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Abstract
A partial list of the functional roles proposed for the D2 dopamine receptor
would include pituitary hormone regulation, learning, memory, and
locomotion. All of these functions might therefore be disrupted by D2
receptor dysfunction. Many of the potential roles of the D2 receptor are
based on pharmacologica! studies that utilize drugs known to affect multiple
dopamine receptors. This thesis presents data exploring the phenotypes of
mice lacking functional D2 receptors. The relative impact of possessing
only one functional allele at the D2 receptor gene locus and the effects of

background strain on these phenotypes was also examined.

Utilizing homologous recombination in embryonic stem cells, the region
encoding the putative third intracellular domain through the carboxy
terminus of the D2 receptor was replaced with a neomycin resistance
cassette. The resultant mice displayed a complex endocrine phenotype that
included dysregulation of secretion from the anterior and intermediate lobes
of the pituitary. This resulted in elevated serum prolactin, changes in the
status of proopiomelanocortin peptides, and decreased serum IGFbp-3.
Aged D2 receptor deficient females presented severe proliferative changes
with both an enlarged anterior pituitary and uterine adenomyosis. These

" data support a role for the D2 receptor in mediating proliferation in both the
anterior pituitary and the uterus, either directly or via the regulation of

prolactin by the D2 receptor. D2 receptor deficient males demonstrated



decreased body size from prepubescense through maturity, yet were fertile

and had no changes in femur length. The multiple endocrine abnormalities
found in the D2 receptor deficient mice will provide an important new arena

for exploring the interactions of sexual dimorphism, growth hormone, and

prolactin.

The locomotor phenotypes of mice with one or two copies of the disrupted
D2 receptor were found to be similar, but dependent on both gene dosage
and background strain. Drug naive D2 receptor deficient mice (-/-)
displayed a de novo decrease in total horizontal distance traveled that was
demonstrated to be less severe than the effects in control mice of acute
treatment with a D2-like antagonist (haloperidol). Mice with a single
functional copy of the dopamine D2 receptor gene (+/-) displayed unique
heightened responsiveness to the combined effects of the dopamine
receptor agonists SKF 38393 and quinpirole when monoamine depleted.
This supersensitivity was contrasted by the lack of synergism in -/- mice and
the moderate synergistic response of wild type mice. The induction of
akinesia by monoamine depletion in the D2 -/- mice, as well as the loss of
synergistic activity for the combined D1-like and D2-like dopamine receptor
agonists, supports the hypothesis that locomotor compensation in the D2 -

/- mouse is mediated by non-dopaminergic monoamines.



In the course of studying the D2 receptor deficient mice, substantial
differences in the parental C57BL/6J and 129/SvEv strains were found.
Some of these differences accounted for phenotypes previously attributed
(by other labs) to the D2 receptor dysregulation. Utilizing the manipulated
D2 receptor locus as a “tag” for chromosome 9, we have identified a
potential single dominant gene that may determine the ability to perform the
rotarod task. This complex locomotor skill is present in the C57BL/6J, but
not the 129/SvEv strain. Small, but significant, correlations between the
ability to perform the rotarod task and total horizontal distance traveled in the
open field were found. The phenotypes described for wild type mice on a

mixture of these two commonly utilized strains may impact the interpretation

of future knockout phenotypes.



Chapter One: Introduction

Early in the study of monoamines, adrenaline (epinephrine) and
noradrenalir;e (horepinephrine) were believed to be the most important of
the “catechol amines”, with dopamine simply an intermediate step in the
transition of tyrosine to noradrenaline (for review see Blaschko, 1957). The
finding of amine oxidase (monoamine oxidase) and it's breakdown of
dopamine implied to many that the speed of this reaction would prevent the
storage of dopamine in living organisms. Dopamine was first proposed to
have regulating functions of its own in 1957 (Blaschko, 1957), with rapid
advancement in the field thereafter. The potential impact of the “general
nature of the genetic code for proteins” in 1961 (Crick, et al., 1961) does not
figure in the most comprehensive early review of the importance of
dopamine in brain function (Hornykiewicz, 1966), nor is there any mention of
signal transduction, or second messenger systems. What was known in
Hornykiewicz’' time was that dopamine served as a precursor of other
compounds, was a physiologically active substance, was found in specific
brain regions, and might have specific receptors. Several drugs were
available for the study of dopamine, and it was known that L-
dihydroxyphenlylalanine (L-dopa) administration caused simulation of
locomotor activity in animals, and that depletion of monoamines with
reserpine caused catalepsy and hypokinesia. Monoamine oxidase

inhibitors were found to potentiate the effects of L-dopa, and cocaine was
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known to facilitate the release of brain catecholamines. Parkinson's
disease was suspected to be due to a loss of neurons in the striatum, and
perhaps be related to the loss of dopamine in either the striatum or the
substantia nigra (for review see Hornykiewicz 1966). Much of what is known
today is based upon the expansion and exploration of theories derived from

work by these early pioneers.

