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Abstract

Dopamine receptors in striatum are important for healthy brain functioning and are the target
of levodopa-based therapy in Parkinson’s disease. Lateralization of dopaminergic
neurotransmission in striata from different hemispheres occurs in patients, but also in healthy
individuals. Our data show that the affinity of dopamine binding to dopamine D1 receptors is
significantly higher in left than in right striatum. Analysis of data from radioligand binding to
striatal samples from naive, 6-hydroxydopamine lesioned, levodopa-treated and levodopa-
induced dyskinetic rats shows differential receptor structure and gives hints on the causes of
right/left lateralization of dopamine binding to striatal D1 receptors. Moreover, binding data

showed loss of lateralization in levodopa (L-DOPA)-induced dyskinetic rats.

Running title: Lateralization of binding to striatal dopamine D1 receptors
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Introduction

Motoric lateralization is due to musculoskeletal and brain asymmetries and does occur in

both vertebrates and invertebrates (see [1] for review). In mammalian brain, asymmetries

have been mainly studied from an anatomic point of view. Thus, early but accurate studies in

human entorhinal area showed right-left asymmetry in the number of neurons [2].

Assessment of lateralization at the molecular level was approached by radioligand binding

studies mainly assuming similar receptor species in both hemispheres and reporting

differences in receptor expression. For instance, dopamine D: receptor lateralization and

correlation of dopamine D1/D> receptor expression ratio with apomorphine-induced rotation

was assessed by differences in Bmax, i.e. in differences in the amount of receptors ([3] and

references therein). Despite enormous conceptual interests, the lack of suitable tools is

delaying the increase in knowledge of the molecular causes of brain asymmetry. Recent

discoveries indicate that dopamine receptors, as members of the G-protein-coupled receptor

(GPCR) superfamily, interact with a variety of proteins [4] and that the guaternary structure

affects GPCR binding characteristics and signaling [5]. Differences in the affinity of

neurotransmitters/neuromodulators binding to specific receptors have served to detect

molecular differences in pre- versus post-synaptic GPCRs [6]. These findings open a way to

hypothesize that lateralization in mammalian brain may be addressed by careful study of the

affinity of agonist binding to receptors in the two hemispheres.

Dopaminergic neurotransmission in the striatum_has a key role in motor control. Thus, the

lack of nigrostriatal dopaminergic innervation in Parkinson’s disease results in motor

alterations. Previously published data have clearly established that left and right striatum are

not the same: apparent asymmetry between neurochemical properties of striata from opposing

hemispheres exists [7] and, unsurprisingly, the same applies to dopaminergic

neurotransmission [8]. This lateralization in the striatum at the circuit and the cellular levels

has both behavioral consequences [9] and therapeutic implications in PD therapy [10]._For

example, lateralization in D/ receptor binding was i) found in response to unpredictable

reward and could be accounted for by sex differences [11].ii) associated with motor activity

[12], iii) correlated to the body-mass index (BMI) of non-obese males [13], iv) found to

predict individual differences in learning from reward versus punishment, thus underlying

human personality and coqgnition [14] and v) found to correlate with incentive motivation,

with greater positive incentive motivation being associated with higher receptor availability




in the left hemisphere [15]. However, the molecular dissection of such asymmetry is still

lacking [16]. Recently, we have reported left vs. right asymmetry of dopamine binding to rat
striatal dopamine D receptors (D:Rs) indicating that the dopamine-mediated signaling has a
stronger tone in the left hemisphere [17]. This lateralization, consistently found in samples
from healthy rats, is not due to right-left limb preferences and, therefore, it may likely be a
property crucial for proper motor control in mammals. The aim of this paper was to look for
hints to understand the molecular basis of lateralization of dopamine binding in right and left

striatum.
Methods

8-week old male Wistar rats were used in the experiments. All experiments were carried out

in accordance with the “Principles of laboratory animal care” and approved by the
corresponding committee at the University of Santiago de Compostela, Spain. After

anesthesia with ketamine/xylazine (1 % ketamine, 75 ma/kg; 2 % xylazine, 10 mg/kq), and

placement in a David Kopf stereotaxic apparatus, animals received a unilateral injection in
the right medial forebrain bundle of 12 ng of 6-OHDA HBr Sigma: prepared in 4 ul of

sterile saline containing 0.2 % ascorbic acid. The stereotaxic coordinates were 3.7 mm

posterior to bregma. —1.6 mm lateral to midline, and 8.8 mm ventral to the skull at the

midline, in the flat skull position. The solution was injected with a 5-ul. Hamilton syringe

coupled with a motorized injector (Stoelting,Wood Dale, I, USA) at 1 ul/min, and the

cannula was left in situ for 2 min after injection. Three weeks later, the efficacy of the lesion

was evaluated by the amphetamine rotation and the cylinder test. The correct nigrostriatal

lesion was confirmed by the loss of tyrosine hydroxylase (TH) immunohistochemistry

staining.

