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Congenital deficiency of the purine salvage enzyme
hypoxanthine—guanine phosphoribosyltransferase
(HPRT) in humans results in a severe neurogenetic dis-
order known as the Lesch—Nyhan syndrome. Since little
information concerning the precise localization of HPRT
in the brain is currently available, we have used in situ
hybridization to examine the expression of HPRT mRNA
in the mouse brain. The results showed that HPRT mBNA
is expressed in many regions of the normal mouse brain,
with high levels in most, but not all neurons. In contrast,
glial cells did not express detectable levels of HPRT
mRNA. No HPRT mRNA was detected in the brains
of mutant mice carrying a deletion in the HPR'T gene,
© 1992 Academic Press, Inc.

INTRODUCTION

Hypoxanthine-guanine phosphoribosyltransferase
(HPRT, EC 2.4.2.8) is an enzyme involved in the salvage
pathway for purines. This enzyme catalyzes the conver-
sion of the purine bases hypoxanthine and guanine into
inosine monophosphate (IMP) and guanosine mono-
phosphate (GMP), respectively. In the absence of HPRT,
hypoxanthine and guanine obtained from exogenous
sources or generated during purine metabolism are not
incorporated into the cellular purine nucleotide pools, but
are degraded and excreted. Although most cells can sur-
vive, grow, and function without recycling hypoxanthine
or guanine, it is thought that HPRT provides for more
economical functioning in the purine metabolic pathways.
Therefore, HPRT' is normally present as a so-called
“housekeeping” enzyme in most mammalian cells.

Although most cells express HPR'T constitutively, not
all tissues contain equivalent amounts of HPRT enzyme
activity. In humans (1-3), rhesus monkeys {4), and mice
(b, 8), enzyme assays of tissue extracts have indicated
that the brain expresses considerably higher levels of
HPRT than other tissues. Furthermore, different regions
of the human brain exhibit different levels of HPRT ac-
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tivity, with the highest levels occurring in the basal ganglia
{1-3). The high levels of HPRT activity in: the brain sug-
gest that the brain, or possibly particular subregions,
may be more dependent on purine recycling than other
organs.

The importance of purine recycling in the brain is dra-
matically illustrated by the Lesch-Nyhan syndrome
(LNS), an X-linked genetic disorder caused by HPRT
deficiency in humans (7, 8). Patients with this disorder
exhibit a number of neurobehavioral abnormalities in-
cluding choreoathetosis, muscular hypotonia with inter-
mitient spasticity, mental retardation, and compulsive
aggressive and self-injurious behavior (3, 9-11). Although
the mechanisms by which HPRT deficiency lead to the
neurcbehavioral disturbances remain unclear, several
studies have indicated that an abnormality of dopamine
transmission in the basal ganglia may play a role. Bio-
chemical studies of the basal ganglia and CSF of patients
with this disorder have revealed significant reductions in
the levels of dopamine and its metabolites, whereas the
levels of other monoamines including norepinephrine and
gerotonin appear unaffected (12-15). A specific dysfunc-
tion of the basal ganglia is also consistent with several
elements of the clinical phenotype, such as choreoathe-
tosis, dystonia, and self-injurious behavior, which may be
attributable to disturbances of the basal ganglia (16).

Two strains of HPRT-deficient (HPRT™) mutant mice
have been produced as animal models for the Lesch-Ny-
han syndrome (17, 18). Although these mice do not exhibit
the obvious neurobehavioral abnormalities observed in
HPRT-deficient humans, they are hypersensitive to drugs
that interact with brain dopamine systems, such as am-
phetamine (19). Also as in patients with Lesch~Nyhan
syndrome, the levels of dopamine in the basal ganglia of
these mice are significantly reduced (20-23). The high
levels of HPRT expressed in the basal ganglia of normal
humans, and the relatively specific disturbance of the do-
pamine systems in the basal ganglia of both HPRT-de-
ficient humans and mice suggests that HPRT plays an
important role in the normal functions of this region.
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A more precise definition of the regional and cellular
expression of this gene is needed for a better understand-
ing of the behavioral and biochemical abnormalities ob-
served in HPRT-deficient humans and mice. Although
the biochemical properties and gross tissue distribution
of HPRT in the mouse have been examined (5, 6), no
information is currently available concerning the distri-
bution of HPR'T in different regions of the mouse brain.
Since enzyme measurements of crude extracts from tissue
homogenates may obscure important differences in cell-
specific patterns of expression, we have used in situ hy-
bridization to map the distribution of HPRT mRNA in
the brains of normal and HPRT-deficient mice. With this
technique, it is possible to analyze the expression of
HPRT mRNA directly, at the resolution of single cells.