Dopamine receptor signal transduction

Once dopamine was established as a neurotransmitter, the question was
raised of how the signals were received. The ability of dopamine to
stimulate the production of cAMP led to the proposal of a “dopamine-
sensitive adenylyl cyclase” that might play a role in synaptic transmission of
serve as the dopamine receptor (Kebabian and Greengard, 1971;
Kebabian, et al., 1972). The potential for multiple signal transduction
mechanisms in the same neuronal population was soon realized, with the
identification of populations responsive to both dopamine and acetylcholine
with increases in CAMP and cGMP respectively (Kebabian, et al., 1975).
Direct evidence of dopamine localization and indirect pharmacological
evidence led to speculation of separate categories of dopamine receptors
termed the excitatory and inhibitory dopamine receptors (Cools and Van
Rossum, 1976). The importance of cyclic AMP (cAMP) signal transduction

led to classification of the dopamine receptor family into two groups



(Kebabian and Calne, 1979). receptors that were coupled to adenylyl

cycl'ase and increased synthesis of cAMP (D1) and those that were not (D2).

The D2 receptors in rat striatum were found to antagonize forskolin induced
cAMP formation by adenylyl cyclase in a GTP-dependent process (Cooper,
et al., 1985), implying not simply a lack of coupling to cAMP, but a potential
for the suppression of cAMP stimulation from other inputs. Coupling with G;
was established (Elazar, et al., 1989), and confirmed the role of D2
receptors in inhibiting adenylyl cyclase. The binding of D2 receptors to G-
proteins was further explored using cell-free systems that combined
purified receptors with purified G-proteins (Ohara, et al., 1988; Elazar, et al.,
1989), and confirmed D2 receptor interactions with both G; and G,. In
anterior pituitary, D2 receptors were demonstrated to be associated with a
pertussis toxin-sensitive guanine nucleotide binding protein (G, also
known as N; at the time) (Senogles, et al., 1987) and supported the
proposal that K* channel coupling and K currents were due to D2 receptor
impacts on this class of G-proteins (Sasaki and Sato, 1987). In sum, at
least two main categories of G-proteins are known to associate with D2
receptors G; and G,. G; and G,, each have variable subunits (G;;, Gip, Gia,
Goa, Gog) and may thereby expand the possible G-protein mediated signal

transduction repertoire of dopamine receptors (for review see Huff, 1996).



Stimulation of lactotrophs with dopamine caused decreases in the
cytoplasmic calcium stores (Schofield, 1983), as well as inhibiting calcium
flux (Malgaroli, et al., 1987) (for review see Caccavelli, et al., 1992),
supporting a role for dopamine in calcium channel regulation. D2 receptors
may also impact levels of inositol-1,4,5-triphosphate (IP3) indirectly through
the interactions of calcium and phospholipase C (Vallar and Meldolesi,
1989). Phosphatidylinositol turnover has been found to be inhibited by
dopamine in the anterior pi.tuitary (Canonico, et al., 1983), and the D2
receptors have been implicated in the direct regulation of phospholipase C
and phospholipase A2, in a receptor isoform dependent manner
(Caccavelli, et al., 1992). D2 receptor signal transduction is not, therefore,
limited to blocking increases in cAMP, but may utilize up to four other

second messenger systems.

The dopamine receptor family

Cloning of the D2 receptor (Bunzow, et al., 1988) utilized its homology with

the Bo-adrenergic receptor, a prototypical member of the seven

transmembrane domain, G-protein coupled, gene family and allowed
exploration of genetic variance within this and other dopamine receptor
subtypes. Mapping of the receptor on human chromosome 11g23 (Grandy,
et al., 1989a) and mouse chromosome 9 (Goldsborough, et al., 1993) adds
to a region of synteny that encompasses more than twelve known genes

(Gelernter, et al., 1992; Szpirer, et al., 1994). Cloning of the human D2
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receptor gene revealed that alternate splicing could result in an additional,
longer, D2 receptor subtype (Grandy, et al., 1989b). Both the long and the
short form are found in both human and rat brains and pituitaries (Dal Toso,
et al., 1989;‘Mohsma, et al;, 1989; Giros, et al., 1989), with the short form
(D2b) lacking 29 amino acids in the putative third intracellular domain. In
the mouse only D2a, the long form has been found in the pituitary (Mack, et
al., 1991). Both receptor subtypes have been found to be capable of ligand

binding and inhibition of adenylyl cyclase (Dal Toso, et al., 1989).

The utilization of screening techniques that exploited the presumed
homology between dopamine receptor subtypes resulted in the cloning of
the D1 (Sunahara, et al., 1990; Dearry, et al., 1990), D3 (Sokolof, et al.,
1990), D4 (Van Tol, et al., 1991), and D5 receptors (Sunahara, et al., 1991,
Tiberi, et al., 1991). Cloning of the multiple dopamine receptors opened the
door for testing the many dopamine agonists and antagonists on receptors
expressed in exogenous cell lines. This approach has limitations
preventing its full utilization to explore the many contradictions of dopamine
receptor pharmacology, and thus receptor specificity remains a question for
most drugs. Many pharmacologically based papers still utilize the terms
“D2 antagonist/agonist” or “D1 antagonist/agonist” to specify drugs that
inhibit or stimulate adenylyl cyclase and should, more properly, be termed
D1-like or D2-like. Of the drugs that have been tested, some do not

discriminate between the D1- and D2-like receptors, while others



discriminate between the two receptor families, but none so far are specific
for a single receptor subtype (for review see Seeman and Van Tol, 1996). In
this thesis | will use the terms D1-like and D2-like agonist/antagonist for
drugs with greater than a one hundred fold difference in affinity between
subtypes (or those with unknown preference), and the term dopamine
receptor agonist/antagonist to mean those drugs with less than a one

hundred fold difference in affinity between subtypes.

