simultaneously varying two param-
eters (Fig. 6). Finally, we present PET data that were acquired simulta-
neously with fMRI responses in order to assess shortcomings of the
model and the potential for combining the multimodal information.

Model description of prior pre-clinical fMRI data

Simulations in Fig. 2 employ the parameter set shown in Table 1, to-
gether with a function for DA release defined by the red curve in Fig. 2a
(Bradberry, 2000), in order to providemodel predictions corresponding
to a cocaine dose of about 0.5 mg/kg in the laboratory rat versus NHP.
Note that the basal occupancy by DA at D2 receptors is about 3-fold
higher than theD1 occupancy in themodel as a consequence of the pre-
sumed ratio of affinities (Eq. (9)). Accordingly, the higher affinity of DA
for D2 receptors drives a more rapid increase in D2 occupancy relative
to D1 occupancy following the onset of DA release. Even for such a
strong increase in synaptic DA (400%), ceiling effects due to receptor
saturation are not pronounced, so the total increase in D2 occupancy
near the peak of the DA surge is about two-fold greater than the net in-
crease in D1 occupancy. Hence, the functional response (Fig. 2b) will be
negative in Eq. (8) as long as the receptor densities or neurovascular
couplings are not heavily weighted in favor of the excitatory D1 family.
For NHP, which has similar D1 and D2 densities, the negative model re-
sponse matches fMRI data in this species (Mandeville et al., 2011). In
the rat, the overall sign of the model response is reversed after a brief
negative dip by changing only the D1/D2 receptor ratio in the model;
this response in the rat matches fMRI data reported by our group and
others (Chen et al., 2011; Marota et al., 2000; Schwarz et al., 2004).
Moreover, recently reported mouse fMRI data show a cocaine-induced
reduction in CBV in basal ganglia similar to the NHP (Perles-Barbacaru
et al., 2011), as predicted by the model due to the similar density of
D1 and D2 receptors in the mouse. The temporal response in the
mouse study was delayed and protracted relative to the model results
Fig. 2.Model inputs and results corresponding to a cocaine dose of about 0.5 mg/kg in rat andN
occupancy by virtue of dopamine's higher affinity for D2 receptors. b) fMRI responses initially d
the cocaine-induced response in the rat.
of Fig. 2, which presumably is a consequence of the intraperitoneal
route of drug administration.

Several previous studies have provided empirical evidence that the
temporal evolutions of fMRI signal and DA are very similar under
some circumstances in both rat and NHP. To address this issue under
specific circumstances, Fig. 3a shows simulation results using standard
parameters (Table 1) and the measured DA profile from Chen et al.
(1999) to show that the fMRImodel indeedmatches theDA release pro-
file using high doses of amphetamine in the rat. In this case, the high D1
to D2 receptor ratio in rat striatum causes D1-mediated stimulation to
dominate D2-mediated inhibition, so that fMRI signal becomes a virtual
surrogate for DA release in the temporal domain. In NHP and humans,
striatum contains similar levels of D1 and D2 receptors, and the model
predicts that the evolution of fMRI signalwill reflect DA release relative-
ly well only at low levels of evoked DA, where D2 effects should domi-
nate due to the higher affinity of DA for D2. Fig. 3b employs the DA
release profile in NHP for cocaine, using half the magnitude reported
for a dose of 0.5 mg/kg (Bradberry, 2000), for comparison with the
fMRI model using this DA function. We previously noted that empirical
fMRI responses using 0.25 or 0.5 mg/kg cocaine in NHP agreed quite
well with the DA profile reported by Bradberry (Mandeville et al.,
2011), and the model calculations of Fig. 3b match this empirical con-
clusion. Note that the sign of the fMRI response in NHP has been re-
versed in Fig. 3b for comparison with the DA curve.

fMRI response to amphetamine in NHP

The high affinity of DA for D2-like receptors determines the sign and
magnitude of model responses in NHP at levels of evoked DA up to a few
hundred percent, as produced by cocaine administration, but we can
stress the model by further increasing evoked DA to reveal effects of
D2 receptor saturation in fMRI signal. Amphetamine provides a means
to do this.

