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in animal model of ADHD by an allosteric mechanism
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Abstract

This study exemplifies the use of three ADHD-relevant methodological innovations. (1) The use of novel, patented, computational peptide
design techniques to generate peptides targeting the extra-cellular and para-transmembrane amino acid loops of the putatively ADHD-involved,
D2 dopamine receptor, D2DAR; (2) experimental evidence that these peptides inl-amino acid/ortho ordered ord-amino acid/reverse ordered
(retro–inverso), D2DAR, hydrophobic eigenmode matched forms, evoked positive allosteric and indirect agonist influences on in vitro stably
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eceptor transfected CHO and LtK cells and on in vivo, brain mediated activity; (3) a representative 15 residueall-d-amino acid, D2 mode matche
eptide, given parenterally, was found to “repair” a key aberrant ADHD behavioral characteristic in a standard animal model of A
pontaneously Hypertensive Rat, SHR, relative to its progenitor species control, the Wistar–Kyoto rat, WKY. The representative, re
eptide,all-d-LLYKNKPRYPKRNRE, reversed SHR’s relative deficiency in sensory motor gating (pre-pulse inhibition, PPI) while leaving
onselective attention (rearings), impulsive behavior (time in center), and activity level (timed total motor behavior) unchanged. Amp
lso reversed SHRs sensory gating defect, but with significant increases in nonselective attention, impulsivity and hyperactivity. Theseary
esults suggest the possibility of a new, “softer” pharmacological approach to ADHD: hydrophobic mode matched peptide allosteric au
f the activity of indigenous dopamine with respect to D2DAR mediated function, in place of stimulant drug-induced presynaptic dopamine r
r impairment of dopamine uptake.
2005 Elsevier B.V. All rights reserved.
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. Introduction

.1. ADHD in relationship to D2 dopamine receptor,
2DAR, mechanisms and abnormalities

Modern definitions of ADHD, Attention Deficit Hyperac-
ivity Disorder, include a prescribed number of specific symp-
oms and signs of inattention and/or hyperactivity–impulsivity
Wender, 1987, 1995). Current pharmacological, genetic and
maging research of this variegated syndrome implicate
opamine and the D2DA receptor (Blum et al., 1995; Faraone
nd Biederman, 1998; Ilgin et al., 2001; Russell, 2000; Russell
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et al., 1995; Todd and Lobos, 2002; Vukhac et al., 2001), as wel
as other dopamine related proteins, such as D1, D4, D5 (Carey
et al., 1998; Grady et al., 2003; Langley et al., 2004; Mi
al., 2003; Tahir et al., 2000) and the dopamine transporter, D
(Corrigan, 2003; Kirley et al., 2003; Krause et al., 2000; Lo
al., 2003; Volkow et al., 2002a). Glutamate and its ionotrop
receptors (Adams et al., 2004; Carrey et al., 2002; Courvo
et al., 2004; Russell, 2003b) are also believed to play a ro
in ADHD. This work suggests that ADHD may involve hy
and/or malfunctioning ventrotegmental, mesolimbic dopam
projections to and modulation of the function of the in
faces between dopamine→ GABA/glutamate neurotransmitte
and limbic→ forebrain inhibitory psychomotor neurophys
logical systems. Some animal and human research has sug
these systems prominently involve frontostriatal circuitry
the nucleus accumbens (Durston, 2003; Russell, 2000). Severa
defects in these systems have been posited, but all imp

165-0270/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jneumeth.2005.07.015
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impaired global regulation of attentional capacity and motoric
inhibitory–regulatory function (Biederman and Faraone, 2002;
Faraone and Biederman, 1998; Corrigan, 2003; Sagvolden et
al., 2005; Sallee et al., 1994; Volkow et al., 2001, 2002b). Brain
D2DAR imaging has shown that higher D2DAR “availability”
was associated with ADHD relative to a normal control group,
and within the ADHD group, higher values of D2DAR availabil-
ity predicted an increase in the clinical response to treatment
with methylphenidate (Ilgin et al., 2001). Genetic studies rel-
evant to ADHD suggest the presence of abnormal dopamine
system components, including “dopamine genes” related to both
dopamine receptors and the dopamine transporter (Blum et al.,
1995, 1997; Brown, 2003; DiMaio et al., 2003; Galili-Weisstub
and Segman, 2003; Hawi et al., 2003; Kirley et al., 2003; Loo
et al., 2003; Maher et al., 2002). This literature yields com-
plex, often directionally conflicting findings. For example, some
characteristics of ADHD are associated with the hyper versus
hypodopaminergic states. This implicates a pathophysiology of
system regulation, rather than one of neurochemical deficien-
cies or excesses. Our approach involving the design of allosteric
D2DAR-targeted modulatory peptide agents, rather than active
site agonists or dopamine transport inhibitors, is consistent with
a regulatory hypothesis.

1.2. SHR model of ADHD, behavioral similarities and
dopamine system correlates
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synaptic D2DA receptors are hyposensitive to agonists in the
SHRs relative to the WKYs (Fujita et al., 2003). Autoradiogra-
phy of coronal sections of the forebrain, allowing visualization
of the caudate-putamen and the shell and core of the nucleus
accumbens, demonstrated increased number of D2DAR, but
decreased affinity for D2DAR ligands in the SHR (relative to
WKY). This difference was normalized with methylphenidate
treatment (Carey et al., 1998) and (4) several studies have impli-
cated glutamate system abnormalities in the SHR (Russell, 2001,
2003b; Russell and Wiggins, 2000), but it is not considered
a necessarily exclusive aspect of the pathophysiology of the
ADHD-SHR animal model. Allosteric peptide modulation of
D2DA receptor activity in SHRs relative to WKYs is the unique
focus of this paper.

Another major justification of the use of the SHR model
for ADHD relates to the “normalization” of characteristic SHR
behaviors by the same agents that are often effective in the
treatment of children with ADHD. These include stimulant
drugs, such as methylphenidate and amphetamine, as well as
other biogenic amine related drugs, such as deprenyl (Boix
et al., 1998; de Villiers et al., 1995; Drolet et al., 2002;
Hawk et al., 2003; Mook and Neuringer, 1994; Russell et al.,
1995; Sagvolden et al., 1992; Ueno et al., 2003; Wultz et al.,
1990).