Animals were divided into four groups as follows: 1) non-lesioned rats (naive); 2) animals

lesioned by 6-hydroxydopamine (6-OHDA), but receiving only vehicle afterwards (lesioned);

3) animals lesioned by 6-OHDA receiving a chronic treatment with levodopa (L-DOPA),

6ma/ka plus 10 ma/kg of benserazide daily for 3 weeks without exhibiting adverse motoric

reactions (L-DOPA treated non-dyskinetic) and 4) same as 3), but showing adverse motoric

reactions (L-DOPA treated dyskinetic). Benserazide is a peripheral decarboxylase inhibitor

that increases brain availability of L-DOPA. The development of dyskinesia was tested using

the rodent abnormal movement scale (AlMs) [18]. For binding studies, animals were

sacrificed by decapitation (6 h after the last injection of vehicle or L-DOPA), and the brains




were removed rapidly. Brain areas containing the striatum (both from the lesioned and intact

hemispheres) were dissected out and immediately frozen on dry ice until use. A more detailed

description of procedures may be found in Farré et al. [17], which also describes the

radioligand binding protocols. In brief, membrane suspensions were preincubated in 50 mM
Tris-HCI buffer, pH 7.4, containing 10 mM MgCl, with 1 nM of radiolabelled DR
antagonist [*H]R-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetra-hydro-1H-3-

benzazepine ([*H]SCH 23390), and increasing concentrations of (%)-1-phenyl-2,3,4,5-
tetrahydro-(1H)-3-benzazepine-7,8-diol hydrobromide (SKF 38393, D1R agonist, triplicates
of 15 different competitor concentrations from 0.01 nM to 50 uM), in the absence or the
presence of 100 nM of the D3 receptor agonist trans-7-hydroxy-2-[N-propyl-N-(3'-iodo-2'-
propenyl)amino]tetralin (7-OH-PIPAT). Nonspecific binding was determined in the presence
of 50 uM SCH 23390.

Radioligand competition curves were analyzed by nonlinear regression using the commercial
Grafit curve-fitting software (Erithacus Software, Surrey, UK). Two different models were
used for data analysis, one assuming receptor monomers and another assuming receptor
dimers. First of all, the equations of the classical two-independent site model were used; the
model assumes receptors in two affinity states: low affinity/not coupled to G proteins and
high affinity/G-protein-coupled. Second, equations of the two-state dimer receptor model
were used [19, 20]. In the latter, a homodimer is considered the minimal structural unit of a
receptor forming homomers or forming heteromers with another receptor. To calculate the
macroscopic equilibrium dissociation constants [21], data from competition binding

experiments were fitted using the following equation:
Avotal bound = (KpazA + 2A2 + Kpa2AB / Kpag) Rt/ (KpaiKpaz + KpaoA + A% +

Kpaz AB/ Kpag + Kpai1Kpaz2B /Kpg1 + KpaiKpazB? / (Kpe1Kpgsz2)) + Anon-specific bound Eq.
1

where A represents free radioligand (the D: partial agonist [?H]SCH 23390) concentration,
Rt is the total amount of receptor dimers and Kpa: and Kpaz are the macroscopic equilibrium
dissociation constants describing the binding of the first and the second radioligand molecule
(A) to the dimeric receptor; B represents the assayed competing compound (SKF 38393)
concentration, and Kpg: and Kpg> are, respectively, the macroscopic equilibrium dissociation

constants for the binding of the first competitor molecule (B) to an unoccupied dimer and for



the binding of the second competitor molecule (B) to the semi-occupied dimer; Kpag is the
hybrid equilibrium radioligand/competitor dissociation constant, which is the dissociation

constant of B binding to a receptor dimer semi-occupied by A.