D2 receptors and locomotion

Assessment of the expression of D2 receptors has been performed using
both sequence specific (polymerase chain reaction, in situ hybridization)
and protein specific techniques (autoradiography of ligand binding,
immunohistochemistry). Although there are differences between species,
these receptor subtype specific analyses identify brain regions that may be
under the influence of D2 receptors, and allows the inference that behaviors
and functions controlled by these regions may be influenced by

pharmacological, biochemical, or genetic manipulation of the D2 receptor.

Expression of the D2 receptor mRNA occurs by E14 in the rat brain. prior to
any significant dopaminergic innervation (Jung and Bennett, 1996).
Although the majority of D2 receptor binding correlates with dopaminergic
input and develops in the postnatal period, binding sites are present by day

E18. Functional G-protein coupling has been observed on post natal day
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five in the rat (Jung and Bennett, 1996). In the striatum of adult rats, all
detectable enkephalinergic neurons express D2 receptors (Le Moine, et al.,
1990b), while some cholinergic neurons also have D2 receptors (Le Moine,
et al,, 1990;). The D2a isoform predominates in the striatum and
mesencephalic neurons of the rat (Le Moine and Bloch, 1991). In the rat

pituitary D2 receptors have been demonstrated by ligand binding by E20

and were found to increase to a peak at post natal day 14.

Although no correlation has been found between spontaneous locomotor
activity and mesotelencephalic tyrosine hydroxylase activity in the mouse
(Vadasz, et al., 1992), the pharmacological effects of dopamine receptor
agonists and antagonists have led to a presumption of an important role for
central dopamine receptors in locomotion. This presumption has been
upheld by neuroanatomical studies of the pathways leading to and from

regions known to express the D2 receptor.

Voluntary locomotion involves the coordinated actions of several
interconnected brain systems (for review see Hikosaka 1991; Graybiel
1991; Mink and Thatch 1993). Lower motor neurons in the ventral horn of
the spinal cord are the final common effector pathway and are the target of
extensive interneuronal connections from spinal cord and brainstem. A
much smaller number of direct monosynaptic connections from excitatory

neurons of the motor cortex also impinge on the lower motor neurons. In
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addition to these direct pyramidal tracts, there is a second major neocortical
circuit implicated in motor function. This is the extrapyramidal system that is
composed of the corpus striatum, globus pallidus, subthalamic nucleus,
and substantia nigra (SN). Information flow is predominantly from
neocortex to the basal ganglia structures that then feedback via thalamo-
cortical circuits. The SN pars compacta is the major source of ascending
dopaminergic input to the striatum which modulates striatal outflow. A
commonly held view of the overall organization of motor coordination and
learning is that templates for specific combinations of motor acts are held
within neocortex and cerebellum, while the basal ganglia function to enable
(by disinhibition) selected behavioral programs and to inhibit potentially

competing programs.

D2 receptors and the neuropeptide enkephalin are co-expressed in
neurons which form the path from the matrix of the striatum to the globus
pallidus pars externa, which in turn projects to the subthalamic nucleus.
The subthalamic nucleus projects back to the globus pallidus pars externa
and globus pallidus pars interna as well as the substantia nigra pars
reticulata. Output from the striatum is also mediated by D1 receptors
present on neurons that express the neuropeptides substance P and
dynorphin and constitute the path to the substantia nigra pars reticulata and
the globus pallidus pars interna. The substantia nigra pars reticulata in turn

projects to the superior colliculus, the anteroventeral thalamic nucleus, and
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the mediodorsal thalamic nucleus, while the globus pallidus pars interna
impacts the ventrolateral thalamic nucleus. The thalamic nuclei in turn
project to different regions of the frontal cortex, including the motor-
premotor, sﬁpplémentary motor and prefrontal zones (Graybiel, 1991). D2
receptor mRNAs are segregated from D1 receptor mRNAs in enkephalin
and substance P neurons, respectively, in the caudate-putamen and
accumbens nucleus. A very small percentage of neurons may coexpress
both genes. D1 and D2 receptor genes are expressed in distinct
populations of striatal efferent neurons in the rat (Le Moine and Bloch,

1995).

It has been proposed that the above listed neural circuits result in two
dopamine modulated pathways from the striatum to the globus pallidus
pars interna: First, a direct inhibitory pathway from the striatum
(caudate/putamen) to the globus pallidus pars interna; and second, an
indirect, net excitatory, pathway from the striatum to the globus pallidus pars
externa (inhibitory), to the subthalamic nucleus (inhibitory), and finally, to the
globus pallidus pars interna (excitatory). In Parkinson’s disease, a
hypokinetic locomotor disorder, the indirect pathway would be overactive
and the globus pallidus pars interna would have increased activity while in
chorea, a hyperkinetic locomotor disorder, the indirect pathway would be
under-active and the giobus pallidus pars interna would have decreased

activity (Mink and Thach, 1993).
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Additionally, some researchers suggest that there are two parallel
disynaptic pathways influenced by dopamine, from the cortex to the
substantia nigra pars reticulata / globus pallidus pars interna
(entopeduncular nucleus in non-primates) and to the globus pallidus pars
externa (globus pallidus in non-primates). The first is a short latency
excitatory pathway via the subthalamic nucleus, and the second is a longer
latency inhibitory pathway via striatum. (Mink and Thach, 1993). Some of the
pathways that interconnect the dopaminergic system may (of course) be
influenced by other neuropeptides. Ventral tegmental area dopamine
neurons in rat brain coexpress the neuropeptides cholecystokinin
octapeptide (CCK) and neurotensin. Because these peptides may be
released from dendrites of ventral tegmental area dopamine neurons that
may also express receptors for these peptides, it is possible that CCK and
neurotensin serve as autoreceptors and thus influence dopamine

autoreceptor function (White, 1996).