1.3. Indirect agonist and positive allosteric influences on
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Perhaps the most extensively studied animal model of AD
as been the spontaneously hypertensive rat, SHR (Davids et al.
003; Leo et al., 2003), using as its control the Wistar–Kyo
at, WKY, its normotensive progenitor strain (Drolet et al., 2002
erguson and Cada, 2004; Sagvolden, 2000; Sagvolden
992; Wultz et al., 1990). Less frequently used models inclu
ther genetic variants, such as DAT knock-outs and the N
yperexcitable Rat (Davids et al., 2003). A variety of dopamin
ystem-related abnormalities, some also involving juxtap
lutamate and/or its ionotropic receptors, have been rep

n the SHR model of ADHD (Aspide et al., 2000; Carey
l., 1998; Davids et al., 2003; Drolet et al., 2002; Fujita et
003; Leo et al., 2003; Russell, 2000, 2001, 2003a,b; Ru
t al., 1995). In a review of his model, Sagvolden conclud

hat the SHRs could be characterized as manifesting “. . . hypo-
unction of the mesolimbic dopamine branch. . .”. Although the
vidence is complex and occasionally conflicting, indicato
elative dopamine dysfunction or hypofunction have been
istent findings in the SHR model of ADHD (Russell, 2003b).
or example: (1) during electrical stimulation of striatal corti
audate, prefrontal cortical and nucleus accumbens conta
rain slices and dialysates from SHRs, potassium, ampheta
ocaine, glutamate and other glutaminergic agonists de
trate decreased dopamine release compared with WKY
rols, (2) the D2DAR agonist quinpirole caused significan
reater inhibition of DA release from SHR’s caudate-puta
lices relative to WKY, whereas D2DAR blockade by the anta
nist sulpiride caused a significantly greater increase in
elease from nucleus accumbens of SHR, compared to W
Russell et al., 1995) (and above), (3) there is evidence that p
l.,
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2DAR mediated cellular activity

A variety of agents, ion concentrations and pH chan
ave demonstrated modulatory/allosteric kinetic properties
espect to D2DAR active site binding and function (Gandolfi and
all’Olio, 1993; Garland and Dean, 1999; Hoare and Stra
995; Hoare et al., 1996; Neve and Wiens, 1995). It is impor-

ant to remind ourselves thatallosteric influences on a variety
f membrane receptor-mediated functions need not be associ-
ted with any effects on active site related radioligand binding
Christopoulos and Kenakin, 2002; Hall, 2000; Kenakin, 19
enakin and Boselli, 1989). Demonstrations of the potent
llosteric properties of D2DAR include studies of amiloride an
nalogues, which accelerate the dissociation of the activ

igand,3H-spirperone from D2DAR (Hoare and Strange, 199
oare et al., 2000). The kinetics of these processes are consi
ith the existence of (at least) two conformational binding st
f the receptor. A thiadiazole compound allosterically mo

ated D2DAR binding of active site agonists and antagonists
ppeared to not be G-protein coupled receptor specific (Fawzi
t al., 2001). Changing [Na+] and [H+] induced changes in th
ffinity and the nonlinearity of kinetic functions of D2DAR for
enzamide ligands (Javitch et al., 1994; Neve, 1991; Neve
l., 1992). Among a variety of cations surveyed, zinc indu
dose-dependent, EDTA reversible, allosteric decrease

inding affinity of D2DAR for active site antagonists (Schetz an
ibley, 1997). Allosteric modulation of D2DAR resulting from

nteractions with the adenosine activated adenosine 2A r
or has been reported (Fuxe et al., 1998) in the context of tha
roup’s particular intramembraneous receptor–receptor
ction theory of allosteric regulation by modulators. Inclu
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in these modulators are co-localized peptides, acting through
intramembraneous peptide receptor–D2DAR interactions (Fuxe
et al., 1994, 1995).

The point of view of Fuxe’s group differs significantly
from our theoretical and experimental orientation, which
posits hydrophobic eigenmode direct interactions of algorith-
mically designed peptides with D2DAR itself, involving non-
competitive, away-from-the-active site, extramembranous loop
locations on the receptor monomer (Mandell et al., 2003a,b; Selz
et al., 2004). The retro–inverso transformation ofaa sequences
remakes their ortho series withd-amino acids, in place ofl-
amino acids, and inverts their order. As a result, thed-amino
acid, retro–inverso transformation of this D2DAR hydrophobic
eigenmode matched peptide has the same hydrophobic eigen-
mode (but not the same backbone geometry) as itsl-amino acid
“ortho” form (Chorev and Goodman, 1995; Goodman et al.,
1992; Yamazaki and Goodman, 1991). We have demonstrated
these peptides’ positive allosteric (and sometimes indirect ago-
nist) actions on the D2DAR-mediated cellular effect (Mandell
et al., 2003b).

With respect to target receptor specificity, this and other
D2DAR-targeted, D2DAR active, algorithmically designed,
autocovariance eigenmode matched peptides that we have stud-
ied previously were not active in parallel studies using stably m1
and m2 muscarinic receptor transfected cell systems. In addi-
tional crossover studies, m-targeted and active peptides failed
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We treat thehbi as discreten point data series and sub-
ject them to a set of linear decompositions and transformations
including: (1) M sequentially lagged autocovariance matrix,
CM′M = 12–25 (for D2DAR, M = 15). We derive the leading
eigenvalues,λι, and their associated eigenvectors,Xi, of CM′ .
We compose the leadingXi with the originalhbi (or pKai) series
to generate what can be called autocovariance eigenfunctions,
eigenvector-weighted smoothed functions,ψi; (2) All poles,
maximum entropy, power spectral transformations ofhbi and
ψi, yieldingS(ω), as representations of the hydrophobic power
spectral modes of the sequences. Information about sequence
location in the protein of the mode densities is lost inS(ω);
(3) Wavelet transformations,Wa,b′ , of thehbi andψi, yielding
Wa,b(ω), as representations of the hydrophobic wavelet modes
of the hbi andψi sequences. These independently confirm the
approximate wave numbers (or wavelengths) of theS(ω), while
conserving their approximate sequence location(s). In the case
of D2DAR, these densities are most prominent in the extra-
cellular loops and para-transmembrane regions of the receptor
(see Introduction) (Mandell et al., 1998, 2003c). These linear
decompositions, in addition to diminishing the dominance of
the highly hydrophobic transmembrane segments of GPCRs,
order the amplitude modular and phase hierarchies of polypep-
tides and proteins, thus suggesting their relative physiological
importance for hydrophobic mode signaling.