As the radioligand A ([*H] SCH 23390) shows non-cooperative behavior, determining Kpa1

is sufficient to characterize the binding of the radioligand, A, and Eq. (1) leads to Eq. (2) by
establishing Kpa2 = 4Kpa1 [19, 20]:

Aotal bound = (4Kpa1A + 2AZ% + 4Kpa1AB / Kpag) Rt / (4Kpai? + 4KpaiA + A? +4Kpa1AB /
Kpas + 4Kpa1?B / Kpg1 + 4Kpa1?B? / (Kpe1Kbgz)) + Anon-specific bound  EQ. 2

The concentration of competitor B that leads to a 50% of binding sites occupied by the
competitor B molecule is the Bso value. Assuming two independent sites, we have devised

the equation 3 to obtain Bso from calculated parameters, using the equation corresponding to

the two-independent site model (full deduction of Eq. 3 is available upon request)

Bso = [(BmaxH - Bmax) (Kpn - KpgL) + ((Bmaxt - Bmax)? (Kpn - KpsL)? + 4Bmax®KpnKpsL)Y?] /
2Bumax Eq. 3

where Bmax represents the maximum binding to high plus low affinity sites: Bmax = Bmax+ +
BmaxL)-

In the case of receptor dimers, the Bso value is readily calculated [20] by the following

formula:
Bso = (Kpe1Kpg2)*? Eq. 4

Goodness of fit was tested according to reduced chi-squared values given by the Grafit
program. The test of significance for two different model population variances was based
upon the F distribution (see [19, 22] for details). Using this F test, a probability greater than
95% (p < 0.05) was considered the criterion to select a more complex model (i.e. Eq. (1) or
two-sites in the two-independent site model) over the more simple one (i.e. Eq. (2) or one site
in the two-independent site model). Competition curves for each animal were performed in
triplicates to obtain accurate parameter values (see [17]). Differences were analyzed for
significance by two-way ANOVA followed by Bonferroni’s post hoc multiple comparison

tests.



Results

Binding to dopamine DiRs in right and left rat striatal membranes was performed using
[®H]SCH 23390, a D;R antagonist, and SKF38393, a D:R agonist, as competitor, in the
presence or absence of a dopamine D3 receptor agonist (7-OH-PIPAT) (see [17]). The data
from the competition curves were fitted using equations devised from two models: the two-

independent site model and the two-state dimer model.
Fitting data using the two-independent site paradigm

The two-independent site model assumes that high- and low-affinity binding is due to,
respectively, GPCRs coupled and uncoupled to a given heterotrimeric G protein. Data from
competition assays analyzed using this model provide equilibrium constants for high- (Kpn)
and for low-affinity (Kpr) binding, as well as for the amount of high and low affinity sites

(Table 1). According to the two-independent site model, two D:R binding species are

distinguishable in striatal samples from either hemisphere of naive rats. Lateralization is

observed by the statistically significant lower Kpy and Kpr-values in the left hemisphere
compared with values in the right one: Kpn is 14-fold lower and Kpy is circa-3-fold lower in
the left striatum. In addition, the proportion of high affinity sites is 3-fold lower in the left

hemisphere.

Low affinity species were predominant in hemilesioned animals in which, interestingly, the

affinity parameters (Kpn or Kpi) for the binding of the agonist to D1Rs were similar in the

striata from two sides (Table 1). Taking into account all four groups of animals, the overall

comparison showed that the proportion of high-affinity (Bmaxn) VS. total number of sites was

significantly different (inter-group differences detected by two-way ANOVA) in samples
from both right (Fz.16)=7.79, p=0.002) and left (F3.16=12.80, p=0.0002) hemispheres. Right-
left lateralization was also found in terms of differential (inter-hemisphere differences
detected by two-way ANOVA) Bmaxt (F1.16=30.5, p<0.0001), Kpu (F1.16=91.0, p<0.0001)
and Kpi (F16=43.1, p<0.0001) values (see Table 1). Interpretation of results in terms of

D1Rs coupled and uncoupled to G proteins is complex. In principle, the preponderance of low

affinity sites (Table 1) indicates that G-protein-coupled D1Rs would be the minority species

in all samples except in the right striatum of naive and dyskinetic animals.



In contrast to the results for Bmaxn, the values for Bsg (i.e. the concentration of SKF38393 that

leads to a 50% of binding sites occupied by this agonist), calculated using the two-site model-

derived Eqg. 3, were similar in the two hemispheres and were also similar in samples from the

different groups. However, there are inter-group differences if Bso values are calculated under

the dimer paradigm (see later).

