Lo L

P

1\

o LN A D

Ablation of D1 dopamine receptor-expressing cells
generates mice with seizures, dystonia, hyperactivity,

and impaired oral behavior

llse Gantois*, Ke Fang*, Luning Jiang*, Daniela Babovic', Andrew J. Lawrence*, Vincenzo Ferreri*, Yaroslav Teper*,
Bianca Jupp®, Jenna Ziebell$, Cristina M. Morganti-Kossmann$, Terence J. O’Brien*, Rachel Nally*, Gunter SchiitzT,

John Waddington®, Gary F. Egan*, and John Drago*!

*Howard Florey Institute, University of Melbourne, Melbourne 3010, Australia; TMolecular and Cellular Therapeutics, Royal College of Surgeons in Ireland,
Dublin 2, Ireland; *Department of Medicine, Royal Melbourne Hospital, University of Melbourne, Melbourne 3010, Australia; SNational Trauma Research
Institute, Alfred Hospital, Monash University, Melbourne 3004, Australia; and "Deutsches Krebsforschungszentrum, 69120 Heidelberg, Germany

Communicated by Derek A. Denton, University of Melbourne, Parkville, Australia, January 8, 2007 (received for review November 10, 2006)

Huntington'’s disease is characterized by death of striatal projection
neurons. We used a Cre/Lox transgenic approach to generate an
animal model in which D1 dopamine receptor (Drd1a)+ cells are
progressively ablated in the postnatal brain. Striatal Drd1a, substance
P, and dynorphin expression is progressively lost, whereas D2 dopa-
mine receptor (Drd2) and enkephalin expression is up-regulated.
Magnetic resonance spectroscopic analysis demonstrated early ele-
vation of the striatal choline/creatine ratio, a finding associated with
extensive reactive striatal astrogliosis. Sequential MRI demonstrated
a progressive reduction in striatal volume and secondary ventricular
enlargement confirmed to be due to loss of striatal cells. Mutant mice
had normal gait and rotarod performance but displayed hindlimb
dystonia, locomotor hyperactivity, and handling-induced electro-
graphically verified spontaneous seizures. Ethological assessment
identified an increase in rearing and impairments in the oral behaviors
of sifting and chewing. In line with the limbic seizure profile, cell loss,
astrogliosis, microgliosis, and down-regulated dynorphin expression
were seen in the hippocampal dentate gyrus. This study specifically
implicates Drd7a+ cell loss with tail suspension hindlimb dystonia,
hyperactivity, and abnormal oral function. The latter may relate to the
speech and swallowing disturbances and the classic sign of tongue-
protrusion motor impersistence observed in Huntington’s disease. In
addition, the findings of this study support the notion that Drd7a and
Drd2 are segregated on striatal projection neurons.
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he nigrostriatal pathway projects from the midbrain substantia

nigra pars compacta to innervate the dorsal striatum. Dopa-
mine is released from dopaminergic terminals in the striatum to
regulate motor activity and eating behavior (1). Early studies
suggested that dopamine D1 (Drdla) and D2 receptors (Drd2) are
segregated on striatal projection neurons; the DrdIa is expressed on
substance P and dynorphin-positive striatal neurons, which project
directly to the substantia nigra pars reticulata/entopeduncular
complex (known as the direct pathway), whereas Drd2 is prefer-
entially expressed on enkephalin-positive striatopallidal projecting
neurons (2). Neurons within the globus pallidus then project to the
subthalamic nucleus, which in turn relays to the substantia nigra
pars reticulata/entopeduncular complex (known as the indirect
pathway). Dopamine also modulates the activity of glutamatergic
corticostriatal input on striatal projection neurons.