The relevant hydrophobic eigenvector(s) is used to produce
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o act on either CHO or LtK stably D2DAR transfected cell sys
ems (Selz et al., 2004).

. Materials and methods

The computational protein analytic and peptide design m
ds discussed below are covered in greatest detail in US P
6,560,542 and 6,865,492, and pending patents #200301
nd 20050027461 and inSelz et al. (2004).

.1. Computational extraction and characterization of
eading D2DAR hydrophobic eigenmodes and eigenvector
emplate based design of peptide candidates

Briefly, for N amino acid long polypeptides and membr
eceptor proteins, we transform theaai,i=1 . . . n into a hydropho
ic free energy series,hbi,i=1 . . . n (free energy of transfer in
inary organic solvent-aqueous partition), a chemical po

ial in kcal/mol using the Nozaki–Tanford–Zimmermanhb
cale (Manavalen and Ponnuswamy, 1978; Nozaki and Tan
971; Reynolds et al., 1974; Zimmerman et al., 1968). The
ydrophobic scale partitions naturally into four subgro
1) G = 0.0, P = 0.0, Q = 0.0, S = 0.07. T = 0.07, N = 0.09; (2)

= 0.66, E = 0.67, R = 0.85, A = 0.87, H = 0.87; (3)C = 1.52,
= 1.65, M = 1.67, V = 1.87; (4) L = 2.17, Y = 2.76, F = 2.87,

= 3.15,W = 3.77 (kcal/mol). Notice that the cyclic imino ac
is changed from its binary solvent partition-derived valu

.77 to the value ofG = 0.0, anaa corresponding to its nucleotid
omplement, and with which, due toP’s rigid constraints on rota
ion about itsN–Cα bond, it shares a tendency for interfere
ith secondary structure formation.
-
ts
6

-

,

template, which is then used for the within group ran
ssignment in the design of D2DAR-targeted peptides in bo
rtho and retro–inverso form. The human CSF or anotheraa pool
istribution is used as within group weights in this assignm
rocess. Peptides are retained for further analyses only if
verage side chain pKa’s are between 7.1 and 7.8. LagM = 15
as selected for this design work because it approximate
verage estimated extracellular loop length and, among th
ried, tended to minimize the least square error of the lea
igenfunction,ψ1 when regressed onto the nearest neigh
veraged hydropathy plot of D2DAR hbi (Mandell et al., 1997).

Table 1lists the first 10 ordered eigenmodes of each o
uman dopamine receptors. These values were computed
computationally large decomposition based on an en
inimization routine (Selz, in preparation). TheM values are

hown in parentheses for each receptor subtype. These d
ositions are larger than would be used in peptide design

able 1
eading hydrophobic eigenmodes of the human dopamine receptors

D1 (21) D2 (46) D3 (22) D4 (39) D5 (47

1 74.0741 63.0326 44.4444 2.6738 4.7
2 11.2994 23.1080 46.5116 2.6738 4.7
3 11.2994 8.6994 250.0000 45.7027 52.6
4 2.1164 8.7340 and 2.597 2.6738 5.1546 53.1
5 2.7248 2.5453 2.0047 5.1546 2.65
6 2.7127 2.5521 and 8.7380 10.5263 2.0000 2.6
7 2.1030 8.6952 11.0012 44.4444 2.8
8 4.8899 2.0000 4.0523 9.2166 2.83
9 4.9261 4.0865 2.1277 9.2457 2.17
0 3.3278 2.0000 4.0816 2.9069 2.17
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for D2DAR, M = 46 versusM = 15). Note that even in this
larger, more mode resolved expansion, D2DAR’s leading post-
transmembrane modes (i.e., 8.7aa and 2.6aa) are not found in
the other members of the human dopamine receptor family.

2.2. Design of membrane receptor, D2DAR hydrophobic
mode matched ortho and retro–inverso modulatory peptides

All of the hydrophobic free energy eigenfunctions,
ψi,i=1, . . . 15, of the D2DAR were examined for mode content in
the ordered context of their eigenvalues. As noted, this represents
a much smaller decomposition than that described inTable 1,
and likeψ4 in that table,ψ2 was found to contain both predom-
inant post-transmembrane modes. The second eigenvector,X2′ ,
from whichψ2 was constructed, was chosen as the template for
peptide design. The post-transmembrane, secondary eigenvec-
tor, X2 (of theCM of thehbi of the human long form D2DAR)
was equipartitioned into four ordered sets corresponding to the
natural four-partition of the Nozaki–Tanford–Zimmerman scale
listed above (Manavalen and Ponnuswamy, 1978; Nozaki and
Tanford, 1971; Reynolds et al., 1974; Zimmerman et al., 1968).
The quartile occupied by each of the 15 values of theX2 deter-
mined the choice among the four corresponding hydrophobic
classes of amino acids, within which a random assignment of
specific amino acid members of each group was made. Assign-
m ized
l
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tutes the representative peptide to be behaviorally evaluated
in the SHR model of ADHD, as described below. We trans-
formed thisX2-template designed peptide that was physiolog-
ically active in vitro and in vivo (Mandell et al., 2003b) into
hydrophobic mode (but not backbone orientation) preserving,
retro–inverso form,l-ERNR. . .→ d-LLKY . . . (Benedetti et al.,
1995; Chaturvedi et al., 1981; Chorev and Goodman, 1995;
Chorev et al., 1979; Hearn et al., 2000; Pallai et al., 1983). Recall,
the retro–inverso transformation ofaa sequences remakes their
ortho series withd-amino acids, in place ofl-amino acids, and
inverts their order.

