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Abstract: Considerable evidence suggests that cognitive state affects local levels of neurotranssmitter in the
brain. We introduce a compartment model of neuroreceptor ligand kinetics to describe the effect of
change in cognitive state om positron embssion tomography (PET) signal dynamics. The model is used to
establish optimal expetimental conditions, iming of activation, and ligand characteristics, for detecting
cognitive activation. The model, which follows free and bound endogenous neurotransmitter, describes
the PET curve predicted for a single injection of radioligand in the presence or absence of activation.
Activation was conceptualized as the performance of a task that raises the level of neurotransmitter that
competes for receptor sites with the radicligand. Simulating the dopamine system, for example, required
making amumptions regarding the kinetic rate constants for binding/dissoclation of endogenous
depamine to/from the receptor and dopamine concentrations n the synapse. Simulations suggest that
activation of dopamine should be detectable with FET and the D2 receptor ligand [“Clraclopride,
although this ligand might not be optimal. Aspects of experimental design can be modified to optimize the
likelibood of detecting neurotransmitter changes, The ideal radioligand for these studies should bind irreversibily
by its recepior. Furthermaore, the task should commence at injection time and last for at east 7 minutes. Optimal
task duration depends an the dynamics of free radioligand in the tissue and can be determined via model
simulations for any well-characterized receptor ligand. Flow effects were shown to be distinguishable from those
of neurotransmitter activation. General principles regarding desirable ligand characteristics and activation
timing held for both the D2 receptor and the dopamine ransporter site. e 1998 WikepLiss. lne.
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INTRODUCTION

The basic idea of this work is that it may be possible
to have subjects perform a cognitive, sensory, or motor
task that would increase the level of a neurotransmit-
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ter in the synaptic cleft, which would, in tumn, chany
the kinetics of a corresponding receptor ligand. 1
assess the likelihood of detecting the actvation of
particular neurotransmitter system with positron emi
ston tomography (PET), we performed simulations .
a compartmental model of receptor binding that wi
modified to account for the competition betwes
endogenous transmitter and radioactive ligand for £
same class of (receptor) binding sites,

The evolution of receptor-binding models in PE
began with the Mintun formulation, which propose
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compartments for plasma, free, and bound-species
while assuming that nonspecific binding was instanta-
neous [Mintun et al., 1984]. The standard model was
subsequently modified [Bahn et al., 196%; Huang et al.,
1989] by the introduction of a bound-t ific activ-
ity ratio as a means of accounting for the effect of
unlabeled ligand as a competitor for radicligand bind-
ing sites. Delforge et al. [1990] proposed parallel
models for following both the “hot” and “cold”
exogenous ligands separately (Le., with separate com-
partments). We chose to begin with the formulation of
Delforge et al. [1990] because it is the most comprehen-
sive approach [Morris et al, submitted]. In essence,
what needed to be added to the standard model were
the equations that describe the effect of yet another
competitor—the endogenous neurctransmitter—ior
the binding sites of interest. Logan et al. [1991] have
atternpted a similar analysis using a different formula-
tion than the one proposed herein, adding compart-
ments to the conventional model and specifying a loss
rate for endogenous material from the free compart-
ment.

We present a series of simulations of a deterministic
compartmental system subjected to transient step
changes in endogenous competitor concentration to
model the effect of cognitive activation. Neurochemi-
cal transmisgion tnvolves intermittent synaptic release
of transmitter on the millisecond and micron scale.
Before we could predict the effect of synaptic activa-
tion om a PET signal, these microphenomena had to be
related to macroscopic ones on the time and spatial
scales of phenomena that are measured with PET.
That process of translating published data from in
vivo and in vitro results into receptor ‘modeling
assumptions is discussed in detail in the accompany-
ing paper [Fisher et al, this issue]. The simulations
presented herein were based on data for existing
ligands (raclopride, CFT) {(WIN 35, 428) and extended
to hypothetical ligands whose kinetic properties were
varied. In the course of our theoretical investigations,
we discovered that cerfain characteristics of timing
and kinetics could amplify the predicted effect of
activation, leading to greater detectability with PET.
We atternpt to formalize the optimization of future
PET studies geared to identifving task-driven activa-
tion of specific neurochemical systems using the dopa-
mine system as an example.

METHODS

Theory

To the Delforge model (Equations 1-6) we added a
differential equation describing the receptor binding

and dissociation} of free ‘endogenous neurotransmit-
ter. The free endogenous chemical concentration pre-
sented to the receptor (Le., In the synaptic cleft) was
modeled simply as a step function; step up for activa-
tion of the neurotransmitter and step down for return
of the endogenous level to the resting state. As
suggested by Logan et al. [1991], the actual fluctuation
of endogenous neurotransmitter in the synaptic cleft
is far more complicated than a step function and
certainly varies on the millisecond time scale; how-
ever, the low tempaoral resolution of PET (seconds to
minutes) requires that such changes be detected as
shifts in average level Logan et al. [1991] made model
modifications similar to ours to study the effect of
transient changes in endogenous chemical on the
measured density of dopamine (D2) receptors. Their
concern was that unintended trangients in endog-
enous dopamine concentration might alter the esti-
mated value of available D2 receptors, By, a5 mea-
sured with [*F]N-methylspiroperidol ([**F]NMS).
Consequently, they modeled the possible rapid change
in dopamine concentration in the [ree space via an
additional differential equation with a first order term.
Since we are concerned with intentional and sus-
tained alterations in endogenous transmitber level via
a motor or cognitive task, a step function was chosen
to describe these alterations.

The model used for simulations is described sche-
matically in Figure 1. Both labeled (“hot”) and unla-
beled (“cold™) exogenous ligand are introduced into
the system via the plasma. Together they enter and
exit the brain according to the transport parameters,
K, and k. These are the only model parameters that
are influenced by blood flow. Once in the brain the
ligand experiences three possible fates: diffusion back
to the plasma compartment, binding nonspecifically as
indicated by the NS and N5 compartmends, or bind-
ing at the saturable receptor site B or B°. Note that the
superscript ¢ means ¢old and superscript en means
endogenous. The dotted box drawn around the bind-
ing compartments indicates that the cold and hot
ligand compete for a limited number of common sites,
B + B, Of course, only the hot ligand is detected by
PET, as indicated by the solid box labeled “PET pixel.”
The inclusion of the endogenous chemical in the
model is diagrammed by the two compartments below
the dotted line. For the of our model, the
endogenous chemical is introduced into the system at
the free compartment, F*, whose value is specified at
any time (by equation 8). The endogenous chemical
can bind to the receptor sites, B*". As indicated by its
incluslon in the dotted box, the pool of possible
binding sites for endogenous material are the same
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pool as those for exogenous ligand, [Bi,. - B+
B° + B™]. Mathematically, this means that the differen-
tial equations describing accumulation of the exog-
enous species (labeled and unlabeled) are coupled to
the equations for the endogenous species via the three
binding compartment variables (see equations 1, 2, 4,
3, and 7). It is important to note that the total number
of receptor sites B,,, specified by this enhanced PET
model is not the same a8 the recepior density term
measured in studies that assume the endogenous
transmitter to be in steady state, That term, which
refers only to the number of sites not bound on
average to endogenous material, is appropriately des-
ignated B’y to distinguish it from the theoretical total
number of receptor sites.