METHODS

Animals, Mice carrying the HPRT deletion (17) were
generously provided by Dr. David Whittingham and
maintained congenic with the 129/J or C57BL/6d strains
{Jackson Laboratories, Bar Harbor, ME) for at least four
generations. Animals were housed in groups of three to
five, with a 12-h dark-light cycle and free access to food
and water. HPRT-normal (HPRT™) and HPRT-deficient
(HPRT") animals were identified by biochemical assay
(24) of a 20-] sample of blood removed from the tail. All
animals used in this study were adult males, 12-20 weeks

Jof age.

Southern analysis. DNA samples for Southern blots
were extracted from mouse tail. A 2-cm segment was cut
from the end of the tail, placed in a 1.5-ml microfuge tube,
and stored at —70°C until needed. The sample was then
thawed and incubated overnight at 56°C in 700 ul of DNA
extraction buffer consisting of 50 pg/m! proteinase K, 100
mM EDTA, 100 mM NaCl, 1% SDS, and 50 mM Tris
buffer, pH 8.0. Protein and other contaminating materials
were removed from the mixture by extracting 3X with
phenol, 1X with phenol/chloroform, and 1X with chlo-
roform/isoamyl alcohol. The DNA remaining in the mix-
ture was then precipitated by adding 2 vol of ethanol.
After a minimum of 60 min at 4°C with gentle mixing,
the precipitated DNA was spooled onto a pipette tip and
reguspended in 100 ul of 10 mM Tris buffer, pH 8.0, con-
taining 1 mM EDTA. The DNA was quantified by mea-
suring the 260 uv absorbance; the typical yield from this
procedure was 100-125 ug of high molecular weight ge-
nomic DNA with a 260/280 ratio of 1.85.

Genomic DNA was digested with restriction enzymes
by established procedures (25). Approximately 10 pg of
digested DNA was electrophoresed in a 0.9% agarose gel
and blotted onto Nytran membrane (Schleicher & Schuell,
Keene, NH) using a Vacublot apparatus (Pharmacia LKB
Biotechnology, Piscataway, NJ). The DNA was then co-
valently fixed to the membrane by uv irradiation according

to established procedures (25). A *2P-labeled DNA probe
for HPRT (sp act, approximately 1 X 10° cpm/ug) was
prepared by the random primer method (Multiprime kit
from Amersham, Arlington Heights, IL). A 1.2-kb Pstl
fragment from the plasmid pHPTS (26) served as the
template. It contains the full HPRT coding region as well
as several hundred base pairs of noncoding sequence.

Northern analysis. RNA for Northern blots was iso-
lated from tigsue samples by a modification of previously
described methods (27). A whole brain was homogenized
with a Brinkmann Polytron in 5 ml of RNA extraction
buffer (4 M guanidine thiocyanate, 25 M sodium citrate,
pH 7.0, 0.5% Sarcosyl, and 0.1 mM B-mercaptoethanol).
The following were then added to the mixture with mixing
at each step: 500 ul 2 M sodium acetate, pH 4.0, 5 ml
phenol, 1 ml chloroform/isoamyl alcohol. After 60 min
on ice, the mixture was centrifuged in a swinging bucket
rotor for 20 min at 25,000z, The aqueous phase containing
the RNA was then transferred to a new {ube containing
5 ml isopropyl aleohol, and RNA was allowed to precip-
itate overnight at 4°C. The precipitated material was sed-
imented by centrifugation for 20 min at 1500g and resus-
pended in 500 ¢l fresh RNA extraction buffer. Some con-
taminants remaining in the sample were further extracted
at this stage with phenol/chloroform and chloroform/iso-
amyl alcohol, The RNA was then precipitated a second
time with 500 pl isopropanol. After centrifugation, the
pellet was resuspended in distilled water, quantitated by
260 uv absorbance, and stored at —70°C until further use.

An aliguot of 10 ug of total RNA was electrophoresed
on a 1.2% agarose/formaldehyde gel, blotted onto Nytran
membrane, and covalently fixed by uv irradiation as de-
scribed above. The membrane was then probed with the
sarne probe used for Southern analysis. The RNA content
was standardized by reprobing blots with probes for rat
cyclophilin (28), mouse APRT (29), or avian fS-actin (30).

Tissue preparation. Mice were anesthetized with CO,
and perfused through the heart with approximately 25 mi
of 0.9% saline, followed by 100 ml of a freshly prepared
fixation solution of 4% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.5. After perfusion, the brain and spinal
cord were removed and immersed in the same fixative for
3-8 h. The tissue was then equilibrated in 16% glucose
for 16 to 24 h and cut at a thickness of 20 pm on a cryostat.