2.3. Brief description of representative studies
demonstrating the positive modulatory, allosteric influence
of hydrophobic eigenmode matched peptides on D2DAR
mediated cellular activity

That in vitro kinetic characterization of candidate peptides
(Mandell et al., 2003b) exploited two independently derived cell
systems, both stably transfected with the human, long isoform,
D2DAR, isolated from a human striatal cDNA library, sequenced
and subcloned into the expression vector pRC/RSV (Invitrogen).
A transfected mouse LtK fibroblastoma cell system, generously
provided by Frederick Monsma (Hoffman La-Roche, Basel), is
characterized by lower baseline EAR responsivity to its native
agonist dopamine in total milli-pH units (mpH). Transfected
C d by
R her
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a ctor
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a
t area
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sess
d fol-
l ssess
p ll
a

ent probabilities were weighted by their relative normal
evels within each group in human CSF (Perry et al., 1975).
ecause theX2 template is invariant, iterative application

he hydrophobic group and distributionally constrained ran
mino acid assignment can generate a variety of specific a
cid sequences that conserve the D2DAR’s post-transmembran
ydrophobic eigenmodes. Twelve candidate 15mer D2DAR tar-
eted peptides that were designed and synthesized to 95%
y HPLC-MS criteria by NeoMPS (formerly Multiple Pepti
ystems) (La Jolla, CA). Ten of these (>83%) were foun
e active in Chinese Hamster Ovary, CHO and/or rat kid
tK cells stably transfected with human long form D2DAR,
sing a standard microphysiometric extracellular acidifica
ate response, technique (McConnell et al., 1992; Neve et a
992). The 5 most potent of these 10 are listed inTable 2
Mandell et al., 2003b).

The second in the list of five peptides, ind-amino acid
ydrophobic eigenmode invariant, retro–inverso form co

able 2
uman dopamine (D2DAR) targeted peptides

equence Indirect agonist Modulatory effec

CHO LtK CHO LtK

-SHQRWEYKGVNCIVY-OH *** *** *** ***

-ERNRKPYRPKNKYLL-OH ns *** ns ***

-ERNKLNYKNKNKYIL-OH ns *** ns ***

-SHQAWRYKNVNCYVI-OH *** ns ns ***

-GETAFRYVNCNVYVY-OH ** *** ns ns

s:ρ > 0.05; *0.05≥ ρ > 0.01.
** 0.01 >ρ > 0.001.
** ρ≤ 0.001.
o

ty

hinese hamster ovary (CHO) cells, generously provide
ichard Mailman (UNC, Chapel Hill, NC), manifest a hig
aseline responsiveness to dopamine in mpH, but with50
alues similar to those of the LtK cell system. Both cell li
re grown in DMEM containing 10% fetal bovine serum
ssayed for EAR using a microphysiometer (CytosensoTM,
olecular Devices, Sunnyvale, CA), with low buffering DME

ontaining 0.1% tissue culture grade BSA.
The determination of EAR by microphysiometry involv

proton sensitive, photo current driven silicon semicondu
ensor that measures changes in the EAR resulting from eff
voked alterations in cellular glycolytic and respiratory en
etabolism and/or alterations in sodium–hydrogen excha
cross cellular membranes (Kuo et al., 1993; McConnell et a
992; Neve et al., 1992). Protonic H+ neutralizes the charge

he surface of the semiconductor, reducing the produced
ocurrent at a rate linearly related to H+ production. The appl
ability of this technique to systems with a variety of membr
eceptor, signal transductive mechanisms is consistent wi
ndings that there may or may not be a relationship betw
ositive EAR responses to peptides or dopamine in transf
ell systems and their native modulation via G-proteins an
denyl cyclase (Baumbach et al., 1998; Neve et al., 1992; N
l., 1999; Smalley et al., 1998). Time-dependent [H+] produc-

ion as EAR is integrated as a trapezoidal approximation of
nder the curve, AUC.

Peptide in buffer was compared to buffer alone to as
irect effects of the peptide. Peptide in buffer or buffer alone

owed by dopamine perfusion in all chambers was used to a
eptide-modulated, dopamine-induced, D2DAR-mediated ce
ctivity (Bouvier et al., 1993; Neve et al., 1992). The 2-min pump
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cycle consisted of a 40 s off period, allowing a rate measurable
build up of extracellular H+, followed by 80 s of 200�L/min
flow across the cells in a 1.4�L chamber volume. One to 2 h
were used to establish a baseline for EAR. One-half of the cham-
bers were exposed to peptide for 12 min (six 2-min cycles). In
the final epoch, all chambers were exposed to freshly prepared
dopamine, at the indicated concentrations, for 2 min l�M, which
approximated the cell systems EC50. Following 30 min perfu-
sion period, allowing a return to the baseline EAR, this procedure
was repeated with the conditions in each chamber reversed in a
counter balanced design, such that each chamber and its pump
systems served as its own control.

As noted above,Table 2 indicates the 5 most potent of
the autocovariance matrix eigenvector template-generated active
peptides (of 12 tested). All five manifested statistically signif-
icant indirect agonist D2DAR-mediated effects in CHO and/or
LtK D2DAR stably transfected cells. Positive allosteric, mod-
ulatory, effects, indicated by a peptide-induced augmentation
in response to dopamine infusion alone, were observed in four
of the five peptide candidates (Mandell et al., 2003b). The five
peptides chosen all manifested a direct effect as indicated by a
change in EAR in response to the peptide alone, as compared
with controls in one or both cell systems. Chamber assignment
was randomized among the possibilities, with the constraint that
peptide and non-peptiden values were equal. In our hands, this
technique demonstrates sensitivity in the range of 0.001 pH unit,
a .

on-
s
p ysio
m s
( eric
f sing
i ns
b 96;

Hoare et al., 1996), and others. The nonlinear, variable slope,
sigmoidal concentration-activities of this hydrophobic receptor
mode matched retro–inverso peptide congener are consistent
with a hydrophobic binding mechanism, in that involvement
of nonlinear, log-linear, thermodynamic compensation effects
associated with the interaction of polypeptides with hydropho-
bic ligates has been documented (Boysen et al., 1999). Fig. 1A
shows that following the preinfusion of l�M of the peptide,all-
d-amino acid peptide YVIC. . . (the retro–inverso form ofall-L
SHQR. . . in Table 2), the dopamine concentration-EAR curve
was positively allosterically augmented to 225% of the values for
dopamine alone.Fig. 1B shows similar positive, sigmoidal mod-
ulatory effects following the preinfusion of l�M of dopamine
across the indicated increasing peptide concentrations. This kind
of mutual positive modulation suggests mechanisms involving
interactions between heterosteric and allosteric sites, in what
has been called receptor protein “linked functions” (Hall, 2000;
Lumry, 1995; Proska and Tucek, 1995; Wyman and Gill, 1990).