Idiopathic Parkinson’s disease is characterized by the death of
dopaminergic neurons; however, rare Parkinsonian syndromes
have been identified in which the defect is associated with cell death
in the dopamine-responsive neurons in the striatum (3-6). Hun-
tington’s disease (HD) (7-10), a neurodegenerative condition with
motor, cognitive, and psychiatric disturbances, also involves death
of dopamine receptor-expressing striatal projection neurons. Sev-
eral positron emission tomography studies in HD have demon-
strated a decrease of both D1- and D2-binding sites in association
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with volume loss in the striatum (11-13). Basic questions remain
unanswered. Is the HD phenotype due to loss of the Drdla+ or
Drd2+ subpopulation of striatal neurons? What are secondary
consequences, particularly on corticostriatal projection neurons, of
the death of a specific population of cells within the striatum? HD
animal models generated to date either use neurotoxic striatal
lesioning (14) or express a CAG repeat expanded Huntingtin gene
(15, 16). These approaches ultimately result in the death of cells in
both Drdla+ and Drd2+ striatal compartments.

In a previous model, we used Cre-mediated recombination to
ablate neurons expressing the Drdla gene during development
(17-19). In this paradigm, most mutant (MUT) pups died in the first
postnatal week, but some survived to 3 wk. MUT pups displayed
periodic breathing, motor slowing, and twisting limb movements
suggestive of dystonia and exhibited falls due to myoclonic jerks.
Older pups (2-3 wk) showed a hyperkinetic syndrome with gait
abnormality, postural instability, and limb and body jerks typical of
HD (20). Although those mice model basal ganglia disease, the
short lifespan of MUT?¢ animals and potential for developmental
compensation limited its value. Here, we have used another Cre-
mediated strategy to ablate Drdla-expressing neurons after birth.
We expected that these mice would also manifest dystonia and
motor abnormalities but were surprised to learn that they survived
and had a relatively mild phenotype.

Results

Mice. MUT mice expressing the attenuated diphtheria toxin (tox-
176) gene in Drdla+ cells were generated by crossing heterozygous
calcium/calmodulin-dependent protein kinase II a promoter-driven
(21) Cre-expressing transgenic mice with heterozygous fox-176
Drdla locus knockin mice (17). Cre expression in the hippocampus,
striatum, cortex, amygdala, olfactory tubercle, thalamus, and hy-
pothalamus starts at 1-2 wk after birth, and tox-176 was expressed
in Drdla-expressing cells only in MUT mice after Cre recombina-
tion. Three other genotypes were produced as a result of mating of
the parental heterozygous lines: wild-type (WT) mice, mice het-
erozygous for transcriptionally silenced tox-176 (HZ'*), and mice
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Fig. 1. Behavioral phenotype of MUT mice. Hindlimb clasping dystonic

phenotype in MUT (A) compared with WT (B). Clasping score is determined
over 14 sec (WT, [J; MUT, m). (C) Predominantly sustained hindlimb clasping
was observed by 12 wk. (D) Locomotor activity data (for distance) for MUT
(female, @; male, m) and WT (female, O; male, ). Hyperactive phenotype of
MUT (age 10-11 wk) males and females is observed over a 4-day test. () MUT
mice (black bars) showed a decrease in sifting and chewing and an increase in
total rearing. **, P < 0.01; *, P < 0.05 vs. WT control.

heterozygous for Cre (HZ). Overall male and female MUT mice
weighed 17% and 25% less than WT littermates, respectively
[supporting information (SI) Fig. 6]. MUT brains at 34 wk (n = 6)
weighed 15% less than WT (n = 6). Unexpected animal death was
not observed in any genotype.

Behavioral Phenotype. Handling-induced seizures occurred from 5
wk in MUT animals. No differences in locomotor activity were
found between the three control groups (WT, HZ'*X, and HZ¢™®).
MUT mice of both sexes showed evidence of a hyperactive phe-
notype when exposed to a novel environment. They covered a