Sections from normal and HPRT™ mice were processed
under identical conditions. Matched sections from one
normal and one mutant animal were mounted together
on the same slide, and a series of slides containing sections
from the whole brains of the two animals wére processed
together. A total of six normal and six HPRT™ mice was
used to establish the regional distribution of HPRT
mRNA.

In situ hybridization, In situ hybridization was per-
formed as previously described, using *S-labeled RNA
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probes (31). The template for transcription of the HPRT
probes was created by subcloning a 1.2-kb Pstl fragment
containing the entire mouse HPRT ¢DNA from the plas-
mid pHPTS (26) into pGEM3 (Promega Biotee, Madison
W1), generating the plasmid pMHG. The template for
transcription of the cyclophilin probes was created by
subcloning a 950-bp BamH1 fragment containing the en-
tire rat ¢yelophilin ¢DNA from the plasmid p1B15 (28)
inte GEMS3, generating the plasmid pMAG. Antisense
and sense probes for both HPRT and cyclophilin were
transcribed by SP6 and T7 RNA polymerases, respec-
tively. After in vitro transcription, the DNA template
was removed by digestion with RNase-free DNase
(Promega Biotec, Madison, WI}, and the size of the tran-
scripts was reduced to 150-250 nucleotides by alkali
treatment.

Pretreatment of the slide-mounted sections included
fixation in buffered 4% formaldehyde for 5 min at room
temperature, followed by treatment with 25 pg/ml pro-

teinase K in 50 mM Tris, pH 8.0, and 5 mM EDTA for
7.5 min at 37°C, treatment in 0.5 N HCl for 7.5 min at
room temperature, and a final 5-min postfixation in buff-
ered 4% paraformaldehyde. Slides were rinsed 2 X 2 min
in PBS between each of the aforementioned steps. Sec-
tions were then dehydrated in graded concentrations of
ethanol and air-dried. Slides were incubated at 52°C for
2--3 h in approximately 750 ul of a prehybridization buffer
containing 50% formamide, 0.75 M NaCl, 20 mM Pipes
buffer, pH 6.8, 10 mM EDTA, 10% dextran sulfate, 5%
Denhardt’s solution (0.02% BSA, 0.02% Ficoll, 0.02%
polyvinylpyrolidone), 50 mM DTT, 0.2% SDS, 100 ug/ml
salmon sperm DNA, and 100 ug/ml yeast tRNA. Prehy-
bridization buffer was removed from the slides and 75 ul
of hybridization solution consisting of prehybridization
buffer plus 10-15 ng °S-labeled RNA probe (sp act, ap-
proximately 6.6 X 10° cpm/ug) was applied to each slide.
Slides were covered with coverglass and allowed to hy-
bridize for 16 h at 52°C.
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FIG. 1. Molecular analysis of the HPRT gene in mice with HPRT deficiency. (A) Southern analysis of DNA samples from normal (lanes
labeled “+"} and mutant (lanes labeled “—"') mice. Genomic DNA was isolated from tail; digested with BamHI, EcoRl, or Puull; and electrophoresed
on a 0.9% agarose gel. DNA in the gel was then blotted onto Nytran membrane, and the membrane was hybridized with a **P-labeled DNA probe
for the entire HPRT cDNA. (B) Summary table of restriction fragments observed in normal and HPRT-deficient mice. The restriction fragment
sizes expected for the normal mouse HPRT gene are shown for each enzyme, followed in parentheses by the exons they contain (33, 34),
Hybridizing bands are indicated by a plus; absences are indicated by a minus, and changes in size are indicated by a A, (C) Schematic representation
of the mutation carried by the HPRT-deficient mice. The nine exons of the normal HPRT gene are shown as large boxes, together with the sizes
of introns and exons {33, 34). Restriction sites and fragment lengths for BamHl, EcoRl, and Puull are shown below the gene. The promotor
region and firat two exons of the gene (shown as grey boxes} appear to be deleted in the HPRT-deficient mice.
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FIG, 2, Northern blot analysis of RNA samples extracted from the
brains of normal (lanes labeled “+") and HPRT™ (lanes labeled *—)
mice. Ten micrograms of total RNA was electrophoresed on a 1.2%
agarose/formaldehyde gel and blotted onto Nytran membrane, and the
membrane was hybridized with a #P-labelted DNA probe for HPRT and
B-actin (30). The bands resulting from hybridization with the S-actin
probe reveal that similar amounts of RNA were loaded in each lane;
however, HPRT mRNA could not be detected in samples from HPRT™
mice, even after prolonged exposure of the blot (not shown).