2.4. Methods of behavioral evaluation of D2DAR-targeted,
hydrophobic eigenvector template designed, d-amino acid
retro–inverso peptides on Sprague–Dawley, spontaneous
hypertensive, SHR (ADHD animal model) and
Wistar–Kyoto, WKY rats (progenitor normotensive controls)

Adult male Sprague–Dawley, Spontaneously Hyperten-
s rlan
S e per
c ni-
m ts off
a pon
a k to
a on in
s imal
p nal

F he do o 225%
o dula ide
c ric an h
fi

nd changes of as little as 2% of the control are replicable
Fig. 1A and B are graphs resulting from studies dem

trating a characteristicd-amino acid, retro–inversoTable 2
eptide–dopamine allosteric interactions, using microph
etric study of stably long form, D2DAR transfected LtK cell

see above),n = 16 pairs per point. These nonlinear allost
unctions are similar to the allosteric effects observed u
ons and chemical ligand D2DAR-mediated dopamine actio
y Neve (Neve, 1991), Hoare (Hoare and Strange, 1995, 19

ig. 1. (A) shows that with the preinfusion of 1 mM of the peptide YVIC. . ., t
f the dopamine alone values. (B) shows similar positive sigmoidal mo
oncentrations. Together, these suggest interactions between heteroste
gure.Fig. 1A is after Fig. 2 ofMandell et al. (2003b).
-

ive and Wistar–Kyoto rats (150–200 g; Supplier Ha
prague–Dawley, Inc. Indianapolis, IN) were housed thre
age in an environmentally controlled animal facility. All a
als were housed under reverse dark:light conditions, ligh
t 10:00 a.m. (10:00 h), lights on at 10:00 p.m. (22:00 h). U
rrival at the animal facility, animals have at least 1 wee
cclimate to the reverse dark:light schedule before inclusi
tudies. Food and water are available ad libitum. All an
rotocols were approved by the Emory University Institutio

pamine concentration–response curve was nonlinearly augmented up t
tory effects following the preinfusion of l�M dopamine across increasing pept
d allosteric sites as receptor protein “linked-functions”.n = 16 pairs per point in eac
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Animal Care and Use Committee (IACUC) in compliance with
NIH (http://grants.nih.gov/grants/olaw/olaw.htm) recommenda-
tions based on National Research council guidelines [NRC,
Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioral Research, National Academies Press, Washing-
ton, DC, 2003].

Behavioral studies seeking in vivo evidence for allosteric
modulatory actions of anall-d-amino acid peptide fromTable 2
involved the bilateral infusion into the nucleus accumbens of
0.5 nmol ofall-d-amino acid LLYKNKPRYPKRNRE (i.e., the
retro–inverso form ofl-amino acid RNRKPYRPKNKYLL)
versus artificial CSF alone in Harlan Sprague–Dawley rats.
All surgical procedures were carried out under aseptic con-
ditions. Rats were anesthetized using an anesthesia mixture
containing acepromazine, ketamine and xylazine (E. Schein
Inc.). Anesthetized rats were fixed in a stereotactic frame. Bilat-
eral guide cannulae (Plastics One, Inc., VA) terminating 3 mm
above the nucleus accumbens were stereotaxically implanted
(AP +2 mm:ML± 1.5mm) relative to bregma, fixed to the skull
with two stainless steel screws and dental cement and the inci-
sion closed with sutures. Dummy cannulae and caps were used
in order to prevent occlusion of the guide cannulae. Post recov-
ery, all rats were housed individually with unlimited access to
rat chow and water. Seven days after surgery, the dummy cannu-
lae was removed and the injection cannulae (Plastics One, Inc.,
VA) was inserted. Artificial CSF (125 mM NaCl, 2.5 mM KCl,
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preparation). A whole-body response produces vibrations in a
Plexiglas cylinder resting on a platform. This is transformed
into analogue signals by a piezoelectric unit attached to the
platform and results in startle amplitude values. The signals
are then digitized, represented as arbitrary “startle units”, and
stored in a dedicated computer. The testing session begins with
a 5 min acclimatization to the startle chamber in the presence of
65 dB white noise background. Testing consists of nine 120 dB
pulses alone (startle amplitude) and eighteen pulses preceded
by 100 ms by a prepulse of 4, 8 or 12 dB above background.
Pulses are presented in a pseudorandom order, with an average of
15 s between pulses. The major observable of interest, %PPI, is
determined for each rat at each prepulse intensity by the compu-
tation: %PPI= 100− startle amplitude with prepulse×100

startle amplitude of pulse alone. %PPI can
be expressed with respect to each prepulse intensity as well as
averaged across all three prepulse intensities.

Testing of nonselective attention (via the distribution of rear-
ings in time), impulsivity (time in arena center), and hyperactiv-
ity (timed total distance moved) are assessed for periods ranging
from 1 to 6 h (Geyer et al., 1987b; Mandell et al., 2003b). Each
animal is placed into a 75 cm× 75 cm white Plexiglas arena and
videotaped continuously under red light conditions. Videotapes
are then postprocessed to quantify time-dependent behaviors.
Images are digitized at a rate of six frames per second and the
animal’s location in the arena is automatically determined via
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.5 mM NaH2PO4, 1.2 mM CaCl2, 1.0 mM MgCl2, 0.2 mM
scorbic acid and 0.025% BSA) or peptide (0.5 nmol/�l/side)
as infused at a flow rate of 1 ml/min. Infusion cannulae w

eft in place for 1 min following injection of artificial CSF o
eptide in order to allow dispersion of the peptide.

Both ERNR. . . and its d-amino acid, retro–inverso form
LYK . . ., were found to be active in vitro using the integra
AR, as described in the previous section. Fifteen minutes

he central injection of peptide or artificial CSF, rats rece
singe intraperitoneal injection of amphetamine (1.0 m

n 0.9% saline). 5 min after amphetamine administration
ats were tested for prepulse inhibition, PPI. Immediately
PI testing (32 min after central injection of peptide, 17
fter amphetamine injection), spontaneous motor activity
ssessed for a period of 2 h. The four experimental co

ions were (1) LLYK. . . (in artificial CSF) followed by par
nteral administration of 0.9% saline; (2) LLYK. . . (in arti-
cial CSF) followed by parenteral administration of 1 mg
-amphetamine; (3) CSF followed by parenteral administra
f 0.9% saline; (4) CSF followed by parenteral administra
f 1 mg/kgd-amphetamine. The amount of the animals’ sp

aneous exploratory behavior was recorded using contin
ideotaping under red light, their locations quantified using
thovision 2.0 time–location program as described above
natomical locations of the intracerebral canulae were confi
istologically.