Not all studies of the dopamine system in rats and humans are in perfect
agreement. Analysis of human D2 receptor distribution revealed high
levels of mMRNA in caudate, putamen, and pituitary as expected. However, in
contrast to the situation in the rat, very low levels of transcripts were found in
human cortical regions (Gandelman, et al., 1991, Joyce, et al., 1991). The

other D2-like receptors may perform a more vital role in the cortex of
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primates than in rodents. D2 receptors have been found in the globus
pallidus pars externa of both rats and humans, supporting a principal role
for the D2 receptor in the indirect striatal-external pallidal pathway in both

these species (Levey, et al., 1993).

Because the basal ganglia have antagonistic networks and a dopaminergic
modulatory process, both of which are suitable for the selection and
coordination of movement, the basal ganglia may also play a critical role in
the active process of motor learning. Dopaminergic neurons in the
substantia nigra pars compacta are generally poorly responsive to any
sensory motor manipulations, but when examined during the process of
learning, these neurons show clear sensory responses which vary
according to the type and level of learning (Hikosaka, 1991). The
substantial breakdown of locomotor control seen in Parkinson's disease
results from the loss of dopaminergic innervation to the striatum from the
substantia nigra pars compacta. This results in the typical Parkinsonian
symptoms of rigidity, bradykinesia, and tremor (Hornykiewicz, 1966). The
loss of plasma membrane dopamine transporters in discrete regions of the
striatum during the early stages of this disease (Murray, et al., 1995) may
represent a compensatory adaptation that delays or reduces the severity of
this progressive disorder by enhancing the effects of the remaining
dopamine by elevating the effective conceniration of dopamine in the

synaptic cleft. Parkinson’'s disease also results in the loss of D2 receptors
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in the substantia nigra pars compacta (due to the loss of the neurons, not a

loss of expression) (Murray, et al., 1995).

D2-like antagonists suppress locomotion, and at high doses induce
catalepsy. The D2-like antagonist raclopride, decreased horizontal activity
in the open field test (Hillegaart and Ahlenius, 1987; Ericson. et al., 1991),
and has been shown to induce catalepsy (Anderson, et al., 1985).
Haloperidol, the classic D2-like antagonist, induces catalepsy and
deteriorates, in a dose dependent fashion, locomotor activity (Bernardi, et
al.,, 1981, Fujiwara, 1992). In keeping with these pharmacological studies, it
was found that administration of antisense oligodeoxynucleotides resulted
in decreased D2 receptor numbers and reduced spontaneous locomotor
activity in the rat (Zhang and Creese, 1993). D2 receptor deficient mice have
also demonstrated decreased spontaneous locomotor activity (see Ch. 3;
Baik et al., 1995). If central D2 receptors serve a regulatory role in
locomotion, it follows that antagonists should suppress movement while
D2-like agonists should stimulate it. In general, this seems to be true;
although the impact of quinpirole, 7-OH-DPAT, and bromocriptine (D2-like
agonists) are biphasic (Zarrindast and Eliassi, 1991; Eliam and Szechtman,
1989, Daly and Waddington, 1993; Hoffman and Wise, 1992), all of them
are stimulatory to locomotor activity. Like most dopaminergic drugs, the
precise receptor subtype of the “D2-like” receptors that these agents act

upon is not known, and the biphasic nature of their action could be due to
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simultaneous action on both pre- and post-synaptic D2 receptors or on any
combination of D2, D3, and D4.

Genetic ma§nipUIation of the dopaminergic systems

As alluded to above, the involvement of dopamine in movement has long
been supported by pharmacological methods. Hornykiewicz’'s review
(Hornykiewicz, 1966) discussed the impact of monoamine depletion on
locomotor activity, the ability of cocaine to release intracellular stores of
dopamine, and the capacity of L-dopa to restore cocaine responsiveness
after reserpinization. More recent studies have demonstrated a requirement
for catecholamines for mouse fetal development by utilizing gene deletion
approaches (Zhou, et al., 1995; Kobayashi, et al., 1995). Disruption of the

tyrosine hydroxylase gene locus results in embryonic death from apparent

cardiovascular failure. Disruption of the dopamine B-hydroxylase gene

results in embryonic death in the majority of cases, although a small
percentage of mice do survive to adulthood (Thomas, et al., 1995). ltis
interesting to note that surviving B-hydroxylase deficient mice always result
from heterozygous mothers and that some small amount of noradrenaline
is found in these animals. The B-hydroxyiase deficient mice also
demonstrated a significant increase in dopamine levels at E 11.5, a time at

which about half of the deficient embryos have already died (Thomas, et al.,

1995). lt is interesting, given the lethality of cocaine induced dopaminergic
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surges, to speculate whether the embryonic lethality is in fact due to the

loss of noradrenaline or to the elevated dopamine levels.