Fitting data using the two-state dimer receptor paradigm

The binding to dimers is determined by the total number of dimers (maximum number of
binding sites Bmax Would be twice the number of dimers Rt) and two equilibrium constants

defining the binding of the competing agonist (B) to the two protomers of the dimer (Kpg1

and Kpgo). If agonist binding to the first protomer in an unoccupied dimer modifies the
characteristics of the binding to the second protomer, cooperativity occurs and a homotropic
cooperativity index (Dcg) may be readily calculated. Apart from higher affinity in the left
hemisphere in samples from all animal groups, the cooperativity index is more negative in the
left hemisphere (Table 2). Thus, data fitting using equations devised from the dimer receptor

model shows right/left lateralization.

Interestingly, the data fit under the dimer paradigm allows calculation of a hybrid constant
that quantifies the modulation due to the binding of another ligand to the partner receptor in a
dimer. The hybrid parameter (Dag) denotes whether the binding of the competitor (B) to
unoccupied receptors and to receptors hemioccupied by the radioligand (A) is similar or not.
Deviations from zero values for Dag indicate that binding of the radioligand molecule to one
protomer affects the binding of the competitor to the second protomer in the dimer.
Importantly, Dag was always zero in samples from right striatum, but not in those from left

striatum (Table 2), i.e. two-way ANOVA analysis showed significant inter-hemispheric

differences in Kpag (F1,16)=324.6, p<0.0001). Although differences in values were detected in

the left striatum of every experimental group, the Dag was always positive, thus indicating

that the binding of the competitor to the left striatal D:Rs is favored if one molecule of the
radioligand is already bound to the receptor dimer. Non-zero Dag values were confirmed by
comparing the goodness of the fit with and without considering interactions due to A
affecting the binding of B to the dimer. In fact, the fitting was significantly better when Dag
was parameterized than when Dag was forced to be zero. Furthermore, the robustness of the

overall results from all conditions and from the two hemispheres was higher when the



parameter was taken into account. These results indicate the convenience of considering the

Dag hybrid parameter under the receptor dimer concept.

The Bso values obtained under the dimer receptor paradigm (see Eg. 4) confirm lateralization,
with lower values in the left hemisphere (significant inter-hemispheric differences in Bso by
two-way ANOVA analysis (F,16=233.9, p<0.0001), and with no major alterations in
samples from lesioned animals (with respect to the samples from naive rats, see Table 2).

Therefore, Bso may better reflect agonist-binding characteristics if calculated under the

receptor dimer assumption, i.e. using eq. 4.

Hints on lateralization of binding to D1Rs in naive animals

Lateralization of dopamine binding to D{Rs in striatum reflects changes in the molecular
structure of the binding site that may be due to several circumstances. The different
possibilities may be summarized as different degree of coupling of D:R to other molecules of

D:R itself or to other proteins (see Discussion for DiR-interacting proteins). It should be

noted that the use of isolated membranes simplifies the interpretation of the results as in
membranes the two more likely types of interactions are the homo/heteromeric with GPCRs
and the coupling to G proteins. The data from samples of naive animals using the two-
independent site model may be interpreted as more DiRs coupled to G proteins in the right
side. The proportion of high (18%) and low (82%) affinity sites in the left side (Fig. 1) points
to a marked imbalance in the left hemisphere where receptors seem to be less coupled to
heterotrimeric G proteins. The Kpn and Kp values, both of which were significantly lower in
the left hemisphere (Table 1) indicate that, irrespective of G protein coupling, the DR in the
left hemisphere is structurally different from the D1R in the right hemisphere. Either this is
due to the coupling to a different G protein or reflects allosteric effects due to membrane
components other than G proteins. Although D:Rs may couple to Gq and lead to calcium

mobilization via D1-D» receptor heteromer formation ([23, 24]) and other less well defined

mechanisms [25], the main signaling pathway engaged via striatal D1Rs seems to be Gs-
dependent [26, 27].

The existence of allosteric effectors differentially affecting the binding to DiR in the two
striatal hemispheres is confirmed by results obtained using the two-state dimer receptor
model. First of all, negative cooperativity is more marked in the left side (Table 2). From the

analysis using the dimer receptor model, a relevant result comes out: there is a lack of




heterotropic agonist/antagonist effect in the binding to DiRs on the right side, whereas the

heterotropic agonist/antagonist effect in the binding exists on the left side. In fact, Dag is zero

in data from the right side and >0 in data from the left side. Main structural differences in the
DR from right and left sides occur as only the binding of the radiolabelled antagonist to the
left D1R affects the binding of competing agonist. Hence, the D1R in the left striatum changes
its conformation when occupied with the radioligand in such a way that the access of the
competitor to a hemioccupied receptor is better than to the empty dimer (Table 2). The
underlying mechanisms are difficult to apprehend, but this piece of evidence is in itself very

relevant because it allows distinguishing between two qualitatively different D:R

subpopulations. As the binding to the right hemisphere does not display the heterotropic

agonist/antagonist effect, the observed lateralization is due to structurally different DiRs.