Testing of the peptide influences on acoustic startle am
ude and prepulse inhibition of the acoustic startle reflex (
as conducted in the dark phase between 11:00 h and 16

n a San Diego Instruments (San Diego, CA) startle ch
er (Binder et al., 2001; Geyer et al., 2001; Kinkead et al
r
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s

e
d
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thovision 3.0 software (Noldus Information Technology,
etherlands). The data is partitioned into 10-min epochs
ach epoch analyzed independently for total distance move

otal time in the center. The threshold for a movement cou
efined as a greater than 3 cm change in position of the cen
ass of the rat. Rearing behavior is independently scored

rained observer. Greater periods of observations have bee
n a pilot basis in the evaluation of the time-effect envelope
ave observed greater than 6 h of effect by somed-amino acid
etro–inverso congeners.

. Results and interpretive discussion

.1. In vivo positive modulatory allosteric-like influences
n amphetamine-induced dopamine-release evoked,
2DAR-mediated behavior

In previous work we evaluated Sprague–Dawley rats’
istance moved in 2 h following LLYK. . . and/or amphetamin
dministration (Mandell et al., 2003b). These studies show

hat LLYK. . . alone increased total activity over six-fold co
ared with CSF control (t(14) = 3.40;ρ = 0.002) or amphetamin
lone (t(14) = 2.769; ρ = 0.008), as well as augmenting t
esponse to parenteral amphetamine when compared wit
nteral amphetamine alone (t(14) = 3.00;ρ = 0.004). This is con
istent with our hypothesis that it is acting as a positive allos
odulator of the effects of intrinsic dopamine.
The same studies (Mandell et al., 2003b) also exam

ned the associated rearing frequency in Sprague–Dawley
ndicator of “nonselective attention” (see above). This v
ble demonstrated a large augmentation of the 1 mg/kg
nteral) amphetamine response when preceded by the bi

http://grants.nih.gov/grants/olaw/olaw.htm
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intra-nucleus accumbens infusion of 0.5 nmol of LLYK. . .
(t(14) = 6.110; ρ < 0.0001 across 8 h). Neither amphetamine
alone nor LLYK. . . alone produced significant changes in rear-
ing frequency relative to each other or CSF controls.

Additional behavioral data from these studies illustrate pep-
tide, amphetamine and their combined effects on another puta-
tively D2DAR-mediated behavioral change, the disruption of
prepulse inhibition, PPI, at 4, 8 and 12 dB prepulse intensi-
ties (described above) (Geyer et al., 1987a; Mansbach et al.,
1988; Peng et al., 1990; Swerdlow et al., 1986). We found the
expected partial (but not statistically significant) disruption of
PPI by parenterald-amphetamine, 1 mg/kg alone. Peptide alone
significantly disrupted PPI at 4 and 8 dB (but not 12 dB) inten-
sity (4 dB:t(10) = 2.219;ρ = 0.025; 8 dB:t(10) = 2.126;ρ = 0.030)
n = 6 per group.

Average time in the arena center was also observed. Here
we saw a statistically significant effect of LLYK. . . on the aver-
age time in the arena center. At these relatively low dose of
amphetamine, amphetamine did not produce statistically sig-
nificant changes in this behavior relative to the CSF controls
(t(4) = 1.259;ρ = 0.138). LLYK. . ., however, markedly increased
time in center, alone (t(4) = 2.512; ρ = 0.033), and when fol-
lowed by amphetamine administration (t(4) = 7.164;ρ = 0.001).
Amphetamine alone produced significantly less time in center
than did LLYK. . . alone (t(4) = 2.168;ρ = 0.0480), or LLYK. . .
followed by amphetamine (t = 6.114;ρ = 0.0018). Finally, the
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et al., 1996; Wultz and Sagvolden, 1992), and (4) “Impulsive-
ness,” gauged by SHRs’ increased time in center compared to
WKYs (Fig. 2D) (t(14) = 7.435;ρ < 0.001). This demonstrates the
SHRs phenotypic tendency to leave the “safety” of the home cor-
ner and the arena cage floor’s periphery for the usually avoided
center (Adriani et al., 2003; Mormede et al., 2002; Sagvolden et
al., 1993; Ueno et al., 2003) n = 8 per group inFig. 2A–D.

3.3. Results and preliminary interpretations: behavioral
effects on SHRs and WKYs of all-d LLYK. . ., alone and in
combination with low dose amphetamine

The initial, tentative conclusions about the behavioral actions
of the exemplar peptided-LLYK . . . in SHR and WKY rats are:
(1) the peptide does not alter the general activity level of either
SHRs and WKYs relative to respective untreated controls, as
total timed distance moved. Amphetamine, however, produced
statistically significant augmentation of activity in both strains
compared to either untreated controls or peptide treated animals
of the same strain, (2) the peptide does not alter SHRs nonselec-
tive attention, observed across a time series of rearings, while
amphetamine dramatically increased this behavior, compared to
consubspecific baseline or peptide groups. In WKYs, the peptide
significantly reduced nonselective attention relative to baseline,
(3) the peptide did not increase impulsivity in SHRs, while
amphetamine produced significant augmentation over untreated
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eptide alone condition did not differ significantly from the p

ide plus amphetamine condition (t(4) = 0.442;ρ = 0.341).
It was the earlier in vitro and this (intra nucleus accumben

ivo evidence of stimulant amphetamine-like and ampheta
ositive modulating effects ofTable 2algorithmically designe
eptides in exploratory hyperactivity, nonspecific attenti
earing and disruption of sensory-motor gating and impuls
hat motivated our examination of these retroinverso “pep
rugs” in the SHR model of ADHD and our goal of devel

ng a peptide strategy for the allosteric modulatory treatme
DHD as described above.