Following hybridization, coverslips were removed and
the slides were rinsed briefly in 0.15 M NaCl with 0.015
M sodium citrate and 300 mM S-mercaptoethanol at room
temperature, followed by a 15-min rinse in the same so-
lution without 8-mercaptoethanol at room temperature.
Sections were treated with 50 ug/ml pancreatic RNase A
in 0.5 M NaCl, 50 mM Tris, pH 8.0, 5 mM EDTA for 30
min at 87°C; rinsed for 30 min at 37°C in this same buffer;
washed in 756 mM NaCl with 7.5 mM sodium citrate at
56°C for 15 min; and air-dried. Sections were exposed to
Cronex X-ray film (DuPont, NY) for 2-4 days. They were
then dipped in Kodak NTB-2 photographic emulsion di-
luted 1:2 with distilled HyO and exposed at 4°C for 7-10
days.

RESULTS

Molecular Characterization of an HPRT-Deficient
Mouse

The HPR'T-deficient mice used in this study were pro-
duced from embryonal stem cells carrying a deletion

spanning the 5 end of the HPRT gene (17, 32). After
maintaining the animals congenic with either the C57BL/
6J or 129/J strains for at least four generations, it was
important to verify that the original mutation had not
undergone further modification by recombination or ad-
ditional mutations. Therefore, the HPRT gene was ex-
amined by Southern analysis of genomic DNA from nor-
mal and mutant mice. DNA was digested with the re-
striction enzymes Poull, EcoRl, and BamHI and probed
with a full-length ¢DNA of the HPRT gene (Fig. 1A).
Since some of the bands are only faintly visible on this
exposure of the blot, a summary of the restriction frag-
ments expected from previous analyses of normal mice
(33, 34) and the fragments observed in mutant animals
is presented in tabular form (Fig. 1B). In Puull digests,
the 12-kb band containing exon 1 and the 2-kb band con-
taining exon 2 are absent from the genomic DNA of
HPRT™ mice. By contrast, the 3-kb band containing exon
3 and the 14-kb band containing exons 4-9 appear normal.
These results suggest that exons 1 and 2 have been deleted
in the HPRT™ mice, leaving the remainder of the gene
largely intact. These results are corroborated by EcoRI
digests, in which the 6.3-kb band containing exon 1 and
the 5.5-kb band containing exon 2 are both absent,
whereas the 1.3-kb band containing exon 3, the 5.0-kb
band containing exons 4-5, and the 9.3-kb band contain-
ing excns 6-9 are not altered. In BamHI digests of HPRT™
mouse DNA, the 7.0-kb band containing exons 2 and 3
is replaced by a 9.5-kb band containing only exon 3. These
restriction fragments indicate the ocourrence of a deletion
that includes the first two exons of the gene as well as
several kilobases of upstream sequence (Fig. 1C). The
same mutation was found in both C57BL./6J and 129/J
mice carrying the mutant gene and appears identical to
that described for the embryonal stem cells from which
the mice were originally produced (17, 32).

Since the deletion includes the promotor as well as the
first two exons of the gene, it is unlikely that HPRT
mRNA could be transcribed in the HPR'T™ mice. Results
from Northern analysis of RNA extracted from the brains
of normal and HPRT™ mice are shown in Fig. 2. Normal
and mutant mice expressed nearly identical levels of other
housekeeping mRNAs such as S-actin (Fig. 2), adenine
phosphoribosyltransferase (APRT), and cyclophilin (re-
sults not shown). However, HPRT mRNA was not de-
tected in tissues from HPRT™ mice. These results dem-
onstrate the specific absence of detectable HPRT mRNA
in the brains of the HPRT™ mice.

In Sttu Hybridization Controls

The availability of mice that do not express HPRT
mRNA provides a unique negative control to determine
the specificity of in situ hybridization studies for HPRT.
As shown in Fig. 3, hybridization of a **S-labeled antisense
riboprobe of a full-length HPRT ¢DNA with sections from
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FIG. 3. Controls for HPRT in situ hybridization. Tissue sections from normal mice are shown on the left; tissue sections from HPRT™ mice
are shown on the right. Sections were hybridized as described under Methods with 353 1aheled antisense or sense RINA probes for HPRT or
eyclophilin and exposed to X-ray film for 2-3 days. Although sections from normal and HPR'T™ mice both hybridized with the cyclophilin antisense
probe, only sections from normal mice hybridized with the HPRT antisense probe. Control {sense) probes for HPRT and cyclophilin displayed