Furthermore, the positive effect contrasts with the negative cooperativity found often in

agonist binding to GPCRs [19, 28]. In terms of dimers, the results indicate that the access of

the second radiolabelled molecule to D:1R dimers is thermodynamically less favored, whereas

the opposite occurs when the competitor binds to the dimer already occupied by one

radiolabelled molecule. In summary, according to the two-independent site model, in the left

hemisphere, the fraction of DiRs coupled to G proteins is lower than the fraction of

uncoupled ones. Under the receptor dimer assumption, an allosteric effect may explain why

D:Rs in the left side display higher affinity. Also, the dimer model-devised parameter Dag

seems to be a convenient way to describe intradimer interactions.

Hints on lateralization of binding to D1R in lesioned and dyskinetic animals

According to the two-independent site model, the balance of high (Bmaxx) and low (Bmaxt)

affinity sites does not change much in the left hemisphere of lesioned animals or of lesioned
animals treated with L-DOPA, but the Bmaxr/Bmax. ratio is markedly reduced in the right
striatum. Remarkably, the Kpn and KpL values are markedly reduced in the right side, thus
indicating a higher affinity of the agonist binding to D1R in lesioned animals (with or without
L-DOPA treatment) than in naive animals (Table 1).

Comparing the data from lesioned and naive animals, the use of the dimer receptor model

provided Kp (Kpg1 or Kpg») values that were similar in the right and in the left hemispheres.

Similarly, there was no statistical differences in the values of the cooperativity index (Dcg)

and of the Dag and Kpag parameters between animal groups or between left and right sides.

In contrast to the two-independent site model, Kps: and Kpg> values showed similar
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lateralization in lesioned and naive animals (Table 2); two-way ANOVA analysis showed

significant inter-hemisphere differences in Kbps1 (F,16=237.2, p<0.0001) and Kps2

(F(1,16)=204.4, p<0.0001). The dimer receptor model confirms the similar binding to D1Rs in

the right side in naive and dyskinetic animals. In summary, in animals from all treated

groups, the dimer assumption model robustly keeps the binding characteristics (lateralization

included) found in naive animals.

According to the two-independent site model, dyskinesia totally eliminates the high/low
affinity imbalance in the right striatum of lesioned (plus/minus L-DOPA) animals; in fact, the
percentage of high affinity sites in the right side of dyskinetic animals is 57% (58% in naive
animals) and the Kpn is 24 nM (28 nM in naive animals). The dopamine binding to D:Rs in
the left side of dyskinetic animals is more similar to that in naive animals, but the proportion
of high affinity sites is higher than in any other group (33% versus 12-22%).

Impact of agonist binding to D3 receptors on lateralization of binding to DR

In samples from all groups except the dyskinetic one, the effect of the D3 receptor agonist, 7-
OH-PIPAT, was monotonous, i.e. it did not affect in a qualitative manner the lateralization in
terms of Kp values of agonist binding to striatal D:R. In dyskinetic animals, the treatment

with the D3 receptor agonist led to the disappearance of such lateralization. In fact, using the
two-independent site model, Kpn values became similar in both hemispheres in dyskinetic
animals (also in lesioned animals) (Table 1). Using the receptor dimer paradigm, Kps1, Kpg2
or cooperativity index (Dcg) values were similar in the right and left striatum of dyskinetic

animals (Table 2). Quite noteworthy was that the activation of the D3R led to the appearance

of the heterotropic D1R agonist/antagonist effect in the right side of dyskinetic, but not of

naive or lesioned (plus/minus L-DOPA) rats. Furthermore, the Bso, calculated according to
the dimer receptor model, is reduced in the right striatum to become similar to that in the left
striatum. In contrast, Bso values calculated according to the two-independent site model are
monotonously high irrespective of the animal group, of the hemisphere and of treatment (or

not) with the D3 receptor agonist. Comparison of the data in the absence and the presence of

the D3R agonist confirms lateralization and suggests that parameters obtained using the dimer

model are more robust (than using the two-independent-site model) to explain and interpret

radioligand binding results.
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Discussion