.2. Baseline ADHD-like behavioral differences between
HRs and WKYs

Behavioral abnormalities found in SHRs compared
KYs that are identical or analogous to those in patients
DHD include: (1) relative hyperactivity (Drolet et al., 2002
erguson and Cada, 2004; Hendley, 2000; Mormede et al.,
agvolden, 2000; Sagvolden et al., 1992) as reflected in ou
tudies indicating a relatively higher SHRs’ timed total dista
oved (Fig. 2A) (t(14) = 6.502;ρ < 0.001); (2) reduced senso
otor gating as evidenced by a deficiency in pre-pulse inhib
ithout a significant difference in initial pulse response am

ude (Drolet et al., 2002; Ferguson et al., 2004;Hawk et al.
003; Maslova et al., 1999; Ornitz et al., 1999, 2000) (Fig. 2B).
ote that startle amplitude and prepulse inhibition differe
etween SHRs, WKYs and Sprague–Dawley rats have
eported (Van den Buuse, 2004); (3) defects in “nonselectiv
ttention”, as reflected in SHRs by the amount of “rearin
Fig. 2C) (t(13) = 8.966;ρ < 0.001) (Aspide et al., 2000; Hunzike
f

;

n

ontrol or peptide conditions, as reflected in times in the cen
he arena. WKYs showed significant increases in “impulsiv
ith amphetamine (compared to untreated controls or pe
onditions), but also showed significant decreases over ba
ith peptide administration and (4) while pulse alone st
mplitudes did not differ significantly across strains, base
PPI values were different, with SHR’s producing significa

ess prepulse inhibition. Both amphetamine and peptide rev
his deficiency in sensory motor gating of SHRs, and did no
er significantly from each other.

Adult male SHR and WKY rats received a single sub
aneous injection ofd-LLYK . . . (3.0 mg/kg) or 0.9% salin
peptide vehicle) 1 h before PPI testing. Five minutes be
PI testing, rats received a single i.p. injection of ampheta

1.0 mg/kg) or 0.9% saline (amphetamine vehicle). Immedia
fter PPI testing (1 h and 15 min after peptide injection),
ere placed in locomotor boxes.
Fig. 3A is a graph of the total distance moved by the SH

nd WKYs over 1 h. The peptide did not effect total dista
oved in the hyperactive SHRs, nor in their progenititor c

rol WKYs, compared with untreated controls of each str
hile stimulant drugs are known to normalize reinforcem

earning paradigms in the SHRs (Mook and Neuringer, 199
agvolden et al., 1992), at low to medium doses amphetam
as been reported to increase SHRs’ spontaneous explo
ehavior (Ueno et al., 2003; Wultz et al., 1990). Here we se

hat amphetamine, in a low dose, and in contrast with
ffect of the peptide, led to statistically significant increa

n exploratory motor behavior relative to controls and pep
roups in both the SHRs and WKYs (amph versus con
HRt(5) = 3.247;ρ = 0.015; WKYt(5) = 5.406;ρ = 0.0015: amp
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Fig. 2. Behavioral phenotypic characterization and differentiation of SHRs from progenitor WKYs controls: “. . .(SHRs) are a strain with most of the major behavioral
symptoms of ADHD. . .” (Sagvolden, 2000), n = 4 per group. (A) SHRs demonstrated an increase in timed spontaneous exploratory behavior compared with the
WKYs (t(14) = 6.502;ρ < 0.001). (B) Without a significant difference in pulse startle amplitude (left), the SHRs evidence a relative impairment in “sensory-motor
gating” (right). (C) SHRs demonstrate more “nonselective attention,” compared to WKYs, as demonstrated by the difference in timed number of rearings (t(13) = 8.966;
ρ < 0.001). (D) Using time in center as an index of “impulsiveness,” the SHRs, relative to the WKYS, tend to leave the “safety” of the “home corner” and periphery
of the arena to spend more time in the usually avoided arena center (t(14) = 7.435;ρ < 0.001).

versus peptide: SHRt(7) = 5.121;ρ = 0.0007; WKYt(8) = 9.101;
ρ < 0.001).

Fig. 3B is a graph of the results of a pilot study of behav-
ior related to “nonselective attention”, as observed number
of rearings summed over consecutive 5-min periods. Again,
groups include baseline saline treated controls, i.p. adminis-
tration of amphetamine (1 mg/kg), and s.c. administration of
d-LLYK (3 mg/kg), n = 5–9 animals per group. Note that SHRs
baseline rearing frequency was statistically significantly higher
than that of the WKYs (t(16) = 8.996;ρ < 0.0001). WKYs rear-
ing frequency was not significantly effected by amphetamine
treatment, but was significantly reduced just within significance
by peptide (t(13) = 1.813;ρ = 0.050). Amphetamine significantly
increased rearings in WKYs in comparison with peptide treat-
ment (t(9) = 2.021;ρ = 0.036). In SHRs amphetamine signifi-
cantly increased rearings in comparison with baseline controls
(t(12) = 4.216;ρ = 0.0006), and when compared to peptide treated
animals (t(8) = 2.977;ρ = 0.0088). The observed low dose stimu-
lant drug-induced increase in rearings in SHRs has been reported
previously by others (Aspide et al., 2000).

Fig. 3C represents the results of a study of “impulsivity”
as represented by relative time spent in the center of the cage
arena, compared with the time spent in the safety of the home
corner or the periphery. The increased baseline time in center
reported for the SHRs relative to WKYs (Ueno et al., 2002)
is confirmed here in untreated controls. As expected in rats
of many strains, amphetamine, 1 mg/kg, significantly increased
SHRs and WKYs time in center over their respective baselines.
Conversely, LLYK. . . significantly reduced WKYs time in cen-
ter (t(6) = 3.607;ρ = 0.007), and produced significantly less time
in center than amphetamine in the SHRs (t(6) = 2.920;ρ = 0.011).
These findings contrast with the reported effects of higher doses
of stimulants, which reduce rats’ time in the center (the rats being
locked into a stereotyped circling pattern) (Segal and Mandell,
1974; Ueno et al., 2002), n = 2 for untreated controls andn = 5
per treated group.

Sensory gating is the most global manifestation of the atten-
tional and sensory screening defects in ADHD, and of their
repair. Whereas amphetamine and methylphenidate are known to
disrupt PPI in Sprague–Dawley and other common experimental
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rat strains (Bakshi et al., 1995; Geyer et al., 2001; Mansbach et
al., 1988; Ott and Mandel, 1995; Zhang et al., 1998), the results
of studies of the effects of stimulants on PPI in SHRs have been
more ambiguous, the results ranging from little effect to more
moderate disruption (Drolet et al., 2002; Paule et al., 2000).

Fig. 3D and E graphically summarize the results of the
n = 10 (per baseline group) orn = 5 per treatment group, pilot
experiment evaluating the influence ofd-LLYK at 3 mg/kg and
amphetamine (1 mg/kg) on PPI in the SHRs and WKYs.Fig. 3D
shows pulse alone startle amplitudes by strain, across treat-
ment conditions. There were no significant differences across
treatments either within or across strains in pulse alone startle
amplitudes.