Fig. 4 includes model simulations with data fromwhole putamen ac-
quired in this study. Data were corrected by removing uninteresting re-
gressors (e.g., polynomial baseline drift, motion correction parameters)
and by binning the 3-second acquisitions into 30-second intervals for pre-
sentation. Unlike a previous report of a positive CBV response in basal
ganglia of NHP due to 2.5 mg/kg of amphetamine (Jenkins et al., 2004),
the measured response using an amphetamine dose of 0.6 mg/kg clearly
was negative in NHP striatum (Fig. 4a). At a dose of 1 mg/kg amphet-
amine, a biphasic shapedescribed theCBVdata best,with a rapid andpro-
nounced initial decrease followed by an overshoot that resolved slowly
toward baseline.

Simulations provided a good description of these data. In analysis,
simulations provided model shapes (red curves) that were used as
HP. a) 400% increase inDAproduces a larger relative change inD2occupancy relative to D1
ecrease in both species, but the high ratio of D1 to D2 receptors reverses the overall sign of
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Fig. 3. Scenarios in which the predicted fMRI response closely reflects the temporal evolution of evoked dopamine (DA). a) High levels of evoked DA in the rat cause D1 effects to
dominate, so that fMRI signal matches DA in time, in agreement with empirical data using amphetamine infusion in rats (Chen et al., 1999). b) Low levels of evoked DA, as would be
expected using about 0.25 mg/kg cocaine, cause D2 effects to dominate in NHP; note that the fMRI sign has been reversed in NHP for comparison with DA.
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regressors for the general linear model, which applied overall scale
factors to each data set. The functional map in the figure shows the
magnitude of the analysis regressor using a color scale with a CBV
threshold of 5% for all voxels that passed a statistical threshold of
p b 10−2 after correction for multiple comparisons. At the low dose
(0.6 mg/kg), the model predicts a decrease in CBV in agreement
with data. For the level of DA associated with a dose of 1 mg/kg, the
model predicts a rapid initial drop in CBV followed by a positive over-
shoot that resolves back to baseline much more rapidly than the DA
input function. At times later than 50 min, the model response of
CBV falls below zero, but it would difficult to experimentally distin-
guish this effect from baseline drift.

Amphetamine produced large and prolonged increases in blood
pressure as measured by an arm cuff with virtually no change in other
physiological parameters like respiratory rate or end-tidal CO2, so we
cannot exclude the possibility that a portion of the CBV decrease
resulted from vasoconstriction as an autoregulatory response. In rats,
relatively large changes in blood pressure across the autoregulatory
range produce only very small changes in CBV using models of
Fig. 4. Simulations were performed for two doses of amphetamine (0.6 and 1 mg/kg) that wer
Simulation results for fMRI signal were employed as GLM analysis regressors (red curves) to de
for baseline drift using a quadratic polynomial. The functionalmap from one session (M3, 1 mg/
imal changes in CBV greater than 5%.
hypotension (Zaharchuk et al., 1999) or injected drug (Gozzi et al.,
2007; Liu et al., 2007). At the 0.6 mg/kg dose in this study, a decrease
of about 5% CBV was observed in most regions outside basal ganglia,
and this could be due to either autoregulation or the specific effects of
amphetamine. At all doses, CBV reductions were about 2.5 times larger
within basal ganglia than in other areas, demonstrating that focal CBV
decreases in basal ganglia exceeded any global effects.