Dopamine-deficient mice are one of many knockouts that yielded both the
expected phenotype and additional, unexpected, phenotypes. Mice with an
inactivating mutation introduced in the tyrosine hydroxylase gene were bred

with animals that were genetically engineered to produce tyrosine

hydroxylase in cells that normally express B-hydroxylase (Zhou and

Palmiter, 1995). This had the net effect of producing mice that expressed
tyrosine hydroxylase only in noradrenergic neurons and thereby allowed the
free expression of norepinephrine. These dopamine deficient mice
demonstrated the expected decreases in spontaneous locomotor activity,
but also demonstrated adipsia and aphagia after weaning. Treatment with
L-DOPA caused the dopamine deficient mice to eat and drink, and therefore
survive, in addition to restoring spontaneous locomotor activity (Zhou and
Palmiter, 1995). As yet the precise role of dopamine in the perception of

hunger and thirst, or food seeking behavior is not well established.

Mice that lack the dopamine transporter gene demonstrate an extremely
(100 fold increase) prolonged half-life of dopamine in extracellular spaces
(Giros, et al., 1996). As would be expected from previous pharmacological
studies utilizing cocaine and D-amphetamine these mice also

demonstrated hyperlocomotion and impaired maternal behavior.
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Dopamine transporter deficient mice did not demonstrate any further
increases in spontaneous locomotor activity in response to either cocaine
or-D-amphetamine.

Cocaine and the D2 receptor

Cocaine’s actions as an indirect dopamine receptor agonist are thought to
stem from its ability to block the dopamine transporter and thus prolong the
half life of dopamine in the synaptic cleft (Kilty et. al., 1991; Shimada et. al.,
1991; Giros et. al, 1991). Overdosage with cocaine results in death that
may be mediated by either cardiovascular, respiratory, or thermoregulatory
system failure. The lethal effects of cocaine have been found to be reduced
by D1 dopamine receptor antagonists including SCH 23390 (Witkin, et al.,
1989), SCH 39166, A-69024, and SKF 83566 (Witkin, et al., 1993) in a dose
dependent fashion. An N-methyl-D-aspartate receptor (NMDA)(subtype of
the glutamate receptor family) antagonist (MK-801) (Shimosato, 1994) and
a synthetic opioid (buprenorphine) (Shukla, et al., 1991) have also been
found effective at reducing lethality. The mechanisms by which these drugs
are efficacious is probably as diverse as the receptors they bind to. The D1
antagonists effects are probably direct prevention of dopamine receptor
stimulation, while the NMDA receptor antagonist is believed to prevent
sensitization (Shimosato, 1994), and the synthetic opioid may reduce

seizure severity (Shukla, et al., 1991). No evidence has been found that
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blockade of D2 or D2-like receptors influences cocaine induced lethality

(Shimosato, 1994; Witkin, et al., 1993).

The theory that the D1 dopamine receptor is responsible for the excitomotor
effects of cocaine-induced dopamine release was strongly supported by the
loss of cocaine response in D1 receptor deficient mice (Xu et. al., 1994b).
Since this work followed years of pharmacolcgical study on the effects of
D2-like antagonists on cocaine responsiveness (Cabib, et al., 1991;
Kuribara, 1994; among others), this issue is still contentious. If the D1- and
D2-like receptors are complementary to each other in promoting locomotor
activity, then the combined effects of stimulating one system while
antagonizing the other may change the net response. For example, if
stimulation of D1 receptors results in activity level Y, and éntagonism of D2
receptors results in a net decrease in activity (-X) then the sum of both
events will be less than the D1 response alone (Y + (-X) <Y. If it is accepted
that antagonism of D2 receptors decreases locomotion (see below), then it
does seem possible that this suppression of activity could occur
simultaneously with the stimulation of the D1 receptor system by cocaine

and result in a lessening of the excitomotor effects of cocaine.

Endocrine effects of the D2 receptor
The effects of the D2 receptor are not limited to locomotion, learning, or

memory; the expression and impact of dopamine mediated regulation are
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also seen in the pituitary and hypothalamus. Provided with a rich, albeit
indirect, source of dopamine via the portal blood system, the pituitary is
principally inhibited (in terms of secretion) by dopamine acting as a classic
neurohormdne. Early studies on rats utilized whole pituitaries and found
that both apomorphine (a dopamine receptor agonist) and dopamine
inhibited the release of prolactin (MacLeod and Lehmeyer, 1974). A broad
capacity for D2 receptors to inhibit prolactin release has led some
researchers to propose that a large receptor reserve is present in the
anterior pituitary (Meller, et al., 1991). The D2-like antagonists
perphenazine and haloperidol blocked the inhibitory effects of dopamine
(MaclLeod and Lehmeyer, 1974). Utilizing an isolated population of prolactin
cells from the alewife fish (Alosa pseudoharengus) investigators
demonstrated that in the absence of catecholaminergic input spontaneous
action potential activity occurred that could be suppressed by
catecholamines (Taraskevich and Douglas, 1978). It is further suggested
that this may be an important regulator of pituitary secretions (Taraskevich
and Douglas, 1978). With the finding that dopamine receptors in the
anterior pituitary could inhibit cAMP distracting many, additional proof of the
impact of D2 receptors on cytosolic Ca®" took several years to arrive
(Malgaroli, et al., 1987). Treatment of rat anterior pituitary cells in vitro with
dopamine receptor antagonists (including haloperidol) resulted in the
release of prolactin (Caron, et al., 1978), supporting the idea that