Fig. 3E shows that while the peptide shares none of
amphetamine’s ill effects (e.g. hyperactivity, increased nonse-
lective attention, increased impulsivity), the peptide does share
amphetamine’s ability to reverse (“repair”) the SHRs relative
deficiency in sensory gating (prepulse inhibition, PPI). As noted
above, this “deficiency” is a well-established characteristic of
the ADHD clinical population (Drolet et al., 2002; Ferguson
and Cada, 2004; Hawk et al., 2003; Maslova et al., 1999; Ornitz
et al., 1999, 2000).

SHRs had a significantly lower baseline than did WKYs
(t(18) = 2.071;ρ = 0.024). Amphetamine produced a significant
elevation of prepulse inhibition in the WKYs (t(13) = 2.394;
ρ = 0.016). In SHRs, amphetamine and peptide each produced
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were significantly lower than amphetamine conditions, but did
not differ significantly from baseline measures or untreated
controls.

3.4. Results and preliminary interpretations: parenteral
efficacy of d-amino acid peptide

Brain-mediated physiological activity ofd-amino acid
retro–inverso transformed, naturally occurring peptides have
been demonstrated following parenteral (subcutaneous or
intraperitoneal) administration (Goodman et al., 1992; Lapchak
et al., 2000; Lu et al., 2000; Marino et al., 1999; Murphy et
al., 1985; Yan et al., 2000). We and others have conjectured
that thed-amino acid peptide bonds of the receptor hydropho-
bic eigenmode matched, retro–inverso peptides, being resistant
to proteolytic digestion, permit the peptide to remain in the
extracellular fluid in sufficient concentration and over suffi-
cient time to diffuse into the brain, without the necessity of a
membrane transporter. We have observed known brain mediated
responses occurring within 1 h of the administration of eigen-
vector template designed, retro–inverso peptides (see below).
Having demonstrated behavioral effects after bilateral nucleus
accumbens infusion of D2DAR-targeted,all-d retro–inverso,
eigenvector template designed peptides (Mandell et al., 2003b)
and after parenteral administration (above), we had to begin
to address whether these algorithmic peptides could cross the
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ide conditions were not significantly different from ea
ther.

These relatively smalln initial studies suggest that parente
-LLKY reversed the sensory gating, PPI, defect of the S
at in the same way as amphetamine, but unlike ampheta
oes so without increasing the SHRs experimentally de
yperactivity (total timed distance moved), nonselective a

ion (timed distribution of rearings) or impulsivity (time spe
n arena’s center). In all these variables peptide condi

ig. 3. Pilot experiments examinedd-LLYK . . . (d-amino acid, retro–inverso
mphetamine (1 mg/kg). We conjecture that allosteric peptides may bri
pontaneous exploratory behavior in the WKYs and SHRs unchanged, w
onditions (amph vs. control: SHRt(5) = 3.247;ρ = 0.015; WKYt(5) = 5.406;ρ =
B) shows “nonselective attention” behavior, as observed number of rea
earing frequency was significantly higher than WKYs (t(16) = 8.996;ρ < 0.0001)
y peptide (t(13) = 1.813;ρ = 0.050). Amphetamine significantly increased re
mphetamine significantly increased rearings in comparison with baseli
Impulsivity”, as time in center, showed the expected increased baseline f
ncreased SHRs and WKYs time in center over their respective baselin
= 0.0268). Conversely, LLYK. . . significantly reduced WKYs time in center
= 0.011).n = 2 for untreated controls,n = 5 per treated group. Sensory gat
DHD, and of their repair. (D) shows pulse alone startle amplitudes by s
ither within or across strains. (E) shows that while the peptide shares non
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significantly lower baseline %PPI than did WKYs (t(18) = 2.071;ρ = 0.024).
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Fig. 4is a graph of the means and standard errors of time s

f rectal temperature responses in Harlan Sprague–Da
ats following the subcutaneous (s.c.) administration of
etro–inverso form of alll-amino acid ERNRKPYRPKNKYLL
hat is, all-d-amino acid LLYKNKPRYPKRNRE (d-LLYK)
2 mg/kg) alone or followed by the intraperitoneal adminis
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◦ hyperthermic response was observed at 2 h following
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Fig. 4. Shows means and standard errors of time series of rectal temperatures from Harlan Sprague–Dawley rats following the subcutaneous administration of the
retro–inverso form of alll-amino acid ERNRKPYRPKNKYLL, that is,all-d-amino acid LLYKNKPRYPKRNRE (d-LLYK) (2 mg/kg) alone or followed by the
intraperitoneal administration of amphetamine (1 mg/kg),n = 4 per group.A > 2◦ hyperthermic response was observed at 2 h following the s.c. administration of
LLYK . . . alone and LLYK. . . followed by amphetamine. These responses were greater than those to amphetamine alone, a known brain-mediated hyperthermic agent.
The difference between LLYK. . . alone and LLYK. . . followed by amphetamine only reached statistical significance at 3 h (t(6) = 3.739;ρ = 0.006). The positive
allosteric peptide augmentation of the amphetamine-induced hyperthermic response in thed-LLYK/amphetamine treatment group persisted for more than 6 h.

followed in 1 h by amphetamine administration. Notice
that these responses were bigger than that observed 1 h
after administration of amphetamine alone. Here the dif-
ference between LLYK. . . alone and LLYK. . . followed
by amphetamine only reached statistical significance at 3 h
(t(6) = 3.739;ρ = 0.006). The positive allosteric peptide augmen-
tation of the amphetamine-induced hyperthermic response in the
d-LLYK/amphetamine treatment group persisted, with the cen-
trally induced hyperthermia lasting for more than 6 h.

Our representative peptide,d-LLYK, was among 12 arbi-
trarily chosen for synthesis from several hundred promising,
template-generated candidate 15mers. Although preliminary, If
these findings hold up with larger n studies and the features
of the peptide-induced behavioral responses of the SHR model
are reflected in their analogous clinical observables, template
generated, hydrophobic mode matched, residue assignment
constrained retro–inverso peptides may lead to non-stimulant,
allosteric, “softer” treatment strategies for D2DAR-mediated
disorders, such as ADHD.
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