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Abstract. Membrane receptors for neuromodulators (NM) are highly
regulated in their distribution and efficacy - a phenomenon which in-
fluences the individual cell’s response to central signals of NM release.
Even though NM receptor regulation is implicated in the pharmacologi-
cal action of many drugs, and is also known to be influenced by various
environmental factors, its functional consequences and modes of action
are not well understood. In this paper we summarize relevant experimen-
tal evidence on NM receptor regulation (specifically dopamine D1 and
D2 receptors) in order to explore its significance for neural and synaptic
plasticity. We identify the relevant components of NM receptor regula-
tion (receptor phosphorylation, receptor trafficking and sensitization of
second-messenger pathways) gained from studies on cultured cells. Key
principles in the regulation and control of short-term plasticity (sensitiza-
tion) are identified, and a model is presented which employs direct and
indirect feedback regulation of receptor efficacy. We also discuss long-
term plasticity which involves shifts in receptor sensitivity and loss of
responsivity to NM signals. Finally, we discuss the implications of NM
receptor regulation for models of brain plasticity and memorization. We
emphasize that a realistic model of brain plasticity will have to go be-
yond Hebbian models of long-term potentiation and depression to include
plasticity in the distribution and efficacy of NM receptors.
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1 Introduction

G-protein coupled receptors (GPCR’s) which comprise a major group of cellular
receptors on many types of cells, including neurons, undergo significant plasticity.

GPCR’s become desensitized (phosphorylated) as a form of short-term plas-
ticity, which means that receptors are temporarily uncoupled from their effectors
(G-proteins). They also become down- or upregulated in a more lasting form of
plasticity, which involves receptor trafficking between intracellular stores and the
cell membrane, and in some cases receptor degradation as well as new protein
synthesis. These processes affect receptors for the main neuromodulators sero-
tonin, dopamine, noradrenaline and acetylcholine, for neuropeptides such as opi-
oids, for neurohormones such as steroids or estrogen, as well as the metabotropic
glutamate (mGLU) and GABA g receptors in the brain.

In general, receptors are sensitized and desensitized in response to agonist
exposure, modulated by cell internal parameters and synaptic activation. Impor-
tant parameters for receptor plasticity are cell-internal calcium, and the second-
messenger dependent protein kinases A and C, as well as G-protein specific
kinases (GRK’s). The time-scale of these changes is within minutes for desen-
sitization and several hours for alterations in receptor distribution, which is
comparable to ’early’ and ’late’ long-term potentiation.

The functional significance of this adaptive regulation is at present not well
understood.

Receptor regulation has mainly be studied in response to various pharmaco-
logical agents (antipsychotics, antidepressants, drugs of abuse), where sensitiza-
tion of NM responses has consistently been shown in different tissues and cell
types (e.g. VTA and nucleus accumbens) [39,120]. Behavioral effects of stress,
learning (inhibitory avoidance, [84,112,111]), and environment (novelty, social
conditions) have also been documented, [76,57].

This evidence which points at an experience-dependent regulation of NM
receptors coexists with a significant body of data showing constitutive expres-
sion of receptors to different types of neurons. The level of receptor expression
varies for projection neurons (cortical pyramidal cells or striatal medium spiny
interneurons) vs. local interneurons (fast-spiking vs. regular spiking neurons),
[44, 7], for different cortical layers or for patches in amygdala or striatum, [112]
according to neuropeptide colocalization (e.g., substance P, enkephalin) [103],
and for neurons with a different connectivity (striato-nigral vs. striato-pallidal
neurons [122].

However, [2] argue for an essential colocalization of major dopamine receptors
in striatum, which leaves room for experience-dependent distribution.

There is also developmental regulation of receptor expression which is dif-
ferent postnatal [71,35], during adolescence [75,104], as well as during ageing
[86].

Thus the existence of constitutive receptor distribution only sets the bound-
aries within fluctuations occur. These fluctuations may be transient or they may
have a permanent component corresponding to short-term desensitization and
long-term down- or up-regulation. In this paper we provide an overview of the



biological mechanisms involved in NM receptor regulation with the goal of ana-
lyzing the adaptive function of this process. We will find that receptor efficacy
undergoes significant changes that are important in mediating neuromodulato-
ry signals. We will also find that the regulatory processes underlying receptor
plasticity are partly overlapping with the processes underlying LTP /LTD.

We suggest that NM receptor regulation is a process which has the capacity
to contribute to brain plasticity on the population level, on the level of the
individual neuron and most likely on the level of the synapse. This provides a
mechanism for memorization and an added storage capacity beyond Hebbian
long-term potentiation and long-term depression. A better insight into the role
of NM receptor regulation may lead to a new understanding of brain plasticity
and a thorough revision of current theories of memory and learning.