Modal equations
Compartments of labeled Hgand:
dF
5 = KiGylt) = kaF = koo [Boyy = B = B = B*"]
+ kgB — ks F + kNS — AF (1)
dh
o = KeaF[Baw, = B = B = B™] — kB —AB  (2)
d"'-.I'S
—— = ks F = kN5 — ANS. (3)
Compartments of unlabeled ligand:
dF '
FIm EyColt) = kg F* = Ko F*[Brrun — B — B* — B™]
+ kg BT — ke o + kNSt (4)
dBe
T = FonF[Bas — B~ B~ B = kgB¢  (5)
dM5*
= ke FT — I NS, (&)
Compartments of endogenous transmitter:
E" i
g = VF (B ~ B~ B~ B = k5" ()
P= = P00+ A - LI — Fapd = A LI = fypnd.  (B)
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Figure 1.

Schematic corresponding t2 model described in Equations =8,
The disgram is compased of three sections cormespanding 1o the
thres chemical spacies of ineres: radiclabeled exogencus ligand
[hat], unlabeled exogenous ligand cold) and endoganous raramit-
ter, Each section containg boxes (.8, compartments] representing
the possible states of the partcular speces, Heg Igand can sxist in
the plasrna state (), free state (F), receptor-bound smee (B), ar
nonspeciically bourd state (ME). Cold igand can exist in the plasma
atate (7). ree state (F), receptor-bound state (BY), or nonspecifl-
ally bound smate (M5F)., Endegencus transmitber is modefed as
axigting either in the free state (F*) or the bourd state (B, The
iy clishaed Beix araund the three bound compantments indicates
that all thres chemical specks are in compatition. for the same
bhﬂﬂlﬁl,uhiﬂﬁ&ﬁhﬁdhnm.w.luﬂﬂtw
rate constants (labsling sach arrew) gevern the trarsition of ligand
fom one state to arother. Free ligand is transformed o Beund
ligand wia s bimolecular association hi:l'-tnmhhhn:lptnrm
hance the shorthand label k_B_,. for the
mmwﬂtwﬁﬂﬁpti[lmw
above the dashed line, has been appended by the inclusion of
cafrpartments for andagenous transmitter, below the line.

Rate constants governing transfer of ligand between
compartments (kz, kog ks, k) are expressed in (min-"),
E; is measured in (ml'min){g~"), and kg, is in (pmol/
ml}~*{min~); & (min=') is the radioactive decay
constant, B, i3 measured in concentration units
(pmol/ml) as are all the state vardables in the abave
equations (F, Fr, F=, B, Be, B, NS, NS¢, F={0) is the
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basal level of endogenous transmitter in-the free
compartment. Ut — t,.) and Uik — ty,..,) are the unit

functions at imes b, and b, respectively. The
miagnitude of the step change is A (pmolml). Cp and
Cps are the metabolite-corrected plasma concentra-
tions for the labeled and unlabeled ligand, respec-
tively. For a single injection, the plasma functions are
related by the specific activity of the injected material.

Protocol for simulation experiments

All of the computer simulations presented below
follow a uniform protocol. Each simulation is based on
a single injection of high specific activity radiolabeled
receptor ligand. The specific activity and activity of the
injectate are known at the time of injection. The
dynamic PET activity s predicted for 60 minutes
following injection in 1 minute time intervals, The
metabolite-corrected plasma activity during the dura-
tion of the scan is assumed to be known. The activa-
tion task, which is modeled as having an immediate
effect on the free endogenous neurotransmitter level,

starts at the time of injection unless otherwize speci-
fled.

Paramweter values used for simulations

For detecting activation at the postsynaptic D2
receptor, the model time-activity curves were gener-
ated using parameter values reported by Farde et al
[1989] for ["Clraclopride binding in the putamen of
normal subjects. These values are based on a three-
compartment model that ignores nonspecific binding.
Thus, in our simulations of raclopride and other D2
receptor ligands, the nonspecific Binding rate con-
stants, ks and k.. were set to 0. The other raclopride
parameter values are given in the last footnote of
Table I; the specific activity of the injection was set at
00 mCi pmol. Simulations of studies to detect activas
tion at the dopamine transporter site were generated
using parameters determined for [MCICFT in monkey
studies in our lab (unpublished data). The parameter
values are given in the last foomote of Table II; the
specific activity of the injection was set at 1000
mCi pmal,

As we discussed at length elsewhere [Fisher et al.,
1995], we had to estimate a steady state concentration
of endogenous dopamine and its Kp from the Litera-
ture [see Table I in Fisher et al., 1995, for a summary of
sources]. When modeling radioli behavior at the
D2 receptor site, the free compartment in our model
corresponds to the micro-environment surrounding
the post-synaptic receptor, Durinterpretation of pub-
lished in vivo studies is that the average concentration

of dopamine in that region is in the 100 nM range at
rest and 200 nM during activation [Fisher et al., 1995].
By varying the value of the dopamine concentration,
we checked the sensitivity of our results to this
interpretation. The Ep for endogenous neurotransmit-
ter is taken to be 100 nM [Gingrich and Caron, 1993].
Because we assume that binding and release of ligand
at the D2 site must be fast, we chose kI and k3 values
of 0253 ml/[pmol - min) and 25.0 min~?, respectively,
When modeling binding at the dopamine transporter
site, which is likely to be both intra- and extra-synaptic
[Iversen and Kelly, 1975; Cerruti et al,, 1991], the free
endogenous concentration is estimated o be 30 nb at
rest and 90 nM during activation [Fisher et al, 1995].
For tramsporter site simulations we chose values of
0.75 ml/{pmol - min) and 25.0 min~!, respectively, for
k2 and k5% so that action of the endogencus transmit-
ter would still be fast relative to the exogenous ligand
and the fransporter operates near its Kp when the
organism is at rest (Kp = kIR = 33,3 nbd).

Murmerical, statistical methods

The model depicted in equations 1-8 was solved
numerically using an ordinary differential equation
solver emploving the Adams-Gear method as pro-
vided in the IMSL/IDL programming language (IMSL
Inc,, Sugar Land, TX). The plasma input function,
Cp{t), used for the simulations was an analytical
bi=exponential decay function based on prior measune-
ments. The chi-square statistic (x%), was used to rank
activated PET curves by how different they were from
their corresponding resting PET curve. The parameter
was caloulabed as the weighted sum of the squares of
the distances between the activated (a) and control (c)
curves: ¥ = X [(a — <)oy [Press et al, 1992]. The
wvariance of each simulated data point, o, was modeled
as i = f- /AL, where f is a proportionality factor that
wias kept constant for a set of simulations to be
compared with each other, ¢ is the value of the control
curve at the itk time point, and At is the length of the
PET scan for the ith Hme point.