mammalian prolactin regulation was similar to that of the fish. cAMP has
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long been a candidate as a potential mechanism for dopamine receptor
regulation of prolactin release (Maurer, 1982), but recent work has cast
doubt on this theory (Sanyal and Van Tol, 1997) . Two cell lines were used,
one expressed the dopamine D4 receptor, the other D2b. In the presence
of vasoactive intestinal peptide both cell lines secreted prolactin. When
chalienged with a combination of vasoactive intestinai peptide and
quinpirole (a D2-like agonist that is effective on both D2 and D4 receptors),
only the cell line expressing the D2 receptor demonstrated decreased
prolactin secretion in spite of the substantial decreases in cAMP induced by
the D4 receptor in the other cell line (Sanyal and Van Tol, 1997). These
results lead to a stronger argument that Ca'?, with its rapid response
capacity may be the predominant signal transduction mechanism that
regulates prolactin release. Does this mean that cAMP plays no role in
prolactin regulation? No, the existence of a Pit 1 response element (which
in turn has a promoter region that binds cAMP response element binding
protein (CREB) allows for an indirect impact of cAMP on prolactin. There is
a degenerate cAMP response element in the prolactin promoter, but it is not
known to bind CREB (for review of prolactin regulation see Ben-Jonathan, et
al., 1996). The cumulative research in this field represents a strong
argument for dopamine signaling via the D2 receptors to serve as the

principal inhibitory factor regulating prolactin secretion.

21



The release of somatotropin (GH) by somatotrophs of the anterior lobe also
appears to be regulated (indirectly) by D2-like receptors. Dopaminergic
pathways have been demonstrated to regulate the pulsitility of GH (Eden, et
al. 1979) a;ld contribute to the maintenance of steady state levels of GH
and the growth hormone-regulated binding protein IGF-bp3 (Flint, et al.,
1992). The duration of the trough GH leveis in between peak values is
responsible for the induction (or suppression) of sex specific steroid
metabolic enzymes (Norstedt and Palmiter, 1984) and has been suggested
to be responsible for the male phenotype of enhanced somatic growth
(Gustafsson, et al., 1983; Jansson, et al., 1985; Waxman, et al., 1991).
These studies support a role for D2 receptors in the regulation of the

release of growth hormone as well as the pulsitility of growth hormone.

Pituitary regulation by D2 receptors also encompasses the intermediate
lobe. Direct dopaminergic projections from the arcuate nucleus of the
hypothalamus innervate the intermediate lobe of the pituitary (as well as the
neural lobe) and provide the potential for dopamine receptor regulation of
intermediate lobe functions. In the rat catecholamine fluorescence is
detectable by the second postnatal day in the neurointermediate lobe, with

the peak reactivity attained at two weeks after birth (Davis, et al., 1984).

Dopaminergic agonists have been demonstrated to inhibit the release of «-

MSH from intermediate iobe melanotrophs (Cote, et al., 1982), while

antagonists (haloperidol) increase the level of mRNA encoding the POMC
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peptides (Hollt, et al., 1982; Gehlert, et al., 1988; Chronwall, et al., 1988).
This framework leads to the reasonable hypothesis that the D2 receptors
may play a role in both synthesis and release of some POMC peptides in

the melanotrophs of the pituitary intermediate lobe.

The substantial body of work in the field of dopamine receptors, and on the
D2-like dopamine receptor subtypes, provide evidence of extensive
involvement by these receptors in behavior, locomotion, and
neuroendocrinology. In order to explore the precise role of the D2 receptor
we have utilized homologous recombination in embryonic stem cells to
generate mice that lack the dopamine D2 receptor. The studies presented
in this thesis explore the effects of D2 receptor deficiency on locomotion,
dopamine receptor sensitivity to agonists and antagonists, regulation of
pituitary hormones, and animal growth. The impact of background strain on
some of the phenotypes of the D2 receptor deficient mouse is also

examined.
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Summary

Dopamine secreted from hypophysial hypothalamic neurons is a principal
inhibitory regulator of pituitary hormone secretion. Mice with a disrupted D2
dopamine receptor gene had chronic hyperprolactinemia and developed
anterior lobe lactotroph hyperplasia without evidence of adenomatous
transformation. Unexpectedly, the mutant mice had no hyperplasia of the
intermediate lobe melanotrophs. Aged female D2 receptor -/- mice
developed uterine adenomyosis in response to prolonged prolactin
exposure. These data reveal a critical role of hypothalamic dopamine in
controlling pituitary growth énd support a multistep mechanism for the
induction and perpetuation of lactotroph hyperplasia involving the lack of
dopamine signaling, a low androgen/estrogen ratio, and a final autocrine or
paracrine "feed-forward" stimulation of mitogenesis, probably by prolactin

itself.
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Introduction

The dopamine D2 receptor is a member of the dopamine receptor
family, a group of seven transmembrane domain receptors that utilize
dopamine a‘s their common ligand. This gene family can be divided into the
D1-like receptors (D1 and D5) which increase adenylyl cyclase activity and
the D2-like receptors (D2, D3 and D4) that are generally inhibitory to
adenylyl cyclase and may also be linked to the regulation of intracellular
calcium (Caccavelli, et al., 1992; Civelli, et al., 1993; Gingrich and Caron,
1993; Sibley, et al., 1993). The D2 receptor is believed to function through
both Gj and Gg signal transduction pathways, allowing differential
responses in different target tissues based on plasma membrane G

protein composition (Caccavelli, et al., 1992; Van Biesen, et al., 1996).