Parameter sensitivity and covariance

Fig. 5 demonstrates the sensitivity of individual parameter selec-
tions using the DA driving function from Fig. 2a, corresponding to a co-
caine dose of about 0.5 mg/kg. In each panel, one parameter is varied
while all other parameters are fixed according to Table 1. The parameter
that perhaps is most constrained by the literature is the D1/D2 receptor
ratio (Fig. 4a), which is 1.2 to 1.4 in two studies using autoradiography
in NHP (Madras et al., 1988; Weed et al., 1998) and about unity in
human postmortem caudate and putamen (Hall et al., 1994; Piggott et
al., 1999). Given the similar densities of D1 and D2 receptors, the model
e assumed to increase synaptic dopamine 10-fold and 20-fold (blue curves), respectively.
scribe data fromwhole putamen (black points) with a single scaling factor after correction
kg) shows voxels that were significantly correlatedwith the regressor and exhibitedmax-
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Fig. 5. Simulations show the effect of varying individual parameters in Table 1, assuming the dopamine release function in Fig. 2a. Parameter choices are discussed in the text. Note
that the fMRI model cannot reproduce data in NHP for cocaine infusion (Mandeville et al., 2011) or amphetamine administration (Fig. 4) unless dopamine affinity is strongly biased
in favor of D2 relative to D1 receptors.

Fig. 6. Model calculations demonstrate the covariance between basal occupancy and the relative affinity of dopamine for D2 relative to D1 receptors, using the dopamine input functions
of Figs. 2 and 3. Solid lines use the parameter set of Table 1, including a D2 basal occupancy of 25% and an affinity ratio of 4. Dashed lines use a D2 basal occupancy of 40% and an affinity
ratio of 10.
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cannot reproduce measured NHP or mouse fMRI data with any combina-
tion of parameters unless DA affinities are strongly biased towardD2 recep-
tors (Fig. 5c). Conversely, variation of D2 basal occupancy (Fig. 5d) or
the relative values of the offset time (1/koff, Fig. 5b) can produce differ-
ences in shape, but do not fundamentally alter the inhibitory nature of
the model response.

Although Fig. 5 shows variations in individual parameters, it does not
address how simultaneous variation in multiple parameters might pro-
duce redundant solutions. In Fig. 6, we fix all parameters according to
Table 1 and then simultaneously vary both D2 basal occupancy and the
affinity of DA for D2 relative to D1. These two parameters together deter-
mine relative changes in D1 and D2 receptor occupancy by DA, and each
is relatively difficult to accurately measure with existing methods, as
evidenced by the wide dispersion of literature results. Solid lines use
the parameter set of Table 1 for the calculations as previously described
in the Methods and presented in Figs. 2–5. Dashed lines use an alterna-
tive combination of D2 basal occupancy (0.40 versus 0.25) and D2/D1 af-
finity (10 versus 4). A larger relative affinity of DA for D2 receptors can
negate a higher basal D2 occupancy, which limits the excursion range
of changes in D2 occupancy by defining the rate of receptor saturation.
Hence, the model can produce almost redundant solutions by covarying
D2 basal occupancy and affinity, so that one value is needed in order to
fix the other.

PET correlates of DA release

In two studies, corresponding to the two panels of Fig. 4 labeled as
monkey M2, we acquired PET data in conjunction with fMRI (Fig. 7). In
each study, a single sigmoidal function fits the time–activity curve with
a lower chi-squared per degree of freedom than any gamma-variate
function. In other words, raclopride binding in basal ganglia after am-
phetamine infusion did not exhibit any measurable indications of a re-
turn to pre-amphetamine levels during the imaging sessions, in
agreement with prior studies (Laruelle, 2000).