Ligand nomenclature

Each simulated dynamic PET activity curve re-
porbed below requires a set of kinetic parameters for a

iven ligand. Some of the ligands discussed, such as
[MC|raclopride, or [LMCJCFT, are currently in wse and
therefore the necessary parameter estimates are
known. In order to establish optimal kinetic character-
isthes, we also present model-based predictions for
hypothetical ligands that do not currently exist. Thus,
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TABLE I. Optimization of ligand characteristics for D2 receptor site

[Resting  [Activated
g enddogenous  endogenous  Time of
Simulation ki | En Occupation  dopamine]  dopaming]  activation
description (raclo) (racle) (maclo) By, ® at resth (nd) (i) i) '
A, Ra i
L. Raclopride with
activation Qi Qe 99 56 50 100 200 -7 5240
B. "-"aT].' IiEand Er::mll.n;
1. 2 laeget bk, gz e 43 5 50 100 00 -7 6,136
Z 4x largeT ke 004 [ 25 S 50 100 20 0=7 4,623
3 High k., 01 (T 09e 56 Lk 100 200 -7 1579
i Low kg, 00 (0 G} 56 50 100 200 =7 432
5 High k.a 001 e e Sif 5 100 2 -7 i )
6. Low kp 0o 0OMe 099 Se 50 100 200 -7 15,470
7. Irreversible 0 o o 56 5ib 100 200 =7 18,210
C. Keep Ep constant
1. High ke, keir ni .99 L S6 Al 100 20 0=7 21z
& Low kg kg LTV ] o9 55 50 100 2 =7 3315
D. Effect of endog-
enous [dopamine)
1. 20% of chosen
[dopamineg] o .05 49 36T =17 20 40 Q=7 1,591
2 4% of chosen
[|dopaming] LR | {054 49 2 -4 40 Q=T 2151
3, 5-fold higher
[dopamine] 00 008 99 160 ~E3 500 1000 07 14238
4, 10-fold higher
[dopamine] o 0,001 a5 285 -] 1000 2000 0-7 15,163

* Az noted in fext, By, when modeling the effect of endogenous newratransmitier is a supserset of the svailable number of receptons, Bl
eessured in corventional recepior Imaging with mclopride where the endogenoas chemacal level is igniored.

b The percentage ccoupation of the recepbar sites is determined by knowing Kp® for doparing, which has been set at 100 34, and the
resting endogenoas dopamine level, which ls given in colume 7. Our By, which is not the value measured by Farde ot al [1959], s set by
augmenting Bey, of faotnote ¢ 30 the percentage of B, that is unoccupsed equals the previously determined parameter B,

* [MCrmclopride kinetic parameters taben from subject C of Farde et al. [1989]; Ky = 0,199 min "1, ky = 0.3 mén-1, k. = 001 mU/ipmol - min),
ko = 099 mint, By, = 28 pveldmil. The endogenous mansmitier parameters were set at kg™ = 025 ml/{pmol - min) and kg™ = 260

i

the reader is advised that a "lower k., version of
raclopride” (i.e., a ligand whose kinetic parameters are
the same as the published raclopride numbers except
that the association rate constant is one-tenth the
published value) does not exist but Is a theoretical
construct for the purposes of experimental design.
The particular variations in kinetic characteristics im-
plied by “high k,, raclopride” or “irreversible CFT”
are catalogued in Tables [and II. As a point of interest,
we note that CFT is one of many flusrophenyltropans
analogs of cocaine referred to as WIN 33XX that
have been evaluated previously in vitro [Madras et al.,
1990] for their specificity to the dopamine transporter
site. [t is possible that one or more of these compounds
may resemble the hypothetical ligands that we evalu.
ate below.

RESULTS

Model simulation for binding of [''Clraclopride

Chur primary interest was in determining whether
activation of a neurobransmitter system could be de-
tected with PET and a currently available radioligand.
Figure 1 shows model predictions related to a dy-
namic FET study with [“Cjraclopride that includes
activation of the dopamine system for the first 7
minutes of the study (via a continwous cognitive or
movement task), The predictions in Figure 2 reflect
our assumptions, discussed above, that the average
endogenous dopamine concentration presented to

& W
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TABLE II. Optimization of Hgand charactaristics for dopamine transporter site

[Resting  [Activated
% endogenous endogenous  Time of

Simulation ke ko Oecupabion dopamdne] dopamine] actvation
description (CFT} (CFT) Kip  Boe™ ak rest [(nb] (nbd] [aviial] i~
A CFTH

1, CFT with activation 000153 0042 405 13558 =50 i ] -7 1310
B. Vary ligand binding

1. High kg, 00153 00s2 408 1358 ~ 50 30 ] 0-7 46

2 Low k., RS Os2 405 1353 ~ 50 3 oy =7 THE

3, High ks 000153 062 405 1388 =~ 3 30 M -7 400

4. Low ks 000153 DO0MZ 405 1358 =~ 50 3 0 -7 1,552

5. DIrreversible 000153 0 a0 1,358 -~ 5 an o =7 5433

v As noged in Sext, B, when modeling ihe effect of endogenous neurctransmitter is a saperset of the number of recepdons, B, messunsd
with convendlonal receptor Imaging.

b The percentage ocoupation of the receptor sibes is determined from Ko™ for dopamine transporter, which has been estimated at 30 nbd,
and the resting endogenous dopamine lavel af the (exra-synaptic) site, given in calumn 7, B, is st by augmeanting Be. of footnote d, so
the percentage of By, that is unccoupied equals the previously determined paramster B,

£ By value of 1,358 prol/mil gy seemn quite high bat (b shoald be noted that the coresponding By, value of 579 that we mwasured in
haboons via PET ks nod oo fag from the inovitro estimate of = 350 proldg published by Meadras of al. [1969].

4 [ICCFT kinetic perameters taken from model fits to preliminary mankey data obtained in our lab: Ky = 03 min =, kg = 0118 min=", ke, =
LSS mdl/ {prmal - mmin), kg = 0062 min =1, By, = 679 ponol/mil. ke = DO0ZLT, ke = WOD0DTE. The endogenous transmitber parameters were

set ak K2 = 0,75 mils (pened - miing and k5 = 25,0 min~,

the post-synaphic receptors is 100 nM at rest and can
be doubled by the increased frequency of firing of
dopaminergic neurons. The d ic concentration
curve for each model compartment (p, plasma; f, free;
b, bound) multiplied by its respective volume fraction
is shown In Figure 2a. The total carve (t), which is
proportional to the predicted PET activity curve, is the
sum of these curves. This figure is corrected for
radioactive decay. The raclopride parameters for this
simulation were taken from Farde et al. [198%: see
footnote to Table I] who were able to model PET
activity without a nonspecific binding compartment,
hence the absence of a nonspecific curve in Figure 2b.
It is important to note that the concentration of labeled
ligand in the free compartment (f) rises sharply after
injection and peaks by 5 minutes. This amount of
exogenous radioligand in the free compartment is the
sole pool of radioactive signal that can respond to the
abrupt change in concentration of endogenous com-
petitor that we have hypothesized,

All the rate constants determined by Farde et al
[1989] should apply to the model presented above
with the exception of the receptor density. As men-
tioned previously, the term B, in our model repre-
sents the total possible binding sites for any of three
species, labeled and unlabeled raclopride a3 well as
endogenous dopamine in the synapse. Thus, the

model misst be constrained so that the difference
between By, and the number of receptors occupled
by endogenous dopamine at steady state equals the
B’y value determined by other groups. This con-
straint on By, is displayed graphically in Figure b,
The total number of receptor sites that potentially can
be bound by any of the three species is designated by
the constant curve at 36 pmol/ml. The rise in number
of available receptors (dashed curve) reflects the abrupt
drop in endogenous dopamine that we expect with
termination of the cognitive activation task at 7 min-
uted. Activation tasks of other durations are analyzed
in a section below. The model indicates that once the
activation has ceased (Le.. subject is in the resting
state], the number of available receptors i3 28 pmol/ml
[Farde et al., 1989). The fraction of occupied receptor
sltes ab -rest [B0%) is consistent with ouwr assumpton
that the endogenous ligand is operating at its Kp
{average post-symaptic dopamine concentration = 100
nid = Kz