only nonspecific hybridization.
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FIG. 4. Regional distribution of HPRT mRNA in sections from the mouse brain. Sections were labeled as. described under Methods, with a
g tabeled antisense RNA probe for HPRT and exposed to X-ray film for 2-3 days. The top image of each pair was obtained from a normal
mouse and shows the regional variations in expression of HPRT mRNA in the brain. The bottom tmage of each pair was obtained from an HPRT-
deficient mouse and processed in parallel with sections from normal animals to determine regional variations in the inbensity of background
hybridization. Although small variations in the intensity of hybridization occurred in different experiments, exposures of sections, film, and
photographs were kept as constant as possible.
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normal animals showed a distinct pattern of hybridization
that was absent in sections from HPRT™ mice. Using a
353.labeled sense HPRT riboprobe as a control, no specific
hybridization was observed in sections from normal or
HPRT" mice (Fig. 3). To verify that the absence of HPRT
mRNA in sections from the HPRT™ mice was not a con-
sequence of RNA degradation, in sity hybridization was
performed using a probe to cyclophilin, a ubiquitously
expressed enzyme involved in protein processing (28, 35).
Antisense probes for cyclophilin hybridized equally to
tissue from normal and HPRT™ mice, while sense probe
hybridization for this marker was not detectable (Fig. 3}.
The results from the in situ hybridization studies are con-
sistent with the results from the Northern analysis de-
scribed above and verify the absence of detectable HPRT
mRNA in the brains of the HPRT™ mice.

Regional Distribution of HPRT mRNA

To define the regional distribution of HPRT mRNA
in the normal mouse brain, in situ hybridization studies
were performed on 20-pm sections spaced at approxi-
mately 150-um intervals through the entire rostrocaudal
extent of the brain. Matched sections from HPRT™ mice
were processed under identical conditions to determine
regional differences in nonspecific background labeling.
The results are shown in Fig. 4.

Forebrain. In the telencephalon, the strongest hy-
bridization occurred in the mitral and granule cell layers
of the olfactory bulb, the pyramidal cell layer of the hip-
pocampal formation, and the piriform cortex. The neo-
cortex, dentate gyrus of the hippocampal formation, and
the amygdala also displayed strong hybridization. Hy-
bridization in the caudoputamen and septum was rela-
tively weak, but clearly above background. Hybridization
in the corpus callosum and other white matter fiber tracts
was not distinguishable from background levels chserved
in sections from HPRT™ mice.

In the diencephalon, the hypothalamus generally dis-
played more hybridization with the HPRT probe than
the thalamus. Except for the moderate to strong hybrid-
ization in the anterodorsal nucleus, the medial habenula,
and the thalamic paraventricular nucleus, most of the
thalamus showed only weak hybridization. In comparison,
most nuclei of the hypothalamus displayed strong hy-

bridization with the HPRT probe. Heavily labeled regions
of the hypothalamus included the medial and lateral
preoptic areas, the paraventricular nucleus, the lateral
hypothalamic area, the suprachiasmatic nucleus, the su-
praoptic nucleus, the dorsomedial nucleus, the ventro-
medial nucleus, the arcuate nucleus, and the mammiliary
complex.

Midbrain. Strongly hybridizing regions of the mes-
encephalon included the interpeduncular nucleus, the su-
perior colliculus, the periaqueductal grey, the red nucleus,
and cranial nerve nuclei Il (oculomotor) and IV (tro-
chlear). The subtantia nigra {pars compacta) displayed
moderate hybridization to the HPRT probe. Regions
containing mostly glial cells and fibers of passage such as
the cerebral peduncles and medial lemniscus showed
background levels of hybridization.

Hindbrain. 'The regions of the hindbrain showing the
strongest hybridization included the locus coeruleus and
the ventral cochlear, pontine, trapezoidal, and raphe nu-
clei. The large motor neurons of the cranial nerve nuclei
also displayed strong hybridization to the HPR'T probe,
including V (trigeminal), VII (facial), X (vagal), and XII
{hypoglossyl}. Overall, the brain stem reticular formation
was only moderately labeled; but intense clusters of hy-
bridization appeared dispersed throughout the region.

In the cerebellum, the granule and Purkinje cell layers
showed strong hybridization, while the molecular layer
did not. The cells of the deep cerebellar nuclei also dis-
played strong hybridization with the HPRT probe. All
major white matter fiber tracts demonstrated background
levels of hybridization.

Spinal cord. Clusters of dense hybridization to the
HPRT probe were cbserved in the ventral horn, The dor-
sal horn digplayed a diffuse but strong hybridization sig-
nal. In contrast, the fiber tracts were not notably labeled.