2 Protein Regulatory Networks Underlying Receptor
Plasticity

2.1 Component processes of receptor regulation

The molecular biology of receptor regulation has been elucidated in considerable
detail, mostly by studies on cultured cells stably transfected with receptors at
fixed concentrations.

A number of different components have been identified:

1. conformational change of receptor protein and functional uncoupling from
effectors (G-proteins) by phosphorylation

2. translocation of receptors from the membrane to a cytoplasmic structure (in
endoplasmic reticulum and Golgi apparatus) (receptor internalization)

3. reduction in potency and efficacy of a receptor in inducing changes in second-
messenger concentration (adenylyl cyclase, cAMP) (desensitization).

4. receptor degradation in lysosomes, which removes receptor proteins from
the cytoplasma as well as the plasma membrane.

5. translocation from a pool of internally stored receptors to the membrane
(recruitment, resensitization).

6. delivery of newly synthesized receptors to the membrane (protein synthe-
sis).

This shows that receptor regulation is far from being a simple process, as
might be expected if homeostatic regulation by feedback control were its only
function. Rather, the ”layering” of several processes indicates that both short-
term and long-term regulation of receptors occurs and that different ”entry-
points” for interacting processes exist to influence the outcome of a specific
stage in receptor regulation.

The prototype case for GPCR regulation has been the regulation of the (-
adrenergic receptor [55, 37], but the processes involved are somewhat different for
each individual G-protein coupled receptor type. We focus here on the dopamine
D1 receptor, which is also well documented, and which is of considerable signifi-
cance in the regulation of membrane excitability and neural signal transmission.



2.2 Protein regulatory network

The specific proteins and signalling substances involved in receptor regulation
are shown as a regulatory network for the dopamine D1 receptor in Fig. 1.
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Fig. 1. Regulatory network underlying dopamine D1 receptor plasticity

Functional D1 receptors are coupled to G-proteins, which form heterotrimer-
ic complexes. When receptors become activated, the coupled G-proteins dissolve
into two components: G, and Gg,. These components have the ability to mod-
ulate a number of membrane ion channels, such as inwardly rectifying K+ chan-
nels (GIRK channels) [73], I and other potassium channels [83], high-voltage
gated calcium channels (L-type, P-type and N-type calcium channels) [40,102]
and also sodium channels [15,69]. D1 receptors furthermore have the effect of
increasing NMDA transmission [119, 28], and may have complex effects on local
calcium levels [49].

D1 receptors communicate with cell-internal pathways by activating Ggs-
proteins, which raise adenylyl cyclase and cAMP-levels. cAMP-levels and calci-
um levels are required for the activation of the transcription factor CREB and
the ’early genes’ fos and delta-fos. Both proteins regulate the translational ac-
tivity of mRNA and are critically involved in new protein synthesis. D1 receptor
coupling is affected by different protein kinases - both cAMP-dependent kinas-
es (PKA, PKC) and G-protein specific kinases (GRK) [55,27]. These kinases



phosphorylate the protein and contribute to the desensitization of its effect on
second messengers. Calcium indirectly reduces desensitization, via the calcium-
dependent protein calmodulin, which inhibits GRK’s [16]. Another pathway for
calcium to prevent desensitization has recently been detected in the calcium sen-
sor NCS-1, which reduces phosphorylation and internalization of the D2 receptor
[48]. Arrestins can increase the effects of GRK’s, for instance, overexpression of
arrestins reduces the ability of S-adrenergic receptors to activate Gs by > 75%
[64]. They play a major role in the internalization of receptors.

Desensitization is furthermore influenced by RGS-proteins, which regulate
G-proteins and G-protein signaling by activating GTPase [45,118,125]. GTPase
is the kinase which phosphorylates G-proteins, and renders them insensitive to
receptor activation. RGS proteins take part in producing fast kinetics in vivo
by favoring reformation of the heterotrimeric state (G, + Ggy), while the hy-
drolysis of GTPase is 40-fold slower in the absence of RGS [45]. The effect of
overexpression of RGS proteins is a change in kinetic rate, an acceleration of the
desensitization-resensitization cycle and also a net decrease of desensitization.
RGS levels themselves may become upregulated by dopamine D1 and D2 acti-
vation e.g. in striatum, specifically RGS-2 and RGS-4 seem to be enhanced by
D1 or D2 receptor activation respectively [31].

3 Short-Term Desensitization of Receptors

3.1 Receptor phosphorylation and desensitization of
second-messenger activation

Receptor efficacy in general is determined by the amount of functional coupling
of an agonist and the reactivity of effector pathways.