The efect of actvation on the PET curve is
iMustrated in Figure 2c; the period of activation is
indicated by the horizontal bar on the time-axis. The
solid curve is the activity comresponding to the total
concentration curve in Figure 2b. The dotted curve is
the control curve, that is, the PET signal predicted by
either the conventional receptor model (Equations

& 4 »
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(a) Simulation of total concentratan (pralf/ml) of lbeled lgand,
[''Clraclcpride, in beain tissue (t), which is the sum of the ligand in
each individual compartment (p, plasma; 1 fres; b, bound), during
thie first 40 mireites of 3 cognitive scthation study. (b)) Asailabiicy of
dapaming (D2} receptor sites (prnod/'rl) remaning during actha-
thon of endogencus dopamine, Afver initial drop in avalable ses
due ta T minutes of activation, recepior avallabiicy recurrs te 50%
of tatal receptors. Herzontal ling it By, répresents the theoretical
i number of nailable receptor sies, which 5 specified

1-6) with the Farde parameters (i.e, B'p,, = 28 pmaol/
mil) or our augmented model (Equations 1-8) where
the free endogenous concentration is fixed at F={0) =
100 nM {and B.,, =5 pmol/ml). The normalized
residuals for Figure 2 (inset), show that, in relative
terms, the difference between the two PET curves is
maximal at 21% of the activated curve at 10 minutes,
The residual plot (which consists of all negative
values) also indicates that the PET signal for the

here as 56 pmal fml (€} Predieted PET activity curves (nCljcc) for
study (3elid curve), which include cogritive actwation for first 7
minutes and for resting study with no activation (fifed circes).
Acrivatian refers to increased endogenous dopaming level frem
100 to 200 nt and i indicated by solid bar on x-axis. Inset:
Mermakzed residuals ([acthvated-rest]/ acthvated) correspanding to
the curves in o All figures socept for the normaliped resdual plot
are correctsd for radicactive decay.

activated case is always lower than the corresponding
resting PET curve. The residual plot §s not corrected
for decay. The difference between these curves can be
quantified by the »? ter, given for this simula-
tion in section A of Table . The control curve and the
activated curve are nearly coincident by 40 minutes
fi.e, 33 minutes after the end of activation}), which
suggests that any scanning after 40 minutes may be
superfluous,
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Figurs 1.

(a) Simulation of tatal concentration (prollmd) of high k., weelen
ef Isbaled ligand, [''Clraclopride, in brain tssue (t), which is the
sum of tha ligand in each individual compartmant (p, plasma; £, fres;
b, beursd ), duiring tha firss 40 rinutes of & cogritheae scthvation study,
(b} Avmdabdity of dopamine (DI) recegtor sites (prmal/ml) rernain-
ing during activation of the endagenaus depamine After inidal dreg
in avadabie sives dus to T rinutes of acthation, receptor avallabiliog
returns to 509 of total receptors a8 in Figure 1. Horizonsal line 2t
Boue repressnts the thecoracicall maximum number of awallable

Optimal characteristics for raclopride-like ligand

Further simulations were performed with the aug-
mented receptor model b investigate additional ways
of optimizing the difference between control and
activated curves and thus to maximize the chance of
detecting neurotransmitter activation at the postsynap-
tic D2 receptor. These simulations are summarized in
sections B and C of Table [. These two sections of Table

racaplor sives, which i3 spacified hare as 56 prmal/ml, (c) Predicted
PET acthvity curves (il oc) for study [solid curve), which include
cognithee sctivation bor firee T mimuces ard for resting study with no
activagion (Mled circles), Actiation refers (o increased endogenous
dapamine hevel from 100 ©o 200 n and is indicaced by solid bar an
x-miy, Inset: Mormalized residuals ([ sctvated- rest] actvated) cor-
responding o the curves in c. Al figures except for the nermalized
residual plot are correctad for radicactive desay,

I catalogue the »* value for simulations where the kg,
and/or k.y of a theoretical raclopride-like ligand have
been changed. Counter to our intultion, the most
important characteristic of an optimal ligand for these
receptor activation studies appears to be its irreversibil-
ity, that is, a small dissociation rate constant, k..
Comparing the entries in section B of Table T with
section A shows that x* is no better (ie. equal or
smaller) than native raclopride for any modulation of
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(@) Sirmulatien af tomal concentration (pmal/mil) of Erevmraible
(ke = 0 wersion of labaled lgandd, ['Clraclopride, in brain tissus
(1), which is the sum of the igand in each individusl compartrment
(p, plasma; f, fres; b bourd), during the first 40 minutes of a
caghitive activation sthudy. Avallablicy of doparnine (D2) receptor
sites (pmad/ml} remaining during acthation of the endopencus
dapamine (not shown) B comparabile b the plots in Figures 2b and
3b. {b ) Predicted PET activity curves (niCifec) for snudy (solid

Koo OF ko except for a lower kg version of raclopride.
The ideal case of a ligand that is identical to raclopride
except for complete irveversibility (k.s = 0} maximizes
the difference between control and acvated curves,
¥t = 18,210, It is interesting b note that the Kp of the
ligand for the “High k" and “Low ky" cases are the
same but the latter vields a much larger ¥% In other

cuarva), ‘which include cognithve acthation far the first T rirutes and
for resting study with rs acthation (Nled drcles). Acthvation refars
to increased endogenous dopamine leval frem |00 to 200 nM and is
indicated by solid bar on xeands. Insetz Mormalized residusls
{[activated-ress] /activaned) correspanding to the curves in b A0
figuras exeapt for the normalzed reskdual plm are corrected for
radicacthen decy.

words, K appears not to be the critical ligand charac-
teristic for predicting the separation of the PET curves.
Section C of Table | confirms that Kz, of the radioligand
i# not the determinant of potential success of the
proposed experiments. The two simulations summa-
rized here were run with the Kp of native raclopride

but the individual rate constants were either increased
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or decreased simultaneously. Neither change gave y*
values as large as the original raclopride simulation.

Figure 3 is amalogouws to Figure 2 for a ligand
identical to ["'Clraclopride in all respects except that
its k., i 10-fold higher (see entry B-3 in Table [} The
resting and activated levels of dopamine are ldentical
to those for Figure 2. Figure 3a shows the predicted
radioligand concentrations by compartment. As would
be expected with a very fast binding ligand, the total
signal is primarily made up of bound ligand. The
reserve of free radioligand in the crucial first 10
minutes of the study is much less than in Figure b,
The appearance of the PET curves in Figure 3c
confirms the y* entry in Table I, namely, the activated
(solid curve) and control curve (dotted) are less differ-
ent than are the curves for native raclopride in Figure
2. The plot of receptor availability (Fig. 3b) for this
theoretical ligand is nearly identical to that of native
raclopride because the rate constants for endogenous
dopamine have not been changed and the majority of
ocoupied receptor sites in a high specific activity
injection study are ocoupied by endogenous transmit-
ter, As with the native raclopride simulation, the
residual plot (inset) is entirely negative and peaks
early although it reaches a maximum value of only
6.5% of the activated PET signal.