For the injected dose 0.6 mg/kg amphetamine (Fig. 7a), DBPND
(Eq. (10), thick red curve) was suppressed by a maximum of 65–70%
in putamen, depending upon the size of the region of interest, at the
end of data collection. This corresponds to about a 9-fold increase in
DA, which is similar to peak levels from the microdialysis literature.
However, the response was slow and protracted compared to the anal-
ysis of simulated data in Fig. 7a (thin red line) that incorporated the DA
release profile of Fig. 4. The metric DBPND from analysis of the simula-
tions proved to be a reasonably accurate index of true receptor avail-
ability (dashed red line) in the simulations.
Fig. 7. PET data obtained following a bolus infusion of 11C-raclopride with i.v. infusion of 0.6 mg
1 mg/kg amphetamine (b). The yellow bar is the injection interval at 30 min. PET time–activit
livery of ligand (R1 ∗ CR, light gray) and specific binding (CTFit − R1 ∗ CR, dark gray), are shown
right axis). Simulation results are overlaid for comparison with DBPND: thin red curves represe
raclopride and dopamine, with DA curves identical to the model simulations in Fig. 4, and dash
simulations.
Similar results were obtained using the higher dose of 1 mg/kg
(Fig. 7b). Raclopride binding in putamen was suppressed by a maxi-
mum value of 55–60% by the end of the scan, corresponding to an es-
timated 6-fold increase in DA, and the optimal sigmoidal time
constant was 85 min. Again, these changes in raclopride binding
were blunted and occurred much more slowly than suggested by
classical-model simulations based upon the microdialysis literature.

To ensure thatmeasured changes in time–activity curveswere specific
to binding, rather than delivery and washout, we performed forward-
model simulations based uponmeasured amphetamine-induced changes
in CBV.Maximum flow-induced reductions in delivery andwashout rates
were estimated to be less than 10% for the CBV changes shown in Fig. 4d,
and effects on simulated time–activity curves were negligible. These
results agree with previous reports (Alpert et al., 2003; Normandin and
Morris, 2008) and emphasize that these PET responses to amphetamine
can be interpreted in terms of neurochemistry with little sensitivity to
hemodynamics.

Discussion

The goal of this report was to develop a simple and testable
receptor-based model capable of producing a consistent description of
the growing body of preclinical fMRI data using drugs of abuse and se-
lective agonists and antagonists. The model produces compelling de-
scriptions of literature data and also predicts a new observation—the
functional response of NHP basal ganglia to amphetamine is inhibition
at moderate doses and a biphasic response at higher doses. We discuss
assumptions, limitations, and potential modifications of the model, as
well as applications of the model for experimental design and analysis
and for studies of neurovascular physiology and connectivity.

Neurovascular coupling assumptions and limitations

Many factors can drive fMRI signal, and so an unstated but obvious
assumption underlying the model is that the effect of drug can be
disentangled from other contributing factors. In addition to drug-
induced perturbations of systemic physiology, significant sources of ac-
tivation in human subjects or awake animals can be associated with
cognitive or volitional motor processes that may not be directly driven
by the infusion of drug. For instance, human BOLD studies of cocaine
self-administration in cocaine-using subjects have identified frontal
cortical activation that is associated with cues or subjective ratings of
craving (Risinger et al., 2005; Wilson et al., 2004), and NHP models
also report frontal activation associatedwith conditioned cocaine visual
/kg amphetamine (a), or by a bolus plus continuous infusion protocol with i.v. injection of
y curves (black), together with SRTM fits (blue) decomposed into curves weighted by de-
together with a time-dependent unitless binding term (DBPND, Eq. (10), thick red curves,
nt DBPND analyses of a forward-model simulation base upon a pure competition between
ed red curves illustrate modeling errors by showing the true value of Bavail/KD within the
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stimuli in the absence of drug delivery (Nelissen et al., 2012). Many
such effects can be tested through temporal analyses and control
experiments.

Neuroreceptor stimulation generally can be expected to produce
non-local activation or inhibition through axonal pathways, so that
the neural response in any tissue volumemight reflect an unknown ad-
mixture with non-local effects. This potential confound applies to all
correlations between fMRI signal and local measurements based upon
neurochemistry, electrophysiology, or other aspects of tissue function.
The rich dopaminergic innervation of basal ganglia in comparison
with extrastriatal regions may reduce influences of non-local effects
upon functional response to dopaminergic drugs within basal ganglia,
particularly when responses are assessed as large regions of interest.