Receptor phosphorylation and internalization affect signal transduction by
agonist binding as a form of short-term variation. Membrane receptors under-
go functional decoupling by phosphorylation at multiple Ser and Thr residues,
which induces conformational change of the protein and prevents effective ligand
binding [47,68]. Phosphorylation is fast, with a half-time of less than a minute
for the D1 receptor and it is also reversible upon agonist removal with a half-
time for resensitization of about 10-15 minutes for the D1-receptor [30, 116], cf.
[77].

Phosphorylation and internalization may be achieved by protein kinases such
as PKA or PKC, which are cAMP-dependent, or by GRK’s, which are sub-
ject to regulation by calcium via calmodulin or NCS-1 [20, 36, 87]. Interestingly,
there may be another, ”corrective”, pathway for a direct interaction between
cAMP-dependent kinases and GRK: the inhibition of GRK’s by calmodulin can
be abolished by high levels of (cAMP-dependent) protein kinase C (PKC) [54].
Overexpression of GRK’s leads to reduced functional coupling and requires more
agonist to achieve the same amount of effect on second messengers (subsensitiv-
ity).

Calcium enhances receptor efficacy. Intracellular calcium binds to calmod-
ulin, and inhibits GRK’s, e.g. GRKS5 [87].



The role of PKA in phosphorylation of the D1 receptor is to a certain degree
controversial [98]. There is indirect evidence from cell lines with reduced PKA
activity where desensitization is attenuated [114], and from mutant receptors
which lack a PKA phosphorylation site, where the onset time of desensitization
is greatly reduced [47]. Also, [3] and [9] show that stimulating PKA can mimic
agonist-dependent desensitization. But there are also data by [61, 4], which seem
to indicate that PKA is not important in desensitization. The work by [68]
(based on a PKA-insensitive mutant receptor) suggests that PKA has a major
effect on receptor trafficking within the cell and increased proteolysis, but is not
strictly required for desensitization of cAMP to occur. Thus it has been suggested
that PKA modifies a later process in desensitization, which is more intimately
linked to internalization and recycling probability, rather than agonist-induced
phosphorylation. In this sense, GRK’s and PKA are most effective at different
stages of the desensitization process. This would also imply a different time
course of their feedback regulation, since PKA would operate with a longer
delay in its reduction of receptor efficacy.

3.2 Key Factors in Desensitization

When a receptor is in a phosphorylated state, it is effectively uncoupled from
its effectors, until it becomes dephosphorylated. For the dopamine D1 receptor,
both of these processes can be performed without internalizing the receptor.
However internalization is often the consequence of phosphorylation and both
processes together may be termed ”desensitization”, since they affect the func-
tional efficacy of a receptor population in transmitting signals to intracellular
pathways.

D1 Receptor second-messenger desensitization D2 receptor second-messenger desensitization
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Fig. 2. Desensitization of the second messenger pathway cAMP /adenylyl cyclase(AC)
A: D1 receptor B: D2 receptor. Data are taken from [80], [30], [61] and [81]



To study the desensitization mechanism for a given receptor, receptors are
overexpressed in specific cell lines, and then exposed to agonists at different
concentrations and for different times. The amount of functional coupling is
assessed by measuring concentrations of second messengers.

These experiments have shown that functional efficacy strongly depends on
the level of agonist exposure.

Fig. 2 shows the time course of desensitization by measuring the concentra-
tion of the second messengers adenylyl cyclase and cAMP.

In Fig. 2 A data from [80], [30] and [61] are combined. The desensitiza-
tion of the D1 receptor reduces the ability of a brief dopamine challenge to
enhance adenylyl cyclase and cAMP-levels. This desensitization is both dose-
dependent and dependent on pretreatment time. Dose-dependence follows a sig-
moidal shape, with a critical range between 10~% and 10~7 mol dopamine. Pre-
treatment time does not increase desensitization much beyond an initial effect.
Overall, there is a reduction in receptor efficacy of up to 80%.

Fig. 2 B shows similar data from the desensitization of the D2 receptor ([81]).
In comparison, the inhibition of the adenylyl cyclase/cAMP pathway by D2
receptors is much less desensitized (up to only 20%). The critical range of agonist
exposure, however, is similar. Again, pretreatment time (here up to 6 h) is not
a strong factor.

We can derive a general functional form for receptor efficacy (C) which re-
flects the dependence on agonist stimulation (A):

1

C=——.
14+e 4

(1)
The amount of agonist stimulation can be described by an integral over the
NM concentration:

A:/NM&. (2)

The sigmoidal shape of the function reflects the fact that receptor efficacy
is almost linearly dependent on agonist exposure within a certain concentra-
tion range and reaches saturation or stays below a threshold otherwise. This is
visualized in Fig. 3.