More than 3 decades ago, Yamamoto et al. [29] reported striatal lateralization of dopamine
release in animals under a motor task related to sucrose/water reward. Lateralization of
dopamine release mechanisms may run in parallel with lateralization of the dopamine
receptor signaling system. In fact, PET assays using a D:R ligand [*!C]NNC-112 show
asymmetry across hemispheres in healthy humans [30], thus pointing towards differential
dopamine-mediated signaling mechanisms in right and left striatum. This lateralization
occurring at the very molecular level adds further complexity in the neural circuits operating
in the most important region for motor control. Elucidation of the causes and consequences of

lateralization in dopamine binding and dopamine-receptor-mediated signaling is key to

understand the role of striatal asymmetry in motor control and to design better interventions
to prevent and/or manage PD.

Back in the third quarter of the twentieth century, radioligand binding techniques were
instrumental to identify receptors for neurotransmitters. Autoradiography was also
instrumental to make the first maps of receptor expression in the CNS. Last but not least,
fitting radioligand binding data was key to determine the affinity of the transmitter-receptor

interaction. More recently, the technique has been mainly used to determine differences of

receptor expression in neuropathologies. In Parkinson’s disease, alterations in the levels of

striatal dopamine receptors have been reported [31-34]. Often, the results of the comparison
assays are attributed to differences in the levels of expression and not to qualitative changes
in the characteristics of the binding. Experiments using a single concentration of the
radioligand (even in competition assays) cannot provide unequivocal data on the actual levels
of receptors. An alteration in specific binding using a single concentration of the radioligand
may be due to actual differences in receptor levels or to differential binding characteristics in
receptors from the two samples being compared. A proper assessment of receptor levels and
ligand-receptor affinity needs optimal experimental design and careful analysis of the data.
Indeed, radioligand binding appears as instrumental to detect differential trends in the

molecular characteristics of receptors.

The information provided by fitting the data to two-independent site and to two-state dimer

receptor models is summarized in Tables 1 and 2 and in Fig. 1. D1Rs in the left striatum have

higher affinity for agonists than in the right striatum and this seems to be due to a higher

percentage of receptors coupled to G proteins. The potential heteromerization with D3Rs does

12



not play any role in lateralization found in naive and lesioned rats (see below for discussion

of data from dyskinetic animals). The homotropic effect, i.e. that exerted by one compound

upon the previous binding of the same compound, may be either due to cooperativity in the
binding to a receptor dimer or to the occurrence of G-protein-coupled high- and G-protein-
uncoupled low-affinity monomers. The binding properties within the left striatum also

showed a heterotropic effect, i.e. an effect of the binding of the radiolabelled antagonist on

the binding of the competing agonist. Occurrence of receptors dimers in which the binding of

the radioligand to a protomer in the dimer affects the binding of the competitor to the second
protomer in the dimer is a reasonable hypothesis to explain the heterotropic

agonist/antagonist effect. In summary, our conclusion is that the left striatum displays a D1R

with a tertiary and/or quaternary structure different from that in the right side. Different
quaternary structure may be due to a different stoichiometry of the receptor (monomer versus

dimer) and/or may be the consequence of allosteric modulation due to differential coupling to

G or other proteins, including other GPCRs. Actually, the couple formed by D; and

adenosine Az receptors is recognized as the first identified GPCR heteromer formed by two
different receptor types [35, 36]. Heteromerization and allosteric modulation affect the
quaternary structure of GPCRs and, therefore, they often affect the affinity of the
radioligand/GPCR interaction [5, 37-40]. D:R may form heteromers with other GPCRs (see:
www.iiia.csic.es/~ismel/GPCR-Nets/ and [41]) and it may also interact with proteins such as

NMDA glutamate ionotropic receptors [42-45], N-type calcium channels [46] and calcyon
[47].