A

greater distance (Fig. 1D), spent more time moving, and moved
with increased speed compared with controls (data not shown).
This hyperactivity in MUT mice was still observed in 16- to
17-wk-old animals (SI Fig. 7). No statistically significant differences
were found in gait analysis or rotarod testing in MUT mice
examined at 10—11 or 17-21 wk (SI Text). Separate cohorts of WT
and MUT animals were assessed at two different age ranges by
using a standardized ethological assay (22-24). At 6-9 wk, there was
an increase in total rearing and a decrease in sifting and chewing
(Fig. 1E). Sifting behavior involves the use of the snout and
forepaws to displace cage bedding, and chewing was defined as
being present when material was in the mouth. These changes
occurred in both sexes and in older mice (16-21 wk) (SI Fig. 8).
Progressive clasping of the hindlimbs was observed in a tail-
suspension assay (Fig. 1 A and B). At 4 wk, MUT mice showed a
subtle clasping dystonia compared with WT animals. MUT mice
showed frequent paroxysmal bursts of dystonic hindlimb retraction
by 12 wk, and by 14 wk, most MUT animals showed sustained
hindlimb clasping associated with trunk flexion (Fig. 1C) and see SI
Fig. 9.

MRI and Magnetic Resonance Spectroscopy (MRS) Analysis. Serial
MRI and MRS analysis was undertaken on seven MUT and six
WT mice. Striatal atrophy and secondary enlargement of the
lateral ventricles were apparent in one MUT mouse at 4 wk and
for the other five MUT mice from 6 wk (Fig. 2). Significant
whole-brain atrophy in MUT animals was observed after 4 wk.
The width of the entire brain measured at the level of the nucleus
accumbens (NAc) (d4 in Fig. 24) in MUT mice was ~12%
smaller than control littermates. There was no further reduction
in total brain or cortical width (SI Fig. 10) from 4-30 wk. In
contrast, there was a dramatic reduction in striatal size in the
second month.

'H spectra of the striatum in MUT and WT mice was obtained
at 4, 6, 8, 18, and 30 wk (Fig. 2 E and F). The choline/creatine
(C/C) ratio was significantly increased in MUT compared with
WT mice at 4, 6, and 8 wk. In contrast, no difference was
observed in the C/C ratio at 18 and 30 wk. No significant
difference in the NAA/creatine ratio was observed between
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Ope Fig. 2. Serial MRI and MRS analysis of MUT mice. (A)
-% 0.3 Schematic diagram delineating the MRI parameters
@ 0.0 used in the study. (B) Serial changes in the size of the
B striatum relative to the whole brain in WT (0J) and MUT
0.50 (m). There is an age-dependent reduction in R value
o Fohe [where R = (d3—d2)/d4] in MUT compared with WT
n_g_g———-"§——‘_§ So09 littermates. (C) MRI coronal sections of a WT mouse (C)
0.40 Q : " and a MUT mouse (D) at 8 wk showing enlargement of
= 0.35 R éO_B the lateral ventricles and striatal atrophy. (E) C/C
’ *X w i = changes in striatum with time (WT, white bars; MUT,
0.30 *k %0‘3 black bars). (F) NAA/creatine ratio over time. Note
025l —— . i Tpo significant difference in C/C to 8 wk. A decrease in
468 18 30 4 6 8 18 30 NAA/creatine is seen at 30 wk in MUT. **, P < 0.01; *,
Age (wk) Age (wk) P < 0.05.
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Fig. 3. EEG phenotype of MUT mice. EEG recording of a spontaneous
nocturnal seizure in a female MUT 32 wk of age. Note the seizure is demar-
cated between A and B.

MUT and WT mice at the first four time points, but a significant
decrease was observed in MUT mice at 30 wk.

Seizures: Behavioral and Electroencephalographic (EEG) Phenotype.
Handling-induced seizures were observed commencing at 5 wk in
MUT mice. Overnight EEG recording was performed on female
mice as described (25) with infrared video monitoring (MUT n =
5, HZ'*n = 1,HZ**n = 1, and WT n = 4). Multiple spontaneous
seizures were recorded in two of five MUT mice. Typical seizures
were associated with rhythmic electrographic spike/wave discharges
followed by a period of postictal suppression of the normal back-
ground EEG activity (Fig. 3). During the seizures, MUT animals
rubbed forepaws repeatedly, then fell and showed repetitive fore-
limb and hindlimb clonic movements, finally undergoing a second
round of repetitive forepaw rubbing activity after becoming upright
(see SI Movie 1 for a captured spontaneous seizure). The postictal
recovery period was short (=20 sec). The reappearance of a normal
baseline EEG correlated with return of exploratory behavior. The
background interictal EEG activity of all MUT mice was abnormal,
with intermittent spike/wave discharges in the three mice that did
not have overt seizures recorded throughout the monitoring period.
WT controls had no evidence of epilepsy.