The model described here is predicated upon the assumption that
changes in neuroreceptor occupancy drive the fMRI response. This asso-
ciation suggests a predominant role of post-synaptic processes in
evoking fMRI signals. If themodel is tied tomeasurable changes in occu-
pancy using PET, then measurements cannot distinguish between
presynaptic and postsynaptic receptors. Presynaptic autoreceptors
function primarily as a negative feedbackmechanism to regulate neuro-
transmitter release, which is explicitly incorporated into the model as
the driving function for changes in postsynaptic occupancy. However,
neurotransmitter release and reuptake presumably require metabolic
support that is not incorporated into the model in the current form.

The fact that amphetamine stimulation produces functional inhibi-
tion at a dose as large as 0.6 mg/kg, which corresponds to a very high
level of DA release, suggests that neurotransmitter release is not the
dominant influence on the fMRI response to dopaminergic drugs. This
observation is consistent with estimates that post-synaptic signaling
dominates the energy expenditures associatedwith neural communica-
tion (Attwell and Laughlin, 2001). Nevertheless, presynaptic processes
may contribute to DA-induced fMRI signal in a way that is difficult to
distinguish from post-synaptic D1-mediated activation. In fact, the
model predicts that a measurable initial decrease in CBV should persist
in the NHP even at higher doses of amphetamine than employed in this
study, but doses like 2.5 mg/kg did not show evidence of a sizable initial
dip usingmodest temporal resolution (Jenkins et al., 2004). Presynaptic
contributions from DA release could falsify this model prediction, but
other factors discussed below, like receptor internalization, could pref-
erentially blunt the D2 response more than the D1 response at high
levels of evoked DA.

Calibrating and refining the model by PET/fMRI

An important feature of this fMRI model is that most of the variables
in themodel can bemeasured in principle by PET and fMRI experiments.
For instance, scaling factors for the D1 and D2 arms of the model
(e.g., N2Bmax,2), as well as the degree of linearity between occupancy
and function, in principle can be determined using graded doses of selec-
tive agonists and antagonists. Preliminary data by our group support the
notion of a roughly linear coupling between fMRI signal andDAoccupan-
cy at D2 receptors based upon variable doses of a D2 antagonist (Sander
et al., 2012). Similarly, tracer doses of PET radioligands can measure
relative regional receptor densities using ratios of D1 or D2 binding
potentials to eliminate uncertainty in dissociation constants.

Basal receptor occupancy is an important variable in the model that
is not routinely measurable by PET, although DA depletion has been
used in humans and NHP to estimate basal D1 and D2 occupancies. As
an alternative strategy to DA depletion, it may be possible to obtain in-
formation about basal occupancy from simultaneous PET/fMRI experi-
ments using targeted drugs. When employing non-tracer doses of
exogenous agonist or antagonist, the induced fMRI signal always will
be a function of the basal occupancy of endogenous neurotransmitter
at the target receptor; for instance, the maximal fMRI response using
a targeted antagonist will depend upon the maximum displacement
of neurotransmitter, which is set by basal occupancy. Of course, careful
studies of the mechanisms underlying specific fMRI responses using
targeted ligandswill be required to demonstrate that responses are spe-
cific to the neuroreceptor under investigation.

Another important parameter of the model, the affinity ratio of DA
for D1 relative to D2 receptors, is a function purely of the D1 and D2
basal occupancies (Eq. (9)), so that measurements of basal occupancies
specify the affinity ratio. As reviewed in theMethods, the average value
of D2 occupancies across studies is about 20%. If DA has a lower affinity
for D1 receptors, then basal D1 occupancy should be lower than the
value reported for D2 receptors. In fact, studies to date in humans and
preclinical models have not shown a measurable effect of DA depletion
on D1 binding potentials, suggesting that D1 basal occupancy is very
low indeed (Chou et al., 1999; Guo et al., 2003; Verhoeff et al., 2002).
However, alternative mechanisms that invoke ligand-specific charac-
teristics, such as high lipophilicity and environment-sensitive changes
in affinity due to ligand trapping inside cells (Laruelle, 2000), also po-
tentially could attribute to the relative insensitivity of changes in D1
binding potential following DA depletion.