Coexpression of DiRs and calcyon in heterologous systems decreases the proportion of
high/low affinity D1R sites [48]. As calcyon is elevated in patients with schizophrenia [47], it
is likely that the reported decrease in the proportion of D:R in the disease detected by
autoradiography [49] comes from a decrease of high-affinity sites rather than by a decrease in
the total amount of receptors. In the 6-hydroxydopamine-hemilesioned rat model of
Parkinson’s disease, the total amount of D1Rs does not significantly change ([17] and Table 1
and 2). In contrast, the characteristics of the binding (high/low affinity ratio using the two-
independent site model or cooperativity using the dimer receptor model) in samples from
lesioned animals were different (Table 1 and 2_and Fig. 1). Interestingly, the affinity
constants and total receptor amounts were similar in right and left striata from naive and

dyskinetic animals. However, in samples from dyskinetic animals, there was a differential

trend, namely the appearance of the heterotropic D1R agonist/antagonist effect in the right

13
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striatum, but only when the D3R agonist, 7-OH-PIPAT, was present in the assays. The
increase in D3R expression in dyskinesia leads to a marked Di:-D3 heteromerization in

striatum [17]. The appearance of the peculiar and not previously detected heterotropic

agonist/antagonist effect may be due to alterations in the quaternary structure of the D1R due
to activation of D3R interacting with DiRs. L-DOPA therapy results in markedly high
concentrations of dopamine in the CNS; consequently, DsRs are likely activated under a L-
DOPA administration regime such as that used in Parkinson’s disease patients. Taken
together, the results indicate that a high dopaminergic tone in dyskinetic animals makes D1Rs

similar in right and left striatum. Moreover, the lateralization in dopamine binding to striatal

D:Rs, shown in naive, lesioned and non-dyskinetic animals, was virtually absent in the

dyskinetic state. Abnormal movements in dyskinetic animals may be due to the loss of this

D:R lateralization.

Further experimental effort would be necessary to establish the reasons why dopamine
binding to striatal D1R is lateralized. Differential D1R structure in right versus left sides may
come as a result of interactions with other membrane proteins or with interactions with
different scaffolding or G proteins_(Fig. 2).
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Figure Legends

Figure 1.- Balance of high- and low-affinity states in right and left striatum from different

animals groups. The figure has been constructed using data in table 1. In each image the left

and weighing plate would correspond to the amount of, respectively, low and high-affinity

sites. When the amount of low- is higher than that of high-affinity sites, the left weighing

plate is down and the right up; the opposite (left plate up and the right down) occurs when

high-affinity sites are more abundant than low-affinity sites. The degree of dyshalance

corresponds to the actual differences in the number of high and low-affinity states. The

numbers correspond to the affinity values (for each condition) of low (left) and high (right)

affinity species.

Figure 2.- Scheme of different protein-protein interactions that may impact on the structure of

D:R and give rise to lateralization of dopamine binding and receptor-mediated signaling.

Other G protein-coupled receptors, other membrane proteins, various G proteins and

scaffolding proteins may likely interact with dopamine receptors.
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Table 1

Click here to download Table: Hints_Table_1_v4.pdf

Table 1. Parameter values for the agonist SKF 38393 obtained using ["H]SCH 23390 as radioligand and data
fitting to equations devised from the two-independent site model.

. 7-OH-PIPAT
Sample Side (100 IlM) BmaxH KDH BmaxL KDL B50
. - 1.1+0.2 2842 0.85+0.05 410+30 85420
right
+ 1.0+0.4 1643 1.1£0.2 280+50 75+30
Naive
- 0.3+0.17% 241" 1.4+0.4 140+20" 90+40
left
+ 0.34+0.07 5+1% 1.3+0.4 170440 10530
. - 0.39+0.08% 7E344E 1 1.1640.08 | 220+40%% | 120440
right
‘ + 0.38+0.05% 5+1 1.1240.05 220+10 115415
Lesioned
- 0.41+0.05 241 1.52+0.05 190420 115£10
left
+ 0.58+0.05% 742 1.30+0.08 240420 105430
- 0.47+0.07% PE 1.26+0.07 | 170+£20%%& 90+20
right -
L-DOPA- + 0.80.2 2646 1.0+0.2 20050 80435
treated (non
dyskinetic) - 0.24+0.05 0.7+0.3 1.73+0.02 120410 9010
left
+ 0.37+0.07 507 1.65+0.07 15010 100+15
. - 1.2+0.1 2444 0.9+0.1 420+60 75420
rlght ok &** Kk
] ] + 0.8+0.1 542 1.6£0.1 220420 85+20
Dyskinetic
- 0.66+0.05%4# 441" 1.3+0.1 190420 70420
left
+ 0.61+0.03% 341 1.2440.05 190420 70£10

Data are mean+SEM values from three experiments [see 3]. By, is the maximum specific binding and Kp is the equilibrium dissociation
constant of the competing ligand B (SKF 38393). Bjxuand By, are the maximum specific binding corresponding to, respectively, high- and
low-affinity sites, and Kpy and Kp are the equilibrium dissociation constants for, respectively, high- and low-affinity sites. Bs is the
concentration providing half saturation of the receptor for B and is obtained according to Eq. 3.