It may well be that receptor desensitization depends on the particular time
course of agonist exposure rather than the total amount. For instance, phasic
increases of NM concentrations that are short-lasting may fail to desensitize re-
ceptors significantly, while tonic increases with a smaller total amount of agonist
stimulation may have a larger effect. However, in the absence of experimental
data, integrating over agonist concentrations in time seems to be the best ap-
proximation.

This basic agonist-dependent desensitization may be modified by a number
of factors.

First of all, as we have seen, there are a number of cell-internal parameters
which influence the magnitude of desensitization. For instance, a high level of
GRK’s shifts the agonist-dependence curve to the right [12,79,107]. A basic



parameter I; allows to express sub- and supersensitivity of receptors, defined by
dose-dependence of agonist exposure:

1

Presumably, the amount of phosphorylation by protein kinases can be expressed
with this parameter. Experimental data show that I; can be manipulated by
overexpression of GRK [107]. We'd similarly expect increased calcium/calmodulin
to have an effect on this parameter.
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Fig. 3. A: Variations in receptor efficacy: dotted line: I, shift in dose-dependence,
dashed line: I, rate of desensitization, dashed-dotted line: A, degree of agonist-
dependence. B: Desensitization dynamics modulated by RGS-proteins ([45]).

The action of RGS proteins is different in that it has a significant effect on the
resensitization dynamics. Receptors prompt conversion of the inactive G protein
to an active form. RGS proteins accelerate the conversion of the activated G
protein [118,125] back to its inactivated form. In [45] it was shown that low
RGS levels lead to significantly less receptor efficacy both in terms of slow onset
and prolonged recovery times (cf. Fig. 3 B). Overexpression of RGS leads to fast
recovery, while the use of RGS-insensitive G-proteins increases recovery times
substantially [45], [46]. Thus RGS proteins speed up resensitization and increase
receptor efficacy independent of agonist levels. This effect can be expressed by
a parameter I5:

1
C == 7_‘4_'_11. (4)
l+e T2
Finally, desensitization depends on the amount of time a receptor exists in
the functional conformational state. Receptors may exhibit a high degree of

spontaneous conformational change, which means that they become activated



even in the absence of agonist binding. For dopamine receptors, D5 receptors,
which are similar to D1 receptors, have a high degree of this constitutive activity
[106], cf. [34,23]. This can be expressed by a factor for desensitization (A) which
is fixed for each receptor and is agonist-independent.

1

l+e T2

Receptor efficacy in terms of affecting membrane proerties are not directly
related to second messenger effects, since most of them are mediated directly by
G-protein components. Furthermore, strictly synaptic components of receptor
activation (NMDA channel regulation and presynaptic regulation of transmitter
release) are mediated by other pathways, which probably include calcium and
protein kinase C. Second messengers, however, are directly relevant for the level
of protein kinases and early gene expression and thus provide an important state
parameter for the determination of protein phosphorylation and protein synthe-
sis in the cell. They influence early gene expression (c-fos, delta-fos, CREB),
which are important variables for any long-term plasticity.

However, phosphorylation and internalization of receptors amount to a func-
tional uncoupling of receptors from their immediate effectors, G-proteins. There-
fore, these basic mechanisms will affect receptor efficacy on all three different
pathways (cf. [56, 7] for an assessment of this relationship).

The efficacy of the D1 receptor in raising intracellular cAMP-levels can thus
serve as a basic model to assess the influence of different factors on the desensi-
tization function.

We have seen that three different types of parameters (A, I1, I») can be
distinguished by their influence on receptor efficacy.

I, shifts the function to the left or right without affecting its shape (see
Fig. 3, dotted line).

I, alters the steepness of the function (see Fig. 3, dashed line).

A flattens the curve indicating less dependence on agonist stimulation (see
Fig. 3, dashed-dotted line).

The basic variability of receptor efficacy emerges from the parametrization
of the functional form. Parameter fitting to experimental data allows a further
quantitative analysis of these functional relations.

In the next section, we will attempt to model the dynamic interactions.

3.3 Feedback loops in regulating receptor efficacy

We have noted that receptor efficacy undergoes both negative (cAMP-dependent)
and positive (calcium-dependent, RGS-mediated) feedback. In this section we
want to explore the significance of this form of regulation. For this goal, we set
up a somewhat simplified model, on the basis of the protein regulatory inter-
actions and the parametrization of receptor efficacy. This model consists of a
number of equations that define the system (see Box 4, A).

Ipka, Igrk, Ica, INym are contributions to PKA, GRK, Ca and agonist
(NM) levels from outside the modeled system. Thus, every concentration in the
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Fig. 4. A linear feedback model for receptor efficacy C. Input values used in the simula-
tion below are rendered in dark (A). Parameters for C are set by a system of equations

(B).

system (V) has a part that is determined directly or indirectly by feedback from
the receptor activation Viyas and a part that is set independently (I).