Neuropathology in MUT Mice. Volumetric analysis showed a 60%
decrease in striatal volume of MUT mice (see SI Fig. 11).
Stereological estimates of neutral red-stained sections demon-
strated a 65% loss of cells in MUT mice [WT (12.87 = 0.49) X
105 cells; MUT (4.46 = 0.15) X 105 cells (P < 0.001)]. Cell
density was found to be reduced by 17% in the striatum of MUT
mice [WT (1.95 = 0.10) X 10° cells/mm?* MUT (1.62 * 0.07) X
10° cells/mm? (P = 0.024)].

We also obtained estimates of volume, density, and cell number
in the cortex and hippocampus of MUT animals and control
littermates. Although there was no difference in cortical cell density
[WT (1.94 = 0.08) X 10° cellymm? MUT (2.21 = 0.13) X 10°
cellsfmm3 (P = 0.162)] or total cell number [WT (12.43 = 0.51) X
10° cells; MUT (11.51 = 0.55) X 10° cells (P = 0.284)] in MUT
mice, there was a significant decrease in the cortical volume of
MUT mice [WT, 6.419 = 0.039 mm?, MUT, 4.997 = 0.247 mm?>
(P = 0.002)]. In the hippocampus, MUT mice showed a decrease
in both volume [WT mice, 0.101 *+ 0.004 mm?;, MUT mice, 0.039 +
0.004 mm? (P < 0.001)] and number of cells in the dentate gyrus
(DG) [WT (1.47 = 0.03) X 103 cells; MUT (0.42 = 0.07) X 10 cells
(P < 0.001)]. There were no differences seen in CA1/2 and CA3
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Fig.4. Reactive astrogliosisin MUT mice. GFAP immunohistochemistry in WT
(A) and MUT (B-D) at varying ages (B, 5 wk; C, 9 wk; D, 21 wk). (E) The number
of GFAP-positive cells was quantified at different ages. There is significant
difference (P < 0.05) between the number of cellsin WT (white bars) and MUT
(black bars) at all ages.

regions of the hippocampus with respect to volume, cell number, or
cell density (data not shown).

Staining for the astroglial marker, glial fibrillary acid protein
(GFAP) was performed between 3 and 21 wk (Fig. 4). Astrocytes
in MUT mice had the morphology of reactive astrocytes (be-
tween 3 and 12 wk) (Fig. 4 B and C) with large cell bodies and
complex ramified cellular processes. In contrast, the much
smaller number of astroglial cells identified in control mice had
small cell bodies and lacked cellular processes (Fig. 44). The
number of reactive astrocytes in MUT mice increased over time,
with a 20-fold higher number of GFAP+ cells at 9 wk compared
with controls. The number of astroglia in MUT mice then
reduced at later time points, although it always remained higher
than in control mice (Fig. 4E). The astroglia in older MUT mice
had a less-reactive morphology (Fig. 4D). A large number of
reactive astrocytes were also seen in the hippocampus and a
smaller number were seen throughout the cortex (SI Fig. 12).

CD11b staining (see SI Materials and Methods for method)
revealed the presence of activated microglia in the cortex, hip-
pocampus, thalamus, and caudate putamen (CPu) of 3-wk MUT
mice (n = 2). At 5 wk, comparatively less microglial reactivity was
seen in the thalamus and CPu (n = 2), and no activated microglia
were seen in the cortex or hippocampus. Older MUT mice (21 wk)
were free of microglia. Activated microglia were not seen in WT
mice (3-21 wk). Unlike the Ella/Cre model (17), TUNEL staining
(see SI Materials and Methods for method) showed very little
evidence of apoptosis in MUT mice (2-9 wk). TUNEL-positive
cells were not seen in the cortex. A small number of TUNEL-
positive cells (approximately five/section) were seen in the hip-
pocampus and thalamus [a nucleus known to express Drdla (26)]
in a 2-wk MUT.