The results of simulating the comparable activation
study with an irreversidle form of mclopride are
presented in Figure 4. The endogenous input function
is the same 7 minute step function as in the previous
two atudies, The compartment concenirations (Fig. 4a)
show that the free compartment is completely and
irrevocably depleted by 15 minutes, after which the
slowly rising total tissue concentration is comprized
entirely of bound ligand, The figure is corrected for
radioactive decay. The receptor availability plot (not
shown) is aleo similar to previous ones (refer to Fig.
2b). The normalized residuals plot is all megative; it
peaks ab approximately 10 minutes (inset} and is
similar to the native raclopride simulation, However,
unlike Figure 2, the normalized residuals for the
irreversible ligand never get smaller than 15% of the
activated signal within the first &0 minutes of scan-
ning. This phenomencn is borme out by the PET
curves im Figure 4b, which show a greater separation
between the activated and control curves than in the
previous simulations. Entry B-F in Table 1 confirms
that the sum of squared distances between activated
and control curves, ¥, is maximal for this theoretical
ligand.

Senslthvity of results mﬂh:lul of endogenous
dopamine levels

As discussed elsewhere [Fisher et al,, 1995], there is
some question as to the iate average intra-
synaptic dopamine levels for the rest and activated
states to input info the model, Examination of pub-
lished results leads us to estimates of 100 nid at rest
and 200 nM during activation. This estimate is in
accordance with the intuitively attractive presump-
tion that the receptor operates in an environment
whaose average endogenous ligand concentration is at
or near the K and thus equally sensitive to circums-
stances that cause the level of endogenous fransmitter
to drop or rise. To ascertain the sensitivity of our
results to the particular endogenous concentration
Llevels chosen we ran additional simulations at alterna-
tive levels, Section D of Table | indicates that based on
calculation of the y* statistic, resting average concentras=
tions of 500 or 1,000 nM dopamine in the vicinity of
the post-symaptic receptor would enhance the effect of
activation compared with the assumed level of 100
nhd. On the other hand, if the average dopamine
conceniration were only 20 or 40 nd but the KJ' were
b0 FETAln Wnd , the detection of activation with
raclopride would be more difficult (i = 1.591 or 2,151,
respectively). If the endogenous dopamine is set at 40
ni the ¥* value can still be increased by more than
three times by using an irreversible verslon of raclo-
pride (data not shown). Because the KZ' of dopamine
was held constant at 100 nM throughout all the
simulations summarized in Table [, stipulating higher
levels of dopamine dictates that a higher percentage
of receptors be occupled at all times. Note that the
modified levels of receptor occupancy are reflected in
column & of section D of Table L Figure 5 displays the
simulation corresponding to entry 4 in section D of
Table L. The endogemous input to the system is a step
function that steps up to 1,000 nM for the 7 minutes of
activation and then returns to a basal level of 1,000 nbd
of endogenous chemical after the activation is com-
pleted. The compartmental curves (not shown) look
very similar to the native raclopride simulations.
Mevertheless, there are slight differences from the
curves in Figure 2, The receptor availability plot in
Figure 5a shows graphically the effect of the endog-
enous concentration level being 10 times the equilib-
rium dissociation constant of dopamine, KE'. Accord-
ing to the definition of equilibrium dissociation
constant, approximately 91% of all receptors must be
occupied at rest. Recall that Farde et al. [19689] have
already determined with radopride that the available
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Figurs 5.

Srnudation of labeled ligand, [V'Clraclopride, in brain tssue during
th first 40 minutes of & cognitive acthvation study assuming highsr
fewvels of resting and acthvated doparnirs than In previous figures.
Concantration curves by compartment (not shown) are reminis-
cent of Figure Za. (&) Availabiliey of dapamine (D) receptor sites
(sl mil} remalning during acthation of endogancus dopaming.
After inidal drop In avallabbe sies due to 7 minutes of acthvation,
racipm'mﬂhhlhmmmwnulmm Iﬁd;ﬂmep-.
tors (1., simailation ssumes P09 occupation of receptors at rest).
Horizontad line at B, represents the thesretical maximum nume-

number of D2 receptors at steady state (B' ..} is 28 nM.
To satisfy both of these criteria, the fotal concentration
of receptors (By,,) for this simulation had to be
specified as 295 nM. Although the compartmental
concentrations (not shown) are simdlar to the valoes in
Figure 2, there is slightly less receptor binding of the

ber of mwilable recepior sites, which ks specified here as 295
pmied/rmi. (b) Predicted PET activity curvas (0 ee) for study (solid
curve), which ircliude cagnitive acthation for che first 7 minutes and
for resting study with no activation (flled cirches). Activation refers
to incressed endogenous dopamine level from 1,000 te 2000 nM
and i indicated by double thickness solid bar on w-axis. Inset:
Mormaized residuals ([sctvated-rest]/activated) correspanding to
the curves in b, All figures sxcept for the normalized residual plot
are corrected for mdoactve decay. ;

labeled Hgand in this case—presumably due to in-
creased competition with more endogenous dopa-
mine. Less labeled ligand in the bound compartment
means more in the free compartment, particularly
during the critical activation period. Like Figure 2, the
PET curves for control and activated in Figure 5b
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converge by 40 minutes; however, the differences
between them are greater during those 40 minutes
than for the simulations with 100 nM endogenous
dopamine, The shape of the residuals plot (inset) is
similar to the plot of radopride residuals but the scale
in Figure 5 is larger.

Flow effects versus nevrotransmitter activathon

In practice, it is very likely that the tasks that will be
employed ko raise levels of neuromodulatory chemical
will also cause an increase in local blood flow to the
brain region of interest. Of course, this is the basis for
conventional activation studies with PET. Thus, it is
important to be able to demonstrate that we will be
able to distinguish flow effects from neurotransmitter
activation. As we discuss elsewhere [Fisher et al,
1995], we expect that increased local flow will lead to
increased delivery of injected ligand and therefore a
larger PET signal over time compared with the resting
case. Such a change would be opposite in direction to
the effect of competition between endogenous trans-
mitter and exogenous radioligand. Figure 6 confirms
our intultion for an [YClradopride study. We com-
pared the theoretical case of increased blood flow
during the “activation” period of the study but no
neurotransmitter activation during that time to the
resting case, Figure 6a shows that the receptor availabil-
ity during the study is a constant 28 pmol/ml {(an
imitial dip in the curve is the normal effect on receptor
sites of a high specific activity injection). Increased
blood flow transiently was simulated as a threefold
increase in the blood flow parameters, K; and k;, from
i to 7 minutes. These conditions yield a FET curve
(Fig. 6b) that is consistently higher and sharper than
the control (filled circles). Significantly, the plot of the
residuals (inset) in Figure 6 is quite different in shape
and in sign (iLe, + or =) from plots for all the
strnulations we have examined (Figs. 2-5) that include
neurotransmitter activation. Rather than peaking at or
near the Hme at which the activation task is discontin-
ued, the residuals in this simulation are maximal at
time 0 and are fairly constant after 10 minutes.