Fig. 4 B visualizes the relations between the parameters. The target regulated
value is the receptor efficacy C. The actual receptor activation effect Vs is
defined by both the efficacy C and the current agonist stimulation Iyps.

There is some experimental evidence concerning the free parameters «;, G;
and v; in the system. For instance, 31 / a; should be larger that (5/as. This
is the case, since the contribution of D1 receptor activation to PKA levels is
probably much higher than its contribution to calcium levels. Also, 8 > a, since
GRK seems to be the more important kinase for receptor regulation.

C is being set by the agonist exposure summed over time, the PKA, GRK
and calcium levels. In this system all of these interactions are linear, which may
be a reasonable assumption as long as parameters stay in a critical range. Ex-
perimental evidence is needed to determine where threshold effects and different
delays add to the system. All of these concentrations undergo feedback from
receptor activation.

There are two main regulatory loops, the PKA /PKC-mediated and GRK-
mediated feedback. PKA/PKC are up-regulated by D1, and thus provides a
negative feedback loop. GRK levels are influenced by internal calcium and thus
constitute a positive feedback loop.

In general negative feedback dynamics lead to oscillatory dynamics while
positive feedback promotes multistability [7].

The presence of antagonistic feedback effects (a push-pull mechanism) sug-
gests multistability mediated by calcium in the presence of slow oscillatory
rhythms regulated by PKA. A simulation of the system shows the emergence
of these features. The graph in Fig. 5 shows the induction and persistence of a



state of high receptor efficacy by a calcium spike. We see that the response to
agonist is increased with a high receptor efficacy (V-NM). The second part of the
graph shows that even a calcium spike in the absence of agonist input induces a
higher receptor efficacy that persists and that may lower the threshold for NM
receptor action ( ’bump’ at the end of top line).
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Fig.5. A simulation using the linear feedback system in 4. Induction and persistence
of changes in receptor efficacy (C) are clearly shown.

Multistability emphasizes the ability of the nervous system to maintain re-
ceptor efficacy at certain values in a stable way. This basic ability is the pre-
requisite for long-term storage of NM receptor-related modifications of neural
transmission.

4 Long-term Plasticity of Neuromodulatory Receptors

4.1 Receptor Super- and Subsensitivity

Besides the short-term processes of densensitization and resensitization, there
are also distinct processes of long-term regulation of NM receptor efficacy [108].
Long-term changes in receptor efficacy for membrane-bound responses can be
measured directly by electrophysiological responsivity to agonist stimulation.
Both subsensitive and supersensitive populations of cells have been described
in various tissues. Dopamine D1 supersensitivity has been shown in striatum af-
ter interruption of the dopaminergic nigro-striatal pathway [14] or in genetically
altered dopamine-deficient mice [50]. Exposure and withdrawal conditions for
amphetamine or cocaine also change dopamine receptor sensitivity. For instance,



there is D1 receptor supersensitivity in nucleus accumbens [109, 38,70, 39, 43]
and D2 receptor subsensitivity in nucleus accumbens [18, 38] and ventral tegmen-
tal area [38]. Treatment with antipsychotic medication has also shown consistent
shifts in receptor sensitivity in a number of brain areas (ventral tegmental area,
prefrontal cortex, basal ganglia). Quote Furthermore, experiments after specific
learning events such as socialization or restraint stress have been reported to
affect receptor density. For instance, D2 receptor binding density in striatum is
increased for socially dominant monkeys and reduced for subordinate monkeys
[76] and induction of overexpression of D2 receptors in nucleus accumbens by ge-
netic transfer in rats correlates with an increased resilience to alcohol addiction
[105]. Alterations in density of muscarinic receptors in neocortex and amygdala
have been observed as the result of training in an inhibitory avoidance task [111,
83].

Receptor density can be indirectly assessed by the binding capacity of re-
ceptors to radioligands or the total number of mRNA for a receptor (which
comprises both internalized and membrane-bound receptor protein). With brain
imaging (PET/SPECT), this can even be performed in the living human brain
([58,115]).

Receptor density is often directly related to functional efficacy by agonist
stimulation. In general, agonist depletion tends to produce both an increase in
receptor density and an increase in electrophysiological responsiveness ([123, 72]
for beta-adrenergic receptors in hippocampus and cortex). In correspondence
to the homeostatic regulation model, receptor density tends to increase at low
levels of agonist concentration and decrease otherwise. In cultured cells, ongo-
ing agonist stimulation (> 4h) has been shown to result in long-term loss of
membrane-bound receptor density (up to -50% of control with ¢; 2= 8h, [99]).
Thus long-term shifts in receptor density and efficacy are primarily the result of
ongoing agonist stimulation at very high or very low levels.