Quantitative in Situ Hybridization. Expression studies were under-
taken on male mice of all four genotypes (HZ®, n = 8; WT, n =
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Fig.5.
B, MUT) and Drd2 (C, WT; D, MUT) at 21 wk.

Dopamine receptor expression. In situ hybridization for Drd1a (A, WT;

7, HZ, n = 4; MUT, n = 9) between 17 and 21 wk. Drdla
transcripts were identified in the CPu, NAc, islands of Calleja, and
olfactory tubercles of control mice (HZ®™ and WT; Fig. 5) that was
reduced in HZ'* mice (63% of controls). The level of Drdla
mRNA in MUT mice was <5% of WT mice (Fig. 54 and B). Drdla
was expressed in the DG of WT but not MUT mice. In line with the
serial MRI data (Fig. 2B), the expression of Drdla dropped
progressively between 4-12.5 wk (SI Fig. 13). Drd2 mRNA was
detected in the striatum of all mice (Fig. 5 C and D). Quantitative
analysis demonstrated a 64% increase in expression in rostral
striatum and a 49% increase in caudal striatum in MUT mice
compared with controls (P < 0.05). Drd2 mRNA was up-regulated
at 2wk and remained elevated (SI Table 1). There was a significant
increase in enkephalin expression levels in rostral CPu (46%) and
caudal striatum (56%) of MUT mice compared with controls (P <
0.05). Enkephalin mRNA was up-regulated at 2 wk and remained
elevated (SI Table 1). Dynorphin showed a differential pattern of
expression in the dorsal and ventral striatum of controls (SI Table
1). A 59% decrease in dynorphin expression was seen in the NAc,
a67% decrease in the rostral Cpu, and a 75% decrease in the caudal
CPu of MUT mice. An 83% decrease in dynorphin expression was
apparent in the DG. Because of regional differences in expression
patterns, we quantified substance P expression in different regions,
the NAc, rostral, and caudal CPu. A significant decrease in sub-
stance P mRNA was observed in the NAc (58%) and rostral CPu
(91%), but there was no significant difference in the caudal CPu of
MUT mice.

Discussion

We have created a transgenic mouse model in which Drdla+ cells
are slowly but progressively ablated in the postnatal striatum, yet
Drd2 single-positive cells are preserved. The cumulative cell loss
provokes an up-regulation in the number of astrocytes that coin-
cides temporally and spatially with progressive striatal atrophy.
Individual astrocytes display a classical activated morphology dur-
ing the phase of maximal striatal atrophy. Because the MUT line
was constructed to specifically ablate Drdla+ cells, fundamental
questions relate to the specificity, extent, and timing of Drdla+ cell
killing. Stereological analysis provides clear evidence that cell death
occurred, whereas Drdla and Drd2 in situ hybridization data
confirm that cell death is indeed restricted to the Drdla+ cell
compartment. Detailed behavioral analyses of MUT mice revealed
aphenotype, elements of which are observed in other models of HD
(15, 16, 23). We demonstrate that primary loss of a Drdla+
subpopulation can produce a tail suspension-induced hindlimb
dystonic phenotype, locomotor hyperactivity, and significant
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changes in oral behavioral topographies. Although striatonigral cell
loss would predict bradykinesia rather than hyperkinesia (27), the
locomotor hyperactivity in MUT mice is also observed in Drdla
knockout mice (28, 29). Additionally, MUT mice may lack a
Drdla/Drd2 double-positive population. Moreover, up-regulated
Drd2 expression may reflect compensatory decreased signaling
through the Drd2. We also show that loss of the Drd1a+ population
results in spontaneous stereotyped seizures with features reminis-
cent of human complex partial seizures of temporal lobe origin
where ictal hand automatisms are typically seen (30, 31). The
seizures are likely to be related to hippocampal rather than striatal
pathology.