Applications of the model

Explicit models of fMRI signal based upon measurable aspects of
neurochemistry can be used to test hypotheses about neurovascular
coupling, to interpret the relationship between neuroadaptations and
inferences of function based upon the blood supply, and to guide the de-
sign and analysis of basic science and clinical investigations. For in-
stance, to aid experimental design in a study of progressive drug
exposure, model calculations can suggest a test dose of drug that is op-
timally sensitive to shifts in the fMRI responsemagnitude. The response
magnitude initially should increasewith increasing levels of evoked DA,
and then the magnitude and integral of the response should decrease
and eventually change sign at higher levels of DA, as D1-mediation ac-
tivation begins to counter D2-mediated inhibition. Thus, the sensitivity
of fMRI signal changes to neuroadaptations should be expected to vary
as a function of drug dose.

For data analyses, model calculations can provide regressors for
temporal analyses, as illustrated in Fig. 4. This strategy is arguably
more important in a low contrast-to-noise regime using functional im-
aging methods like BOLD signal or arterial spin labeling, where the
shape of the response is less readily apparent from the data. Optimal
ways to employ model predictors in data analyses will require further
exploration. A single fMRI regressor, as used in Fig. 4, is statistically
more efficient than using separate D1 and D2 regressors, but the latter
method provides more information in principle by segmenting the re-
sponse into maps mediated by D1 and D2 binding and connectivity.
Temporal regressors based upon predictions of D1 and D2 occupancy
provide one strategy for separating the D1 and D2 components, but
these regressors are only subtly different, so covariance will degrade
statistical power in such an analysis. Linear combinations of occupancy
predictors that separate fMRI signals into fast and slow components
might offer a more statistically robust separation of temporal compo-
nents. Such strategies have been employed previously in fMRI analyses
(Chen et al., 2011; Liu et al., 2007), although regressors were not related
to predictions of occupancies.

Finally, analyses in principle could opt to replace fMRI signal with
DA release as an outcome measure, although additional work will be
needed to determine errors using this approach. Because PET and
fMRI signals both are sensitive to the same function of DA release (“f”
in Eqs. (7) and (11)) but with different sources of error, combinedmea-
surements should offer a better estimation of neurotransmitter release.
In this study, very high levels of evoked DA provided ameans to test the
model, but most pharmacological challenges with neuroscience or clin-
ical relevance evoke much lower levels of DA, which may provide a
number of advantages in terms of interpretability. At lower DA levels,
fMRI signal is expected to provide a reasonably close temporal descrip-
tion of DA efflux (Fig. 3b). Interpretation of PET displacement studies
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also may be simplified at lower DA levels if receptor endocytosis, as
discussed below, is less pronounced.

Breakdown of the classical occupancy model: implications for fMRI model

It is likely that some refinements of the model will be required in
order to incorporate aspects of in vivo neurochemical physiology that
are subject to ongoing investigation: potential confounds includemulti-
ple affinity states and receptor internalization. Experimental PET obser-
vations implicating these mechanisms during DA release include an
apparent “ceiling effect” on changes in binding potential and an extend-
ed period of raclopride displacement that persistsmuch longer thanmi-
crodialysis measurements (Laruelle, 2000). In our data (Fig. 7), changes
in raclopride displacement occurredmore slowly than themicrodialysis
literature would predict; this difference could represent a combination
of temporal persistence and a ceiling effect.

If multiple affinity states exist in vivo, a controversial topic due to
highly disparate results (Cumming, 2011; Skinbjerg et al., 2012), then
low-affinity states presumably would be available to the antagonist
raclopride but not to agonists like DA (Narendran et al., 2005). Similarly,
a static pool of unbound receptors internalized within cellular mem-
braneswould be unavailable to DA but available to raclopridewith a re-
duced affinity (Guo et al., 2010). Either of these mechanisms would
limit apparent raclopride displacement by DA, such that estimates of
DA release based upon a classical occupancy model (Eq. (13)) would
underestimate actual changes. Incorporation of either of these effects
into the fMRI model would be equivalent to increasing the basal occu-
pancies to account for a higher fraction of unavailable receptors in the
basal condition.