Even though an increase in receptor density is often associated with increased
sensitivity of a receptor [91], there are a few other factors which contribute to
long-term shifts in overall responsivity of NM receptors. The pharmacodynamic
response to agonist occurs in proportion to the quantity of the ternary complex
agonist-receptor-G-protein, not just receptor protein abundance per se, or even
membrane-bound receptor protein abundance [13,90]. Receptors can exist both
in a state coupled to GTP-free G-proteins, which means they have high affinity
to agonists, or they may exist without the effector molecule G-protein coupled to
it, the low affinity state [22]. The supply of G-proteins is restricted in cells, such
that there is competition for receptors to achieve a high affinity state. Experi-
mental evidence has indicated that there are shifts in affinity of D2 receptors in
nucleus accumbens after exposure to amphetamine, which can explain increases
of D2-receptor mediated behavior, even though the total receptor density re-
mains unaltered [96]. In this case, D2 receptor supersensitivity is expressed by
an increase in high affinity (G-protein coupled) receptor sites.

This form of plasticity has certain implications. If we assume that receptor
localization on the cell membrane (i.e. at synaptic sites) is relevant for neural



transmission, changes in affinity can modulate transmission without affecting
receptor localization. This may be important for the retention of the functional
properties of the modulated system.

Finally, long-term alterations of receptor sensitivity may be expressed by
alterations in intracellular pathways, such as a permanent upregulation of the
cAMP-pathway [78]. In this case the shift in sensitivity is not specific to the type
of receptor but to the pathway being modulated, which is usually connected to
a number of different receptors. Thus there is a third process available to effect
long-term changes in receptor efficacy.

Detailed experiments on dopamine receptor sensitivity have been conducted
in slices of rat brain after exposure to cocaine or amphetamine. Sensitivity is here
usually assessed by response threshold to different concentrations of agonist. For
nucleus accumbens in cocaine-sensitized animals, a much lower dose of dopamine
(20uM) elicits a electrophysiological response in D1 receptors than is required
in control animals (75uM, [6]). The effect of the higher dose (75uM) is the
same in the supersensitive and normal system [6]. Thus there is a leftward shift
in dose-dependence which is compatible with a change in the I; parameter for
receptor efficacy (see eq. 4 above).

Alternatively, the normal response to NM modulation may become replaced
by an ongoing ”chronic” response and the cell becomes subsensitive or ceases to
be responsive to agonist stimulation. For instance, in cocaine-sensitized animals,
some cells learn to constitutively suppress the N- and P-type calcium channels
that are normally suppressed by D1 receptor activation [124]. The effect is a loss
of NM responsivity on this parameter.

4.2 NM effects on neural transmission

The neural response is a product of both alterations in dopamine release and
alterations in receptor efficacy - with a compensatory regulation that is incom-
pletely understood but that highlights again the importance of factoring in re-
ceptor variability, when discussing the effects of NM agonist exposure.

Generally, neuromodulators affect synaptic transmission through the activa-
tion of presynaptic receptors located at the axon terminal and the activation
of postsynaptic receptors on dendritic spines. They also have diffuse, ’intrinsic’
effects on the membrane potential of the neuron, mediated by receptors on the
dendrite and soma in non-synaptic positions [67, 32].

The synaptic effects of the D1 receptor, and NM receptors in general, concern
the regulation of transmitter release by presynaptic receptors and the regulation
of NMDA-mediated glutamatergic transmission by postsynaptic receptors [117].

There is a consensus that both presynaptic D1 [19,101,29,59, ?,?,5] and D2
receptors [42,41,25,52, 85] depress the amplitude of evoked EPSP’s in a number
of different tissues with some debate as to whether the frequency of spontaneous
EPSP’s is similarly reduced [82,5] or actually increased by presynaptic D1 re-
ceptors [121]. A similar effect has been observed for the regulation of GABA
release: both D1 and D2 receptors reduce evoked IPSP’s [74,26,73,33,97,?,7].
In postsynaptic position dopamine D1 receptors enhance NMDA transmission,



by increasing peak conductance and lowering the threshold voltage for NMDA
receptor activation [119,95,28,17]. There may also be an effect of dopamine D1
receptors on AMPA receptors via phosphorylation of GluR1 subunits at Ser845,
mediated by inhibition of PP1 and PKA (via DARPP-32, [100]). In contrast
to the phosphorylation at Ser®¥! by PKC and caMKII, which increases AM-
PA channel conductance, this conformational change increases the channel open
time probability, which has been experimentally investigated in striatal neurons.
Thus dopamine may also be able to enhance peak AMPA current in specific
dopamine D1 receptor rich areas of the brain.