Model simulation for uptake of [ C]JCFT
at the transporter site with activation
of endogenous dopamine

We also investigated whether the activation of the
dopamine system might be detectable at the site of

dopamine reuptake by its transporter molecule on the
presynaptic terminal. An activation study with the

transporter ligand [MC]CFT and & 15 minute activation
period is simulated in Figure 7. Kinetics of the trans-
porter ligand were satisfactorily modeled with the
same receptor model used for raclopride (Fig. 1),
specifically including some nonspecific binding and
some reversible specific binding. The activation was
modeled, conservatively, as inducing a step in endog-
enous dopamine concentration from 30 to 90 nM in
the neighborhood of the dopamine transporter site.
These levels of dopamine are lower than in other
simulations because the transporter site may be extra-
synaptic. Although the total curve in Figure 7a is
primarily made up of bound radioligand, there is still a
noticeable pool of free radioligand that is affected by
the activation. Note the drop in free concentration and
concomitant rise in binding when activation is turned
off at 15 minutes. As in previous simulations, the free
endogenous concentration at rest is set approximately
equal to the equilibrium constant for endogencus
dopamine, K&, Thus, slightly less than half of the
receptors are occupled after activation is turmed off
{refer to section A, Table IT). Figure b indicates that
By, has been set at 1358 nM. The predicted PET
curves are broader than those predicted for raclopride
and the difference between the control and activated
["C]CFT curves is less impressive for comparable
activation times, hence our decision to consider longer
activation times for CFT. Nevertheless, it is important
to observe that the normalized residuals plot (inset)
displays the same characteristic (negative) peak when
the activation is terminated as do the simulations for
raclopride and related ligands. The residuals for the 15
minute activation paradigm peak at approximately 11
percent of the activated curve.

Optimal characteristics for CFT-like ligand

Section B of Table I1 contains x* results for simula-
tiona with theoretical ligands that derive from the
native [HC]JCFT. The achvation length in this series of
tests was held at 7 minutes, beginning at time 0. The
only change to the CFT binding parameters thal
increases the value of the y* measure is significant
reduction in the dissociation rate constant, k. When
kyy is reduced by at least an order of magnitude the
resulting simulations yield roughly 20% improvemeni
in y* value compared with the native CFT simulation
(listed in section A, Table IT). The optimal quality of the
trreversible ligand is reminiscent of our findings with
raclopride.
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Figure &.

Simulation of hbeled kgand, [""Clraclopride. in brain tssue during
the frst 40 minutes of an “acthaton” study that assums &
threeiodd increass in plasma-tssss iransport parameters, K, and k.
far the pariad 0-T minutes, but no increass in levels of acthated
dopamine relatve to rest. (a) Plot of svailability of receptor stes.
Mear consmncy of the recapter avalability at 50% of B, confirms
that there & no modulation of endopencus transmicter in this

Optimization of activation paradigm

Having found what appears to be a crucial character-
bstic of a good receptor/activation ligand, namely,
irreversibility, we sought to examine the role of the
start and stop times for the activation task in arder to
enhance detectability. Figure Ba dizplays the depen-
dence of detectability of activation (via the 32 statistic)
on length of activation for raclopride-derived ligands,

simubation. (b) Dynamic PET sctivity curve for resting stabe (fills
circles) is plotted on same s a5 PET actwvity Tor increased bloo
flow bast no changs iIn endeogencus dopamine during 0-7 minus
acthvation pariod (9ohd curve). Inset: Mormalized residuals ([acd
vabed-rest] activated) corresponding te tha PET curves. A figure
except for the nonmalized residual plot are correctsd for radicas

thve decay.

Specifically, we plotted this relationship for the native
compound az well as the “low k" and irreversible
versions of raclopride. As one might expect, in all case:
the x* parameter grows as the length of activatior
grows. There appears to be a definite phenomenon o
diminishing returns in * for the maore irreversibl
ligands but less so for raclopride itself. Each of the
activation tasks represented in Figure 8 was specifiec
to begin at the time of injection. At first, it may seer
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Figure T,

Simulation of first 40 mirutes of cognitive acthvation and resting
pudies with the labeled kgand, ["CJCFT, in brain dssus. (&)
Simulation of total concentratien [pmelfmi) of ligand in brain tizswe
(£} in P ponse t2 |5 minute activation. Total curve is the surm of the
ligand in sach indiidual compartreet (p, plasma T, free; b, bound,
ri, nenspacific). (b) Receptor availabiity rises to roughly hal the
B valie once actvation is dscomtinued. (g) Predicosd PET
activity curves (nCifec) for mudy (selid curve), which include

simple to design a cognitive or motor task that could
be sustained for longer than 15 minutes, However, if
one considers the possibility of training effects coming
into play, it might not be reasonable to model in-
creased neurotransmitter levels as a step function in
the case of lengthy tasks. For these reasons, our
standard simulation for comparing ligand
characteristics and task delay times incorporated a 7

cogrinive setivation for first |5 ménutes and for resting study with
e activation (Mbed circles). Acthvation refers to increiss in axtra-
syraptc endagencus dapaming leved from 30 o 30 nM and s
indicated by hali-thickness solid bar on x-axis. Inset: Mormalized
residuals ([activated-rest]factivated) corresponding o the PET
curves, MNormalioed residuals are largest at about |5 minutes,
coinciding with the end of activation, A fgures except for the
normalized residual plot sre corrected for radioactive decay.

minute task. Still, it i= <lear from Flgure 8a (for
raclopride) that regardless of task length, irreversibil-
ity is a highly desirable characteristic.

Figure 8b displays the comparable plots of the x*
statistic versus activation length for CFT-derived li-
gands, Once again, increased task length cormrelates
with larger separation between rest and activation.
However, for native CFT this relationship is linear;
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Figure 8.

(&) Plot of x' value (measuring difference between sctivated and
controd gurves) for increasing lengths of acthation, All actvatians
begin at time 0. Indhidual curves cormespond to the ligand
["'Clraclopride and s theorstical derfvtives—native rachopride
(W), bow by (M), and irveversible (W), (b) Flot of 7 values for

increasing lengths of activation, sach beginning at dme 0. Curves
correspond to the ligand ['C]CFT and s thecrstical derivatives—
native CFT (@), low ke (). and irreversible (). Mote: tha scales
ina and b are arbitrary bacsuse of how the variance is calculated
wnd thus the bes plots cannot be compared dirsctly,
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there is no apparent point of diminishing returns. The
more irreversible forms of the transporter ligand are
more similar to the plots in Figure 8a in that they begin
to saturate (albeit slowly} at long activation times.
Although the scales are somewhat arbitrary for y*
(based on our model of the ermor in the PET signal)
and the two graphs for the respective families of
ligands cannot be com directly, there 12 some
suggestion that CFT would be a preferable ligand for
use with long activation paradigms because the sepa-
ration of the PET curves will continue to grow even at
lomg fmes.

For a given task length (7 minutes) we also exam-
ined the effect on x® of delaying the beginning of the
task for some time after the injection of radicligand
and start of scanning. In contrast to the effect of
activation length, the effect of task delay is essentially
the aame for raclopride and CFT. Figure 9a (raclopride-
derived ligands) and Figure 9b (CFT-derived ligands)
both indicate that delaving the activation task by as
litthe as 1, 2, or 3 minutes from the moment of the
injection can be expected to reduce the difference
between activation and control curves. Longer delays
lead ko progressively smaller x* values, Finally, it must
be emphasized that delaying onset of the task by just
10 minutes was enough to obliterate completely the
effect of neurotransmitter activation for any of the
ligands examined.

DISCUSSION

How is what we are proposing different
from other studies?