Summary. A general feature of the whole tissue sec-
tion autoradiograms is that regions with a high density
of neurons displayed much more intense hybridization
than regions with lower densities of neurons. This is most
obvious in regions such as the dentate gyrus and pyramidal
cell layers of the hippocampus or the granule cell layer
of the cerebellum, where nearly all of the cells are neurons.
In contrast, regions containing high densities of glial cells
such as the white matter areas and the glia limitans were
not detectably labeled. These observations suggest that

FIG. B, Distribution of HPRT mRBNA as shown by dark-field photomicrographs of emulsion-coated sections. In situ hybridization for HPRT
mRNA was performed using %S-labeled riboprobes; the sections were coated with Kodak NTB-2 photographic emulsion, exposed for 7-10 days,
and developed. Silver grains, represented by white dots, show areas of probe hybridization. (A) Neocortex. (B) Higher power view of the neocortex
showing clustering of silver grains. (C) High power view of neocortex after in situ hybridization in a section from an HPRT™ mouse showing
background silver grain density, (D) Hippocampal formation. (B} Higher power view of the dentate gyrus and hilar interneurons of the hippocampal
formation. (F) Thalamus showing relatively high hybridization in the anterodorsal nucleus. {G) Hypothalamus showing arcuate and ventromedial
nuclei. (H) Dense labeling in the piriform cortex, with moderately hybridizing caudoputamen visible inn the upper left corner. (I} Olfactory bulb
showing heavy hybridization in the mitral and granule cell layers. (J} Spinal cord showing clustering of silver grains over individual motor neurons

in the ventral horn and diffuse hybridization in the dorsal horn.
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HPRT is expressed preferentially in neurons rather than
glia. However, in the neuron-dense regions, the intensity
of the signal was not necessarily correlated with the cell
density as shown by Nissl stains, suggesting that different
neurons express different levels of HPRT.

Cellular Resolution of HPRET mENA Expression

T'o determine more precisely the cell types expressing
HPRT mRNA, sections from the brains of normal and
HPRT" mice were coated with photographic emulsion,
exposed for 7-10 days, and developed. With this prepa-
ration dense clustering of silver grains could be observed
over specific cells. Although the regions such as the pir-
iform cortex, hippocampus, and hypothalamic nuclei dis-
played the most intense overall hybridization, individual
cells in other regions appeared equally if not more in-
tensely labeled. In both dark-field and counterstained
bright-field images, the most heavily labeled cells could
usually be identified as neurons.

Dark-fieid microscopy revealed cells with a heavy grain
density throughout the brain (Figs. 5-6). In the cortex,
silver grains appeared clustered over large diameter cells
in all layers (Figs. 5A and 5B). For comparison, dark-field
photomicrographs of sections from HPRT™ mice dem-
onstrated a low and random background pattern of silver
grains throughout the cortex (Fig. 5C). In the hippocam-
pus, heavily labeled profiles suggestive of individual hilar
interneurons could be identified, in addition to neurons
of the pyramidal and dentate gyrus cell layers (Figs. 5D
and 5E). Dark-field microscopy also revealed a moderate
to weak grain density in the substantia nigra pars com-
pacta (Fig. 6A), with a stronger signal in the locus coe-
ruleus (Fig. 6B} and median raphe (Fig. 6C). A heavy
grain density was observed over the motor neurons of
most cranial nerve nuclei (Figs. 6DD-6F). In the cerebellum,
silver grains were found distributed throughout the gran-
ule and Purkinje cell layers, with slightly higher levels in
the latter (Fig. 6G).

Relative differences in the grain density overlying dif-
ferent cells were most ohvious in bright-field images of
counterstained sections, in which it was common to iden-
tify cells with a very high grain density together with
other counterstained cells that displayed little or no hy-
bridization to the HPRT probe (Fig. 7). Clearly identi-
fiable cells included the neurons of the lateral vestibular
nucleus {Fig. 7A), trigeminal motor nucleus (Fig. 7B),
trapezoid body (Fig. 7C), and cerebellar Purkinje cell layer
(Fig. 7D). Some of the most heavy grain densities in the
entire brain were found over cells in the brain stem re-
ticular formation, a region with a low overall hybridiza-
tion. These cells displayed the location, size, and shape
of the gigantocellular reticular neurons (Fig. 7TE).

These results clearly show that not all cells in the brain
were labeled with equal intensity. The regional distribu-

tion of hybridization and the microscopic analysis of la-
beled cells demonstrated that neurons expressed sub-
stantial levels of HPRT mRNA, while glial elements in
the same regions were devoid of detectable levels. How-
ever, HPRT was not expressed at uniformly high levels
in all neurons, since cells in certain brain regions such as
the caudoputamen, basal forebrain, and most of the thal-
amus appeared to be labeled with a low to moderate in-
tensity.