On the neuronal level, the effect of neuromodulators on signal transmission
is expressed by altering membrane excitability. However, it has been difficult
to assess these effects precisely with the help of in vitro slices, and there is
some disagreement concerning the effects of the dopamine D1 receptor. The
D1 receptor enhances or reduces the contribution of a number of ion channels,
such as high-voltage activated calcium channels (L-type calcium channels are
enhanced in neostriatal spiny neurons [40], N- and P-type calcium channels are
blocked [102]). It also affects sodium [69] and potassium channels [83].

The effects on neuronal firing patterns are obviously complex, since they
depend on membrane voltage, the distribution and frequency of different ion
channels and other events affecting ion channel currents.

4.3 Synapse- and Cell-specific Receptor Regulation

We have seen that there is a significant body of evidence showing that NM
receptors undergo experience-dependent long-term plasticity.

These results focus on the response of a population of neurons by examining
a few selected neurons with the most pronounced alteration of response. Results
are usually not reported with an emphasis on cell-specific variability. Nonethe-
less, there is often considerable heterogeneity with respect to reactivity to NM’s
within a population of neurons in a slice (J. Seamans, pers. comm., for dopamine
D1 and D2 receptors in deep-layer prefrontal cortical cells) with ’high respon-
ders’ and ’low responders’ within a neuronal population. Visual inspection also
shows a varying number of e.g. stained dopamine receptors on different neurons
within the same population (S. Rayport, pers. comm., for D2 receptors).

There are also results indicating that receptor density may vary in 'patches’
of (subcortical) tissue or microcolumns in cortical tissue [110]. For instance,
fear conditioning influences muscarinic receptor density differentially in different
regions of the amygdala [88], [113].

All of this is consistent with the view that there is cell-specific variation in
long-term receptor efficacy, which is experience-dependent.

Synapse-specific regulation has been shown conclusively in the short-term
[94]. NM receptors in synaptic positions are also anchored by scaffolding and
anchoring proteins, which indicates that positioning of membrane receptors at a
specific site is relevant to NM receptor action [62, 8]. Thus, the basic mechanisms
for synaptic long-term plasticity exist. Very recently, [21] have actually shown
direct synaptic plasticity at cholinergic synapses in hippocampus.



4.4 Functional consequences of long-term plasticity

We have argued that the effects of neuromodulation on neural transmission are
not sufficiently described by the fluctuations in the concentration of agonist, but
require an analysis of receptor sensitivity as well. This means that the respon-
sivity of the cell as expressed by receptor density and efficacy will determine the
net effect on neural transmission.

The consequences of this regulation are somewhat different, whether we look
at this from the perspective of a homogeneous shift in sensitivity in a partic-
ular brain area, or whether we assume cell-specific effects to be present under
physiological conditions.

Thus the plasticity located in the receptor and its internal transduction path-
way could be functionally significant at the level of the individual cell and the
synapse. This could be the case for both short-term and long-term plasticity.
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Fig. 6. A: Fast synaptic switching allows parallel synaptic weights B: Whole-neuron
plasticity affects processing units rather than connection strengths

Long-term plasticity in the responsivity of neurons and synapses to a neuro-
modulatory signal implies a mechanism of information storage that is expressed
by the placement of NM receptors leading to an individual cell signature. Thus,
NM receptor plasticity adds a layer of storage capacity to neurons and synapses
which allows memorization other than through Hebbian processes (see Fig. 6).
This hypothesis is considerably different from the widespread assumption that
neuromodulation influences a global parameter for neural transmission which is
uniform for all cells and synapses in a targeted brain region [93, 51].

Synapse-specific regulation of receptor efficacy and distribution specifically
adds an important dimension to traditional accounts of long-term potentiation
(LTP) and long-term depression (LTD). It introduces additional variables which
determine the magnitude of change of synaptic transmission when presynap-
tic and postsynaptic NM receptors are activated. A NM signal-gated change in
synaptic "weight” reflects a synapse-specific fixed parameter (namely the pres-
ence, absence or magnitude of a NM receptor mediated effect). The presence of
a strong, phasic increase of NM concentration will then result in ”fast synaptic
switching” (Fig. 6 A). Similar mechanisms have been suggested in order to add
to the known capabilities of neural networks [53,92] and solve specific problems
which are amenable to the idea of state-dependent regulation.



4.5 Implications for Brain Plasticity

The idea that neuromodulation contributes to long-term potentiation and long-
term depression, influencing the magnitude of change in glutamatergic transmis-
sion, has been around for a long time. A number of experimental results have
been obtained that support a measurable difference in processes of LTP/LTD in
the presence or absence of high levels of neuromodulators, such as dopamine [66,
11]. In this context, the theoretical concept of 'metaplasticity’ has been devel-
oped [1]. This concept assumes a level of regulation for glutamatergic plasticity
that is not dependent on Hebbian associativity of pre- and postsynaptic firing
('meta’-level). However, it does not affect the idea of glutamatergic signalling as
a ’final common pathway’ for different sources of plasticity and the changes in
glutamatergic signalling as the substrate for learning.