However, static effects alone cannot reconcile our PET data with as-
sumptions from themicrodialysis literature orwith fMRI responses that
are interpreted within our model. From the fMRI data, competition be-
tween D1 and D2 binding at high DA levels prevents a simple
model-free interpretation, but a reasonable interpretation of Fig. 4d is
that DA levels are no longer increasing at times later than 20 min. For
each of the studies, simulations based upon the microdialysis literature
produced a good agreement with fMRI data, although signal changes in
the tail of response are difficult to separate from baseline drift.

The simplest explanation that can unite these observations is
DA-induced receptor internalization, as reviewed by others in the con-
text of PET observations (Ginovart, 2005; Laruelle, 2000). Compared to
the temporal response of DA efflux, receptor endocytosis should pro-
long raclopride binding but abbreviate the fMRI response by dynamical-
ly down-regulating target receptors. Thus, receptor internalization is
expected to cause a temporal divergence of the PET and fMRI signals
that should becomemore apparent at high levels of DA or injected ago-
nist. In vitro, significant D2 receptor internalization occurs within 5 to
10 min (Guo et al., 2010). Following amphetamine injection, raclopride
displacement in mice lacking a protein required for internalization can
be differentiated from wild-type mice at many hours, but not at about
1 h (Skinbjerg et al., 2010); however, the bolus approach used in the
mouse study provides poor temporal information. In our study, the
main feature of the PET data is the slow rate of apparent displacement,
rather than the displacement magnitude at the end of the study 1 h
later.

Formally, dynamic internalization could be incorporated into the
D1 and D2 components of the fMRI model by separating receptors
into external and internal fractions, so that Eq. (6) is modified as

dθ ext tð Þ
dt

¼ kOFF; ext 1−θ ext tð Þ−θ int tð Þð Þ θ ext 0ð Þ
1−θ ext 0ð Þ−θ int 0ð Þ f tð Þ−θ ext tð Þ

� �
:

ð14Þ

Within the fMRI model, internalization will exacerbate effects of
receptor saturation by dynamically lowering the level of available re-
ceptors. If we presume that the rate of internalization increases with
the level of DA occupancy at each receptor sub-type, then the higher
affinity of DA for D2 receptors could lead to a more rapid or pro-
nounced down-regulation of synaptic D2 receptors relative to D1 re-
ceptors. These issues require further investigation across a wider dose
range, possibly using targeted exogenous agonists to simplify the
description of the fMRI data.
Conclusions

This study developed a first-order multi-receptor model of DA-
induced fMRI signal and showed that this model is capable of consis-
tently describing a wide range of literature results. Within the model,
fMRI signal arises from competing excitatory and inhibitory influences
of D1 and D2 receptor stimulation, respectively, so that the net func-
tional output depends upon relative receptor densities, affinities, and
the level of evoked DA. In specific regimes, the model supports empiri-
cal observations that the temporal evolution of fMRI signal in basal
ganglia closely matches the response of DA. More generally, however,
evoked DA and fMRI signal diverge in the time domain, and DA-
induced fMRI responses – both measured and modeled – can be nega-
tive, positive, or biphasic in nature. However, the model predicts
predominantly negative DA-induced fMRI signal responses in human
and NHP basal ganglia, except at very high levels of evoked DA.

When PET 11C-raclopride data were measured simultaneously with
fMRI responses to amphetamine in NHP, results suggested that
DA-induced displacement of PET ligand occurred slowly in relation to
the evolution of fMRI signal. Thus, it is reasonable to conclude thatmod-
ification to the current model will be required to describe effects of dy-
namic receptor trafficking at high levels of agonist occupancy. fMRI and
PET models of dopaminergic release and function possess many com-
monalities but reflect the underlying biological processes in different
ways, so that combined measurements should inform our understand-
ing of functional physiology.
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