DISCUSSION

These studies document the relative levels of HPRT
mRNA in different regions and cells of the mouse brain.
In view of the known housekeeping function of HPRT in
intermediate purine metabolism, one might have expected
a relatively homogeneous and ubiquitous pattern of
expression in all brain cells. On the other hand, the ab-
normalities of the dopamine systems in HPRT-deficient
humans and mice suggest that HPRT may be elevated in
the basal ganglia. Surprisingly, neither of these predic-
tions was confirmed. HPRT mRNA was expressed un-
equally in most neurons, with little or no expression in
glial cells.

The pattern of HPRT mRNA expression observed in
the autoradiograms of Fig. 4 was similar to previously
described patterns for other mRNAs that are expressed
exclusively or predominantly in neurons, such as J-amy-
loid precursor protein (36), the synaptosomal-associated
protein SNAP-25 (37), and the vesicle-associated mem-
brane protein VAMP-2 (38). In contrast, the pattern of
HPRT mRNA expression differed considerably from that
described for glial fibrillary acidic protein (GFAP}, which
is expressed in astrocytes of the glia limitans and specific
white matter regions (39, 40). The pattern of HPRT
expression was also considerably different from that of
myelin basic protein, proteolipid protein, and myelin-as-
sociated glycoprotein, which are expressed in oligoden-
drocytes of the white matter fiber tracts (41-44}. These
results suggest that most of the HPRT mRNA found in
the brain is expressed by neurons, not glia. Microscopic
analysis of counterstained tissue sections confirmed that
neurons express considerable levels of HPRT mRNA,
while glial cells do not. The absence of detectable HPRT
mRNA in areas containing mostly glia does not mean
that HPRT is not expressed by these cells, but rather
that the level of mRNA in glia was low enough that it
was not detected in the current study.

The high levels of HPRT mRNA expressed by some
neurons raises a question concerning its function in these
cella. In view of the role of HPRT in purine metabolism,
it is important to consider the potential involvement of
this enzyme in purine-related neurotransmission. Many
studies have demonstrated that adenosine and related
purines behave as neurotransmitters or neuromodulators
in the brain (456-49), and HPRT may play a role in re-
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FIG. 6. Distribution of HPRT mRNA as shown by dark-field photomicrographs of emulsion-coated sections. I'n sit hybridization for HPRT
mRNA was performed using *S-labeled riboprobes; the sections were coated with Kodak N'TB-2 photographic emulsion, exposed for 7-10 days,
and developed. Silver grains, represented by white dots, show areas of probe hybridization. {A) Substantia nigra. {B) Locus coeruleus, (C) Dorsal
raphe and Pontine nucleii. (D) Cranial nerve VH (facial nucieus). (E) Higher power view showing motor neurons of the facial nucleus. (F) Motor

neurons of cranial nerves X {vagal nucteus) and XII (hypoglossal nucleus). {G) Cerebellum (flocculus) showing labeling of Purkinje and granule
cell layers.

cycling these transmitters. Several studies have shown volves the reuptake and phosphorylation of adenosine into
that adenosine released as a neurotransmitter can be me-  adenine nucleotides by adenosine kinase (AK pathway),
tabolized via two different pathways. One pathway in- while the other pathway involves enzymatic degradation
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FIG. 7. Cellular localization of HPRT mRNA as shown by counterstained bright-field photomicrographs of emulsion-coated sections. In situ
hybridization for HPRT mRNA was performed using ¥S-labeled riboprobes; the sections were counterstained with cresyl vioiet, coated with
Kodak NTB-2 photographic emulsion, exposed for 7-10 days, and developed. Silver grains showing areas of probe hybridization are represented
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by adenosine deaminase (ADA) and/or purine nucleoside
phosphorylase (PNP) to inosine and hypoxanthine. This
second route of metabolism requires the presenmce of
HPRT for reincorporation of these metabolites into the
utilizable purine pools {the ADA-PNP-HPRT pathway),
and the absence of HPRT may cause a continual depletion
of purines from cells that depend heavily on this route of
metabolism. The involvement of both AK and ADA in
the metabolism of purines in the brain has been dem-
onstrated in synaptosomal preparations (50--53), slices or
dissected regions of brain tissue in vitro (50, 54-57), and
neurons and glia in tissue culture (58-60). In fact, previous
studies have shown that cultures of purified glial cells
metabolize free adenosine predominantly by the AK
pathway, while cultured neurons appear to depend more
heavily on the ADA-PNP-HPRT pathway {60). The dif-
ferences in the relative usage of AK or ADA for adenosine
metabolism by neurons and glia may explain the higher
requirement for HPRT in some neurons.