Enlarged cerebral ventricles and striatal atrophy were identified
by using noninvasive serial MRI. Significant striatal atrophy was
first seen at 6 wk. Volumetric and stereological assessment under-
taken on the same cohort of mice revealed significant cell loss in the
striatal compartment. Cortical volume was also reduced both on
MRI (see SI Fig. 10) and on formal volumetric analysis, but cell loss
was not evident in the cortex. We found significant changes in the
morphology of cortical neuropeptide Y-positive neurons in Ella/
Cre MUTs (19) and postulate that a decrease in soma size and/or
pruning of neuritic processes are expected to account for the
reduction in cortical volume. Death of striatal projection neurons
may have secondary effects on corticostriatal neurons if these
cortical neurons depended on striatal-derived trophic factors.
Changes in cortical pyramidal neurons have been identified in other
HD transgenic models (16), and it is not clear whether these
changes are related to the primary disease process within the cortex
or secondary to striatal pathology.

Sequential MRI studies over a 30-wk period identified progres-
sive loss of striatal volume. I situ hybridization studies for a number
of molecules were therefore undertaken between 2 and 21 wk, the
time period during which major volume changes were noted on
MRI analysis. The level of Drdla (see SI Fig. 13), substance P, and
dynorphin transcripts decreased gradually over this period (data not
shown). In contrast to the Ella/Cre paradigm, expression of these
peptides persists in the ventral striatum. In MUT mice, Cre expres-
sion within the striatum is patchy and occurs in the postnatal brain
rather than during development and at comparatively low levels.
Drdla+ cell loss is therefore slow, allowing for compensation. In
the Ella/Cre mice, Cre-mediated transgene recombination occurs at
the fertilized oocyte stage (32), resulting in cell death upon Drdla
expression. In that model, there is extensive and synchronized death
of the Drdla+ population. Most MUT mice die in the first week,
and only a small number survive beyond 2 wk. Because of the early
demise of the animals and differences in the kinetics of Drd1a+ cell
death, there may be insufficient time for compensation in substance
P and dynorphin expression. The delayed expression of fox-176 in
the striatum, thereby avoiding injury to Drdla+ neuronal progen-
itors in the lateral ganglionic eminence (33), may also be important
in explaining the phenotype differences between the two models.
Furthermore, the nature of the tox-176 gene product compared
with WT diphtheria toxin may be especially relevant in understand-
ing the relative mild phenotype and potential for compensation.
There are two reports that used the fox-176 gene in transgenic
paradigms (34, 35). In both cases, transgenic lines were generated
in which it was likely that tox-176 gene expression impaired cellular
metabolism without apparent cell death. In one study (34), tox-176
expression targeted to lens cells resulted in cataract formation
rather than the complete loss of lens tissue, and in the study of Ross
et al. (35), tox-176 expression targeted to adipose cells resulted in
lines in which fat cells survived, but mice were resistant to obesity.
Finally, compensatory mechanisms made possible by the slow
postnatal demise of Drdla+ cells may include adaptive anatomical
changes within the basal ganglia that ultimately may functionally
reconstitute the direct pathway.

Astrocytes perform several functions that are essential for nor-
mal neuronal activity and also influence neurite outgrowth and
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other processes that contribute to brain recovery in the postinjury
period (36). A number of studies in mice and humans have found
a correlation between astrocytosis and elevated C/C ratios (37-40).
Genetic disorders of astrocytes associated pathologically with as-
trocytosis displayed increased C/C ratios on MRS (38). The grade
of malignant brain tumors is reflected in the content of astroglial
elements relative to neurons and correlated with the C/C ratio in
vivo (39) and in vitro (40). Ella/Cre MUTs displayed extensive
reactive gliosis (17), and so we sought to document brain astroglial
activity in our adult model by using serial noninvasive MRS
measurement of C/C levels. Elevated C/C levels in the brain were
seen in MUT using serial MRS at 4, 6, and 8 wk (with a peak at 8
wk) but not at 18 and 30 wk. GFAP immunohistochemistry
essentially mirrored the MRS results whereby the number of
GFAP+ cells gradually increased over the first few months and
peaked at 9 wk. In contrast, the number of astrocytes remained
elevated from 12 to 21 wk, but the C/C on MRS was normal.
Astrocytes at later time points had prominent GFAP-positive cell
bodies and some cellular processes but did not have complex
branched cellular processes apparent in the earlier time points. It
appears, therefore, that the MRS finding of up-regulated C/Clevels
reflected the presence of activated astrocytes as C/C levels returned
to normal despite persistent elevation in striatal astroglial cell
counts. This serial MRS study in mice relates elevated C/C with the
morphological astroglial activation state.