" p<0,01 comparing with and without treatment with the D; receptor agonist, 7-OH-PIPAT. *p<0,05, " p<0,01 and ** p<0,001 respect to the
right side. *p<0,05, “*p<0,01 and “** p<0,001 respect to the naive after Bonferroni’s post hoc test.


http://www.editorialmanager.com/moln/download.aspx?id=59640&guid=bd34ab93-111d-4375-8d13-9d006b37ec8d&scheme=1

Table 2
Click here to download Table: Hints_Table_2_v4.pdf

Table 2. Parameter values for the agonist SKF 38393 obtained using ["H]SCH 23390 as radioligand and data fitting to equations
devised from the dimer receptor model.

Sample Side 7_81(;161;115[?T Rr Kbpsi Kbps: Dce Kpas Dag Bso

. - 1.0+0.1 2242 37040 -0.62 44+4 0 90+9

) right + 1.0+0.1 2146 330+50 -0.59 40+10 0 85420
Naive = 1.1£0.1 341" 80+10"" -0.82 2417 0.5 1544
feft + 1.120.1 6+2" 120+30% -0.70 62" 0.3 27+8"

. - 0.80+0.03 28+3 450420 -0.60 56+6 0 11249
‘ right - 0.75+0.05 22+3 470+40 -0.73 44+6 0 100+10
Lesioned - 1.0+0.1 RES b 12020 -1.0 341" 0.3 19+5"
left - 1.0+0.1 743% 210+40"# -0.77 10:£4" 0.25 40+15"

' - 0.9+0.1 2042 330+30 -0.62 40+4 0 81+8

L-DOPA- treated right + 0.9+0.1 2842 270430 -0.38 56+4 0 87+8
(non-dyskinetic) - 1.0+0.1 241" 60420 -0.88 0.8+0.4 0.7 114*##
feft + 1.1£0.1 8+3" 90+20" -0.45 73" 0.35 27+8%

. - 1.240.1 2042 340430 -0.63 40+4 0 82+8
o right + 1.240.1 SE1447 | 160£30% | -0.90 624447 0.2 28464
Dyskinetic - 1.0+0.1 41" 160+30" -1.0 51" 0.2 25+5"

left - 1.0+0.1 41 16020 -1.0 4+2 0.3 25+5

Data are mean+SEM values from three experiments [see 3]. Ry is the total amount of receptor dimers, Kpg; and Kpp, are, respectively, the equilibrium
dissociation constants of the first and second binding of B to the dimer. Kpap is the hybrid equilibrium dissociation constant of B binding to a receptor dimer
semioccupied by the A (["H]SCH 23390). Dcg is the dimer cooperativity index for the binding of ligand B and D,g is the dimer radioligand/competitor
modulation index. Bsy is the concentration providing half saturation for B. Parameters obtained according to [4,5].

: p<0,05 and " p<0,01 01 comparing with and without treatment with the D5 receptor agonist, 7-OH-PIPAT. * p<0,05, * p<0,01 and “* p<0,001 respect to the right
side. “*p<0,01 and ***p<0,001 respect to the naive after Bonferroni’s post hoc test.


http://www.editorialmanager.com/moln/download.aspx?id=59641&guid=fb24da6f-7aca-495d-b108-d10902b1f4fc&scheme=1

Figure 1
Click here to download Figure: Fig_1.tiff

Franco et
al.,
Figure 1

Lesioned

L-DOPA-treated
(non-dyskinetic)

Dyskinetic

Left side
Affinity balance
High

Right side
Affinity balance
Low Low High

KoL Ko

190 220 9/( 7
120 170 '{ 7
1900/( 4 420~T‘ 24


http://www.editorialmanager.com/moln/download.aspx?id=59646&guid=fae3f402-b987-4e76-83af-9432a758e841&scheme=1

Figure 2
Click here to download Figure: Fig_2.tiff

Franco et al., Figure 2

Left striatum Right striatum

" "" OO0
il

I L"
3
|

L

ol 3

e o0 o e o B

N
.



http://www.editorialmanager.com/moln/download.aspx?id=59647&guid=dcacaba8-07b9-462c-8743-cc1df873e9dc&scheme=1