There has been some recent attention in the field of
receptor-ligand imaging with PET directed toward
detecting or at least accounting for changes in neuro-
transmitter levels and their effect on conventional
receptor imaging assays. Much of this work was
initially motivated by the desire to resolve the contro-
versy over D2 receptor measurements with raclopride
and spiperone in schizophrenics [Wong et al., 1986;
Farde et al,, 1987; Andreasen et al, 1987]. In contrast to
the current study, Logan et al. [1991] viewed variable
levels of dopamine as a potential source of error in
attempts to estimate D2 receptor density. Meverthe-
less, through extensive simulations they contributed
greatly to our understanding of the interaction be-
tween exogenous and endogenous receptor ligands,
In that study, a model similar to the one presented
here was used to assess the impact of either different
constant levels or transient changes in endogenous

dopamine on [*F]NMS measures of receptor availabil
ity and density. The authors concluded that the
halftime for a radioligand in the tissue {(along with it
equilibrium constant) is an important factor in deter
mining its sensitivity to changes in endogenous neuro
transmitter levels. In turn, they claimed that halftime
iz 4 function of the tissue to plasma rate constant, K
and thus cited it as an important parameter in deter
mining the sensitivity of the ligand to changes ir
endogenous neurotransmitter levels. In general, we
agree that the issue of competition between an endog
enous chemical and a short-lived exogenous radiali
gand is a kinetic one. However, because this is i
kinetic rather than an equilibrium phenomenon, wi
believe our results show that the equilibrium constant
Kg, has little or no effect on our ability to detec
competition while the rate of dissocation, kg i
highly correlated with the degree of separation be
tween the activated and control curves, This issue i
explained more fully below.

The researchers from Brookhaven Mational Lab
followed their simulation studies with a series o
studies focusing on inducing changes in endogenou
neurotransmitter levels pharmacologically [Dewey e
al., 1991, 1992, 1993), Researchers from Hammersmit]
Hospital have observed neuromodulation indirect]:
by imaging blood flow changes with PET durin
cognitive tasks before and after pharmacologic :ntn
vention [Friston et al, 1992), Studies have been re
ported that tried to look at either the effects o
activating the dopamine system via SPECT imaging o
[=1)IBZM [Childress et al, 1993] or the release ¢
endogenous opioids with PET [Duncan et al, 1992
The former study proposed using a reversible ligan
and commeneing activation 1 hour post injection an
the latter study proposed activating 30-40 minute
post injection of ["'C]diprenorphine. Our simulatio:
results suggest that these experimental designs ma
have been suboptimal for detecting activation. W
hope to be able to model, detect, and guantify th
average change in endogenous transmitter levels b
PET to investigate the connection between specifi
brain functions and activity of neuromodulatory nec
rons. In order to predict whether such an assay woul
be possible, and even optimal, we turned to mode
simulation studies.

Can we detect activation of a particular
neurctransmitter system with PET?

Oiir almulations have not accounted for noise that
certain to be included in the actual control an
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Figure 9,
{a) Plot of " value (measuring difference beoween activated snd  irreversible (V). (b) Ploc of x* value for increasing delay tma
control curves) for increasing lengtie of delay between time of  activation length is 7 minutes. Curves correspend to the lgan
injection and time of activation. All actvations are 7 minutes long.  [''CJCFT and its thasareticsl derivatives—native CFT (), low k,
Individual curves correspord to the kgand [''Clraclopride and its (), and irreversible (W), Note: the scabes in 8 and b are arbitran
thecretical derivatives—native raclopride (8], low ky (l), and and cannos by companed directly,
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activated curves. Nevertheless, based on the differ-
ence in simulated curves presented above we believe
there is reason to be optimistic that endogemous
neurotransmitter activation could be detectable, Our
PET camera, (PC4096, Scanditronix) has a typical
signal to noise ratio of 10 at the peak concentration
{10% ecrror) whereas the differences conservatively
predicted herein between activation and control using
native raclopride were on the order of 20%. Although
the results of simulations with the D2 receptor ligand
{raclopride) predicted more dramatic effects of activa-
tion than did our simulations of the dopamine trans-
porter ligand, there seems to be sufficient change in
the predicted PET curves for [MCJCFT to warrant pilot
studies with either ligand given an appropriate task. It
is also apparent that detectability can be enhanced by
properly timing the activation task in accordance with
the dynamics of the radioligand in the free space and
by choosing a ligand whose binding is nearly irrevers-
ible.

Why is an irreversible ligand desirable?

Ideally, the labeled injectate in a receptor activation
study should create a large pool of free label during
the activation period while the competition for bind-
ing sites between exogenous and endogenous ligand
is pocurming. This transient competition with endog-
enous chemical should produce a PET curve that is
lower than the corresponding contral PET curve
during the activation interval. If at the moment the
activation were terminated, the remaining free pool of
hot ligand could be eliminated and the bound ligand
prevented from dissociating from the receptor, then
the separation of the two curves would be maintained,
notwithstanding the ongoing decay of signal from the
Hssue. This is the sconario for maximal detectability of
neurotransmitter activation and it corresponds closely
to the case of the irreversible version of raclopride
(Kug = ) we have simulated. Figure 10 displays the
compartmental curves for native raclopride, a high k..
version, and an irreversible version of the ligand,
respectively. As demonstrated in Figure 10, during the
first 7 minutes of the actvation study the free pool of
labeled ligand (cross-hatched area under the free
curve) is large for the native and irreversible raclo-
pride cases (Fig. 10a.c) and inadequately small for the
case of a high k., ligand (Fig. 10b). Once the activation
is ended at 7 minutes, normal levels of neurotransmit-
ter prevail and binding of hot ligand can resume
unfettered. However, because the dissociation of li-
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Figure 10.

Comparison of labeled lgand concantrations by compartment (8,
taeat p, plasma; b, bound; £, free) for the three ligands examined in
Figures 1a, 3a, ar<l 4 (MNative raclopride, a high kg, verson of
rackopride, and an irreversible version of raclopride are depicted in
Fig. Ba, b, #nd ¢, respectively). The vertical line through al thres
plots indicates the termination ol cognith acthatan, which raises
mmmmnﬂ&mmﬂﬂ?nﬂﬂ“ﬂ
the study. The area under tha fres ligand concentration durve i
filed in to indicate the size of the poal of ligand ever the course of
hmmumlﬂhhrhﬂrt.Tnhhﬁdﬂﬂvﬂﬂlhl
(L, during activation) the are wunder the fres cures corresponds
e thve gize of the free pool of labeded ligand that & in compagiton
with activabed levels of erdogancus dopaming for binding to the D2
recaptors. To the right of the vertical line is the remaining pool of
labeled Fgand that rernaing either o bind to receptors or to i
the system via the plasma after the activation of endogenous
dn;whmmmim‘mlnnld. (@} The totl curve is comprised
primarily of fres igand during sctivation wheress after acthation
the fres igand 5 & smaller but significant part of the ol tissus
concentration. {b) The fee ligard makes up a small fraction of the
restal during and after aceivation. {c) The fres ligand is 8 large part of
the total during activation, similar to a. After acthvation, though,
almest o ligand exdists in the fres state, thus ensuring that che total
Curve remnains at & nearly constant level, which was determined by
enous eransminer during che first 7 minutes of the study. All figares
are cormected for radicactive decay,

gand is disallowed in the irreversible case, the pool of
free ligand is more quickly depleted (diagonally
hatched area under curves), the difference between
the activated and control PET curves s preserved and
thus more easily detectable than in the native raclo-

pride case,
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How to chose the right ligand and the right
timing of activation

As we have demonstrated, the likelihood of success
of an activation study seems to correlate very closely
with the area under the free compartment curve
during the time of activation. On the other hand, one
may be able to prolong the persistence of a significant
free pool via extended activation using a ligand {such
as [*'C]CFT), with a slower k; value and a much larger
binding capacity {By,, = 1358 pmol/ml) than raclo-
pride (Fig. 7). The fact that these results are not
intuitive is an argument in favor of the type of
simulation study presented here. In all cases, longer
activations lead to greater detectability but an experi-
menter must factor in the ability of a subject to sustain
a task, which we have not considered in our simula-
tions. Furthermaore, it is important to continue charac-
terizing new receplor ligands {and re-evaluating old
ligands) via compartmental modeling and parameter
estimation, since our simulations would be meaning-
less without reliable estimates of receptor model pa-
rameters. Regardless of the ligand, though, the finding
that the activation task must begin at the same Hme as
the injection and not be delayed seems universal.