The dopaminergic tuberoinfundibular tract has its cell bodies in the
hypothalamus and projects to hypophysial portal vessels in the median
eminence and to the pituitary intermediate lobe (IL) where axons make
synaptic-like contacts with melanotrophs (Chronwall, et al., 1987). In the
anterior pituitary spontaneous prolactin release from lactotrophs is tonically
inhibited by activation of D2 receptors (Ben-Jonathan, et al., 1996; Molitch,
1995). This allows specific secretagogues like vasoactive intestinal
peptide, serotonin, and opioid peptides, among others, to provide a flexible,
but tightly regulated system for the controlled release of prolactin under

diverse physiological conditions (Molitch, 1995; Ben-Jonathan, et al., 1996).
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Similarly, the secretion of proopiomelanocortin (POMC) peptides produced
by IL melanotrophs is controlled by a combination of dopaminergic
inhibition through D2 receptors and the actions of other secretagogues
including GABA, norepinephrine and corticotrophin-releasing hormone
(Cote, et al., 1982; Davis, et al., 1984; Meador-Woodruff, et al., 1990). Other
anterior pituitary hormones including growth hormone are regulated by
hypophysial dopaminergic neurons but probably utilize more indirect

pathways.

D2 dopamine receptor agonists are commonly used in the medical
treatment of prolactinomas to reduce serum prolactin levels and in many
cases to produce regression of the pituitary adenomas (Wass, et al., 1982;
Sibley, et al., 1983; Melmed, et al., 1986). In addition to regulating prolactin
secretion, dopamine signaling opposes the estrogen stimulation of
prolactin gene transcription (Ben-Jonathan, et al., 1996; Lloyd, 1975). The
molecular mechanism of dopamine's growth inhibitory effect on lactotroph
tumor cells is not completely understood but has been postulated to also
depend on the inhibition of adenylyl cyclase and reduction in intracellular
Ca*? produced by activation of the D2 receptor (Caccavelli, et al., 1992). In
an in vitro model, the anti-mitogenic effect of D2 receptor activation has
been correlated with stimulation of a phosphotyrosine phosphatase via a
pertussis-toxin sensitive G protein (Florio, et al., 1992). The growth of the

intermediate lobe of the pituitary can also be influenced by treatment with
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dopamine receptor drugs.  Bromocriptine, a D2 receptor agonist, causes
reduction in the size of the IL while haloperidol, a D2 receptor antagonist
causes an increase in the number of melanotroph cell layers in the IL
(Chronwall,*et al., 1987; Chronwall, et al., 1988). Despite these dramatic
pharmacological effects, the physiological role of hypothalamic dopamine in

the regulation of lactotroph and melanotroph cell number is unknown.

In this study, we generated mice that are deficient in functional D2
receptors by targeted mutagenesis of the D2 receptor gene in embryonic
stem cells to determine the long term endocrine consequences of the loss
of dopamine inhibitory tone on the pituitary gland. Middle-aged female D2
receptor-deficient mice developed progressive lactotroph hyperplasia and a
secondary lesion in the reproductive tract identified as uterine
adenomyosis. Surprisingly, the size of the IL did not correlate with D2

receptor genotype. Although there were no apparent consequences of the
loss of D2 receptor tone on melanotroph number, the storage of o-
melanocyte stimulating hormone in the IL was significantly reduced in the
mutant mice. Therefore, the chronic loss of dopaminergic inhibitory tone to

the pituitary gland resulted in a complex endocrine phenotype revealing a

physiological role for dopamine in regulating the cell number of lactotrophs.
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Materials and methods
Generation of mutant mice and characterization of D2 receptors

The D2 dopamine receptor targeting vector was electroporated into
the D3 ES cell line (Doetschman, et al., 1985) and underwent selection with
G418. Resistant clones were screened for homologous recombination by
southern blot (data not shown), and the positives grown up to be frozen in
liquid nitrogen until use. Embryonic stem cells were grown in M15 media (
high glucose DMEM (Gibco BRL) with 15% fetal calf serum (Summit
Biotech), 55nM 2-mercaptoethanol, 400 u/L penicillin, 200u/L streptomycin
(Gibco BRL), 1000u/ml ESGrow (murine leukemia inhibitory factor Gibco
BRL), and 2mM L-glutamine and plated on SNL feeder layers (as
described in Rubinstein, et al., 1996) . Upon thawing clonal ES cells were
injected into embryonic day 3.5 blastocysts from super-ovulated females.
Injected blastocysts were transferred into the uterus of pseudopregnant
crossbred (B6 X Balb C) females at 2.5 days post coitus. Resultant male
chimeras were bred to B6 females to generate the mixed background F;
mice and to generate the congenic Ns animals this was followed by back-
crossing to the B6 strain for five generations. Wild type 129/SvaTac mice

were obtained from Taconic Farms and C57BL/6J mice from Jackson Labs.
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Membrane Receptor Ligand Binding