In contrast to that, we have aimed to show that there is a significant mo-
tivation from the perspective of molecular biology that receptor plasticity is
an ubiquitous phenomenon which may have become recruited for learning and
memorization for a number of different neurochemicals. We have also reported
here that there is convincing electrophysiological evidence that shifts in receptor
sensitivity do occur in the long-term, even though specificity for individual cells
and synapses is not well proven. The exact relationsship of this form of plasticity
to physiological brain adaptivity is at present virtually unknown.

The effects of NM receptor activation on intrinsic properties of the neuron -
expressed by membrane excitability and ion channel activation - add a significant
dimension to brain plasticity.

The most prevalent view of neural plasticity as altering the strength of con-
nections between neurons is changed considerably, when we accept whole-neuron
adaptive plasticity (Fig. 6 B).

This role of whole-neuron plasticity within network processing has occasion-
ally been explored from a theoretical perspective (cf. [32,65]). The alteration of
membrane properties due to neuromodulation or a specific composition of ion
channels induces a 'filter’ on signal transmission that may affect gain modulation
[89] or short-term retention of spike input patterns [24]. A significant difference
in receptor density and sensitivity will affect the efficacy of the intrinsic filter’
for each individual neuron.

NM receptor regulation is specifically interesting in that it expresses a form
of 'conditional’ plasticity. This means that differences in parameter setting are
greatly enhanced when a sufficient amount of agonist is present to engage NM
receptors. With fluctuations of concentrations of agonist, the functional impli-
cations of NM receptor efficacy will be considerably different.

5 Conclusion

Even though the relevance of the biological processes underlying G-protein cou-
pled receptor regulation in addiction research and psychopharmacology is fre-
quently asserted [78], we still do not have a good understanding of the physio-
logical function of this form of plasticity.



The simplest theory would assert that receptor regulation is essentially a
homeostatic control mechanism to counteract the significant fluctuations in ag-
onist availability. In this scenario, the goal of receptor regulation is to ensure a
target range of NM effectiveness.

Certainly that is a very important function of receptor regulation from a
metabolic perspective. But the presence of multiple, nested feedback loops in a
complex, highly regulated system suggests the presence of multistable solutions.
The presence of receptor anchoring adds the necessary stability to transform
transient fluctuations at synaptic sites to permanent values.

In this paper we have focussed on the hypothesis :

(a) that neural information processing is influenced by the combination of the
neurochemical signal (the agonist concentration) and the receptor response
(the receptor efficacy or sensitivity),

(b) that receptor efficacy is regulated on the level of the synapse and the neuron,
and

(c) that long-term plasticity of NM receptors is functionally significant in infor-
mation storage.

The regulation of agonist concentration is of course another important factor
in understanding neuromodulation. Even though short-term changes are mainly
a result of firing of the producer cells, transporter availability is another major
factor that undergoes a form of functional plasticity [63, 10,60].

Other questions that require experimental analysis are the conditions that
trigger the transition from short-term to long-term plasticity and the behavioral
paradigms that influence long-term receptor density and placement.

Certainly, further experimental evidence is required to explore the validity
of this hypothesis.

Another important conclusion of this work is that focussing on Hebbian plas-
ticity as the substrate of memory and learning may have been misleading with
respect to the role that NMDA activation, calcium influx and enhanced protein
synthesis play in a large number of behavioral learning experiments. Rather,
NMDA-related induction points to a common, integrated perspective on neural
plasticity, encompassing glutamatergic/GABAergic transmission, neuromodula-
tion and the regulation of internal cell processes.

We conclude that we need to pursue integrated models of neural and synaptic
plasticity, which combine AMPA and glutamate related plasticity and NM re-
lated plasticity into a single model. Fundamentally new theoretical abstractions
need to be developed that can provide a guideline in the experimental testing of
their implications. Essentially we will have to explore the agonist-dependence of
NM receptor sensitivity as the basis of a ”learning rule” for neuromodulation.

Non-traditional sources of plasticity that may contribute to models of mem-
ory and learning are not restricted to plasticity in NM receptor activity. They
include long-term alterations of the distribution of ion channels, morphological
alterations in spine density and dendritic branching, and levels of gene expression
for a number of proteins affecting intracellular pathways.



the

The fundamental dogma of Hebbian plasticity - associative strengthening of
synaptic connections that mediate fast neural transmission as neural sub-

strate for learning - may not withstand the test of time.
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