Spiperone versus Raclopride

The finding that irreversibility of the ligand is
optimal for detection of neurotransmitter levels sug-
gests that N-methyl-spiperone, which is offten moed-
eled as irreversible, may be preferable to raclopride for
studies of dopamine activation. Unfortunately, spiper-
one has been shown to bind to the serotonin SHT site
and therefore would be of dubious value in trying to
establish the relative dopaminergic versus seroboner-
gic qualities of a particular cognitive task,

How to account for flow effects of activation?

We have demonstrated (in Fig. 6) that the flow
effects typically asocated with cognitive activation
run counter B the expected effect on the FET curve
from increased competition with endegenous chemi-
cal. Thus, it is unlikely that increased flow of blood to a
region of the brain could be confused with increased
concentration of a neumtransmitter due to activation.
Nevertheless, this issue brings out an important consid-
eration for the design of experiments. A possible
receptor activation study might invelve dynamic scan-
ning after injection of an irreversible D2 receptor
ligand and a motor task that could be expected to

activate the basal ganglia unilaterally. In this way, the
ipsilateral nonactivated brain region could be used to
generate the control curve in the same study. How-
ever, in such a case the control region would have to
be modeled with resting values for transport param-
eters, K, and k; while the activated, contralateral
region would be correctly described by parameters
adjusted for increased regional cerebral blood flow
(rCEBF). Thus, it might be necessary to perform addi-
tional FET studies with a blood flow tracer (e.g.,
HI"0) under the same activation conditions in order to
gauge the increase in rCBF between the two sides
during activation. If a lateralized task were not pos-
sible, a stepwise procedure for identifying increases
{or decreases) in rCBF during activation wia HPO
imaging followed by model-based simulation of con-
trol curves might be necessary. In outline form, the
general procedure for any task might be as follows: 1)
perform resting and activation PET receptor studies
that yield “activation” and “control” curves; 2) using a
model—sans activation—fit a curve to the control data
yielding model parameters for no rCBF change and no
synaptic activation; 3) adjust the blood flow param-
eters (K; and k;) from step 2 in accord with the flow
changes detected via H;'O PET; 4) simulate the theo-
retical control curve corresponding to increased {or
decreased) CBF and no change in synaptic activity;
and 5) compare the curve in step 4 with the activation
curve from step 1. If need be, multiple (1 minute) fCBE
measurements could be made in order to construct a
piecewise continuous profile of the blood flow through-
out a ¥ minute activation.

The second important point to be taken from the
examination of blood flow effects on the simulations of
receptor activation is the appearance of the normal-
ized residual plot. The residual plot for the simulation
of increased K; and ky during the first 7 minutes of the
study (Fig. 8) 15 dramatically different from the re-
sidual plots for simulations containing neurotransmit-
ter activation. In the residual plot of the same fgure
(inset), the residuals at all times are positive, reflecting
the increased PET activity characteristic of increased
flow, not increased competition with endogenous
ligand. The characteristic (negative) peak in the residu-
als that corresponds closely to the time of task termina-
tion is absent. When we followed the scheme outlined
above for comparing an activated PET curve with its
proper control, the resulting residual plot displayed
the characteristic minirum at or near the end of the
activation period (data not shown).
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Use of residual plot as confirmation
of augmented model

In all activation cases the normalized residuals
consisted of a unimodal curve that was necessarily 0 at
time (0, a minimum at approximately the time of
cessation of activation, and asymptotically approached
0 at long time. We suggest that the appearance of such
a peak in experimental data might be considered a
confirmation of the simple model proposed in this
paper o describe the contribution of change in endog-
enous neurotransmitter levels to the conventional
receptor-binding model. Furthermore, we acknowl-
edge that the reliance on y* values alone as a means of
detecting differences in curves due to activation is
limited and ignores temporal information in the data
We therefore propose a two-part process for identify-
ing neurotransmitter activation: sufficiently high
values and the identification of the single peak in the
normalized residuals at or near the end of activation,

For very high k,; simulations we note that the
(minimum) peak in the residuals coincded exactly
with the end of activation whereas in the case of
slower k,,, values, the peak was slightly delayed. This
behavior agrees with pur infuition that the k,, value
for the hot ligand determines how fast the system can
respond fo the abrupt drop inendogenous neurcirans-
mitter level Neglecting the effect of noise for the
moment, it is exciting to speculate that for a well-
characterized ligand whose k. s known one might
use the residual plot to identify the end of activation
of one particular nevromodulatory system among
many systems that are activated by a complex cogni-

tive task. Alternatively, in the case of a k,,, that is not-

well known, but a task that is well characterized, the
time of the residuals peak in relation to the known

end of activation time might be wsed to infer the k.
value.

B.... versus B,

Inherent in the standard receptor model is the
assumption that endogenous neurctransmitter levels
are in steady state and therefore can be ignored when
modeling the availability of binding sites. As such, the
number of available receptor sites prior to the injec-
tion of radioligand, By, Is taken o be a constant
property of the system. That is, B' .. is a parameter of
the standard receptor model to be determined by
fitting model curves to experimental data. The aug-
mented receptor model, which includes the effect of
nonsteady levels of endogenous neurotransmitter,

musk consider all possible binding sites for ligand and

endogenous competitor in the tissue. Thus, the mode
for analyzing receptor activation studies (Equation:
1-8) has a parameter By,,,. A possible advantage of ths
studies proposed herein is that they may lead to ar
estimate of the total number of receptors, B,,,.. whicl
is not available from analysis of a conventional recep
tor imaging study with PET. Similarly, the mode
presented introduces two other parameters not founc
in the standard receptor model, P and A are
respectively, the average basal level of neurotransmit
ter in the free space and the change in level during
activation. In theory at least, it should be possible ko
estimate these parameters from the type of recepho
activation study we have proposed, provided tha
enough of the remaining model parameters are suffi
clently well known or could be constrained based or
prior knowledge.

CONCLUSIONS

To answer the question of whether or not PET coule
be used to detect changes in neurotransmitter levels
we constructed a model of receptor binding in ths
presence of endogenous neurotransmitter. Using pub
lished rate constants, we were able to simulate ans
compare predicted PET curves assuming a high spe
cific activity injection of [''Cjraclopride into subject
either at rest or in a state of dopamine activation, Wi
found that the PET curves for activated doparnin
levels were predicted to be different from confrol
Additionally, these differences, and hence detectabil
ity, could be maximized through the choice of ligan:
characteristics and the proper activation task. ¥e now
believe that PET studies designed to detect cognitivi
or motor activation of a spedfic neurotransmitte
system are worth considering. Such experiments couk
certainly be optimized by timing activation tasks tc
coincide with the presence of a large pool of radioli
gand in the free compartment (always starting at tinm
0} and through the use of irreversibly binding recepto
ligands.
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