Male mice were decapitated and the striatum was quickly dissected on ice

and stored at -80°C. A total particulate fraction was prepared as previously

described (éunzbw et. al., 1995), except for the addition of a pre-incubation

step following the initial homogenization and centrifugation. The pellet was

resuspended in 50mM Tris-HCI buffer (pH 7.7) and incubated at room

temperature for 45 minutes in order to eliminate endogenous dopamine

from its binding sites. The equilibrium saturation experiment utilized [3H]
nemonapride (specific activity 82 Ci/mmol, DuPont NEN) as an antagonist
radioligand (Seeman and VanTol, 1994) to label D2 dopamine receptors in
the striatum. Nonspecific binding was defined in the presence of 1mM

(+)butaclamol (Bunzow et al., 1988). Dilutions of (+)butaclamol, membrane

and [3H] nemonapride were prepared in 50 mM Tris-HCI buffer (pH 7.7),
and binding reaction was initiated by the addition of butaclamol (10 mM) or

vehicle (100 ml), membrane (100ml, 45-50 mg protein), binding buffer (700

ml, 50 mM Tris-HCI 0.9% NaCl, 0.001% BSA, pH 7.7) and [3H] nemonapride
(100ml). Binding reactions were carried out in a volume of 1mi at 22°C for
60 minutes and terminated by rapid filtration using a Brandel Cell Harvester
as described previously (Bunzow et. al., 1995; Zhang et. al., 1996). The
maximal number of binding sites (Bnax) and dissociation constants (Ky)
were determined by analysis of saturation binding data through a non-linear

regression fit of a hyperbolic equation.
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Morphologic methods

Mice were sacrificed by decapitation with immediate inspection using
a dissecting microscope and removal of the pituitaries. Other organs were
also carefully inspected and sampled for histologic evaluation if any gross

abnormalities were observed. Samples used for light microscopy were

fixed in buffered formalin and embedded in paraffin; sections 4-5um thick

were then stained with hematoxylin and eosin, or with the Gordon-Sweet
silver method to demonstrate the reticulin fiber network. Intermediate lobe
thickness was measured using a Leitz microscope with a Mertz square-
based micrometer. Sections of glands were all in the horizontal plane and
were examined by an independent observer blinded to the tissue
identification. At least 10 measurements per gland were obtained and

results were expressed as thickness in um + SEM.

Immunocytochemical stains to localize adenohypophysial hormones
were performed using the. streptavidin-biotin-peroxidase technique. Primary
antisera directed against rat pituitary hormones were used at the specified
dilutions: GH 1:2500, PRL 1:2500, RTSH 1:3000, RFSH 1:600, and RLH
1:2500 (National Hormone and Pituitary Program, Rockville, MD) and ACTH
pre-diluted preparation further diluted 1:20 (Dako Corporation, Carpinteria,

CA). Pituitary tissue for immunofluoresence was prepared from mice after

cardiac perfusion with neutral buffered 4% paraformaldehyde. 20 um free
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floating cryostat sections were labeled with anti-PRL S9 at a dilution of 1:25
(National Hormone and Pituitary Program) followed by FITC-conjugated
goat anti-rabbit IgG at a dilution of 1:200 and Hoechst dye no. 33528 (1
ug/ml). Op\\tical sections were then examined on a Leica confocal

microscope.

Tissues examined by transmission electron microscopy were fixed in
2.5% glutaraldehyde, postfixed in 1% osmium tetroxide, dehydrated in
graded ethanols and propylene oxide and then embedded in Spurr's epoxy-
resin. Semi-thin sections were stained with toluidine blue; ultra-thin
sections of selected areas were stained with uranyl acetate and lead citrate

and examined with a Phillips CM 100 Biotwin electron microscope.

Serum sampling and biochemical measurements.

Two-site immunoradiometric assays of serum ACTH (Nichols
Institute Diagnostics), were performed on samples taken from stress-free
animals Killed by decapitation. Basal serum prolactin' levels were also taken
from the same non-stressed, randomly housed (not grouped by genotype)
mice and determined by radioimmunoassay using a specific mouse
prolactin antisera (National Hormone and Pituitary Program, Rockville, MD).
The acute prolactin secretory response to haloperidol was assessed both
within subject as well as between genotypes using the following

experimental design: T=0, injection of 0.9% saline 10 ml/kg i.p.; T=1hr, tail
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bleed for pre-drug sample followed by haloperidol 5 mg/kg (10 ml/kg) i.p.;

T=2hr, sacrifice by decapitation and collection of post-drug serum sample.

Pituitaries were harvested from stress free animals and the

neurointermediate lobes were separated from the anterior lobes. The o~

MSH and R-endorphin content of the neurointermediate lobes were
determined by RIA as described previously (Low, et al., 1993), while total

cAMP content of the anterior lobes was determined by competitive

displacement of [3H]—CAMP from a high affinity cAMP binding protein using a

commercial kit (DuPont).

Statistical analysis.

Statistical analysis was carried out using primarily Crunch4 (Crunch
Software Corp. Oakland CA). Where needed Tukey post-hoc analysis was
utilized to assess rank order. 