The functional implications of these data need to be based on
what is known about the relative distribution of Drdla and Drd2 on
striatal projection neurons and other brain regions. A number of
early studies using in situ hybridization immunohistochemistry (2,
41, 42) suggested that Drdla and Drd2 were expressed on distinct
populations of neostriatal projection neurons, and that there was
only a small degree of overlap. Conversely, subsequent studies using
highly sensitive PCR methodology concluded that the degree of
overlap was substantial (43, 44). A recent study on cultured rat
embryo-derived striatal neurons and adult striatal slices using
complementary approaches of confocal microscopy and functional
studies with D1- and D2-like selective agonists concluded that
essentially all striatal projection neurons expressed both receptor
subtypes but that striatopallidal neurons expressed predominantly
Drd? and striatonigral neurons expressed mainly the Drdla subtype
(45). Our results are at odds with the idea that all striatal neurons
express significant levels of both receptor subtypes. The degree of
striatal atrophy and associated striatal cell loss apparent in 34-wk
MUT mice suggests there may be a subpopulation of neurons
expressing both Drdla and Drd2. Furthermore, given the potency
of tox-176 in inhibiting cellular protein synthesis and the fact that
Drd?2 and enkephalin are up-regulated in the striatum, we conclude
that a substantial proportion of Drd2+ cells do not have significant
levels of DrdIa expression. Given the chronicity of the insult and the
potential for striatal neurogenesis, as seen in rodent HD and brain
ischemia models (46, 47), it is possible that the paradigm selects for
replacement by, or survival of, Drdla—/Drd2+ cells. The experi-
mental design does not allow us to exclude the possibility that the
behavioral phenotype may be due to loss of a Drdla/Drd2 co-
expressing subpopulation. A Drd2 promoter-driven Cre mouse
could be used to address this question.

Drdla expression in the cortex is at low levels in the mouse brain
(see Fig. 54 and ref. 48). Despite the low Drdla expression level,
intense calcium/calmodulin-dependent protein kinase II «a expres-
sion in the cortex would predict that any cells coexpressing Drdla,
even at low levels, would be killed. The up-regulated astrogliosis
and microgliosis suggest a degree of cortical remodeling, and we
hypothesize there may be compensatory neurogenesis as seen in
other injury models (47) and selection of cells that do not express
Drdla. It is also possible that the glial response seen in the cortex
is a function of remodeling of neuronal processes (49, 50). Because
cortical volume does not change (on serial MRI analysis), whereas
striatal volume decreases in concert with the emergence of pivotal
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aspects of the HD phenotype, such as hindlimb clasping, we suggest
that striatal rather than primary cortical pathology explains the
motor abnormalities in the model.

Neurodegenerative diseases involving progressive postnatal loss
of striatal neurons can be modeled by using this double transgenic
paradigm. We show that loss of the Drdla+ compartment is
sufficient to generate multiple aspects of the HD phenotype,
hindlimb dystonia and hyperactivity (locomotion and rearing) and
major abnormalities in oral functions of sifting and chewing.
Abnormalities in oral behavioral topographies and hyperactivity
may explain the persistent weight differences seen in MUT mice.
The ethogram was assessed in the R6/1 line of HD transgenic mice
(23), and delayed onset decreases were identified in sifting and
chewing. Speech and swallowing disturbances occur in HD, and
motor impersistence on tongue protrusion is a classic physical sign
in HD that differentiates HD from other disorders, such as tardive
dyskinesia (10). It is tempting to speculate that the oral abnormal-
ities identified in the ethogram represent murine equivalents of the
speech, swallowing, and tongue abnormalities seen in the human
condition. The therapeutic implication of this study is that cell
replacement and symptomatic drug strategies would need to target
the D1 receptor subpopulation to reverse some aspects of HD
disability.

Materials and Methods

All procedures involving the use of live animals conformed to the
Australian National Health and Medical Research Council code of
practice.

Animals. Mice generated as described above were weighed from 4
to 18 wk of age. Males and females were analyzed separately with
a two-way repeated-measures ANOVA with least standard differ-
ence post hoc analyses.

Behavior. All behavioral analyses were carried out in age-
matched mice with the observer blinded to genotype. Behavioral
testing (locomotion, clasping, rotarod, and gait analysis) was
undertaken on male (MUT, n = 19; WT, n = 13; HZ'"*, n = §;
and HZ“¢, n = 19) and female (MUT, n = 15; WT, n = 14;
HZ'"* n = §; and HZ°, n = 9) mice.

Behavioral Testing. The effect of ablating Drdla-expressing cells
on locomotor activity was examined in all four genotypes.
Hindlimb clasping was assessed in all four genotypes at seven
time points (4, 6, 8, 10, 12, 14, and 16 wk). Mice were observed
in 2-sec time bins for 14 sec. Each mouse was allocated a score of
1 for abnormal dystonic hindlimb movement and a score of 0 in
the absence of any abnormal movement. Rotarod motor per-
formance and gait testing were performed as described in S
Materials and Methods. Ethological assessments were carried out
by using a rapid time-sampling behavioral checklist technique, as
described (22, 23). Ten MUT and 9-10 WT mice of each sex
were used. Overnight infrared video epidural EEG monitoring
of mice was performed as described (25). For detailed methods,
see SI Materials and Methods and SI Table 2.

MRI and MRS. In brief, mice were anesthetized with a 1-1.5%
isoflurane—oxygen mixture during measurements using a 4.7-T
MRI. A volume coil was used for excitation and a surface coil for
receiving using a T2-weighted RARE sequence (repetition time
(TR), 4,000 ms; echo train, 8; echo time (TE), 67 ms; field of view,
2.5 cm; 256 X 256; slice thickness, 0.6 mm; slices, 24 no gap; NEX,
16). The spectroscopic volume of interest (1.5 X 1.5 X 1.5 mm?) was
placed in the CPu by visualization of the T2 images and excluded
cerebrospinal fluid. The "H-MR spectra were acquired by using a
water-suppressed PRESS sequence (TR, 1,000 ms; TE, 136 ms;
data points, 1,024; average, 2,048). Coronal slices were measured
according to the atlas (51). The slice at bregma 0.8 mm was used to
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estimate the striatal volume. The R value (see Fig. 2) was calculated
to assess striatal volume. MRS data were processed by using
XWINNMR (Bruker, Ettlingen, Germany). The metabolite peaks
were fitted for quantification, and the ratio of metabolic peaks was
calculated from the integral intensity (area under peak). Linear
values and metabolite concentration for each time point were
compared across the two groups by using one-way ANOVA for
genotype with repeated measures followed by least standard dif-
ference post hoc analysis.

Stereology, Immunohistochemistry, and in Situ Hybridization Histo-
chemistry. For stereology, we examined brains from the same mice
assessed in the serial MRI study at 34 wk (WT, n = 5; MUT, n =
6). Striatal, cortex, and hippocampal volumetric analysis and cell
counts were performed on 20-um brain sections. For striatal
analysis, sections 240 um apart were selected to cover the extent of
the striatum (bregma, 1.70 to —1.34 mm). Counts were made at
regular predetermined intervals (x = 350 um, y = 350 um) within
an unbiased counting frame of known area (50 X 40 um = 2,000
wm?). For cortical analysis, six consecutive cortical sections (each
240 pm apart) were chosen for analysis, and the volume quoted was
the sum of these six sections. The first section was isolated from the
point of the appearance of corpus callosum (bregma, 0.86 mm). For
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