Whether there is any functional relationship between
HPRT and the purine neurotransmitter systems remains
to be established, but it is intriguing that, as shown for
HPRT in the current study, several “housekeeping” en-
zymes involved in purine metabolism such as ADA, PNP,
and 5'-nucleotidase show highly specific patterns of lo-
calization in the brain (61-69). Curiously, the neuroan-
atomical patterns of expression of these enzymes dem-
onstrate no obvious concordance. The lack of obvious
overlap in the distribution of these enzymes suggest that
different purines or different routes of metaholism play
specialized roles in different brain subregions or that these
enzymes are involved in other, as vet unidentified, func-
tions. The involvement of potential markers of purine
neurotransmitter systems in intermediate purine metab-
olism, together with uncertainties regarding which pur-
ines function as neurotransmitters in which brain re-
gions, has made it difficult to produce a definitive neu-
roanatomical map of purine neurotransmitter systems in
the brain.

In addition to its potential role in purine-related neu-
rotransmission, regional differences in the expression of
HPRT may also reflect its role in receptor-mediated signal
transduction mechanisms involving purines. A wide va-
riety of neurctransmitter, neuropeptide, and hormone re-
ceptors use the purines cyclic adenosine monophosphate
{cAMP) or cyclic guanine monophosphate (¢cGMP) as in-
tracellular messengers for signal transduction (70-74).

These receptors, as well as other receptors, require ad-
ditional membrane proteins (G proteins) whose function
depends on the availability of guanosine triphosphate
(GTP), another purine. It has been previously postulated
that, although HPRT is not directly involved in the me-
tabolism of cyclic nucleotides or GTP, the absence of
HPRT may be associated with consequences of purine
metabolism that affect these signal transduction systems
indirectly (75-77). The involvement of HPRT in these
processes remains unclear as little information concerning
signal transduction in HPRT-deficient cells is currently
available. However, with the availability of HPRT-mice,
it may be possible to determine whether HPRT plays a
role in these processes.

The distribution of HPRT mRNA shown in Fig. 4
demonstrates no obvious relationship to that described
for any of the other widely studied neurotransmitter sys-
tems, including dopamine, norepinephrine, serotonin,
acetylcholine, or GABA. Nevertheless, in HPRT-deficient
humans and mice, the occurrence of specific abnormalities
of dopamine systems suggests that HPRT might play an
important role in the normal functioning of the dopa-
minergic systems (12-15). This suggestion is supported
by the finding in the human brain that the basal ganglia
contain the highest levels of HPRT activity in the brain
(1-3). However, our in situ hybridization results 1n the
mouse demonstrate moderate levels of HPRT mRNA in
regions containing dopamine neurons, such as the sub-
stantia nigra and ventral tegmental area, and very low
levels in the caudoputamen and accumbens. Thus in the
mouse, the major brain dopamine systems and their main
target regions do not express particularly high levels of
HPRT mRNA.

Several possibilities could account for the dopamine-
related abnormalities in HPRT-deficient mice. First, al-
though the mRNA for HPRT does not appear to be pref-
erentially expressed in either the neurons or targets of
the dopamine system, it is possible that the HPRT protein
is specifically transported via axons or dendrites to syn-
apses in these regions. This suggestion is supported by
studies showing that HPRT activity is slightly higher in
synaptosomal fractions than in cytosolic fractions pre-
pared from the rat brain (78). However, it seems unlikely
that the small enrichment of HPRT activity in synap-
tosomes {less than twofold) could result in any major dif-
ferences between the localization of HPRT mRNA and
HPRT enzyme activity. A second possibility is that there

by black dots, and counterstained cells are identified by a more diffuse grey or black staining. Each panel containg an arrow indicating a neuron
with a high silver grain density, and an asterisk to the left of a counterstained cell with few or no silver grains, (A) Neurons of the lateral vestibular
nucleus. (B) Motor neurons of the cranial nerve V {trigeminal). {C) Neurons of the ¢rapezoid nucleus surrounded by fibers of the pyramidal tracts.
(I3} A clearly labeled single Purkinje cell, with modest labeling of the granule and molecular layers. (E} Gigantocellular reticular neurons of the

brain stem. (F) Three heavily labeled neurons of the red nucleus.
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may be differences in the transiation of HPRT mRNA
or the stability of the HPR'T enzyme in different regions
of the brain. To date, there is no evidence for differential
regulation of HPRT mRNA t{ranslation or protein sta-
bility in different brain regions. A third possibility is that
HPRT is expressed at high levels in dopamine-rich brain
regions during a critical developmental stage, and the ab-
sence of HPRT disrupts normal development of these
regions. A final possibility is that the dopamine systems
are much more vulnerable to the pathophysiologic effects
of HPRT deficiency than other neuronal systems, irre-
spective of their levels of HPRT mRNA or enzyme ac-
tivity.

In summary, in situ hybridization studies demonstrate
a substantial variation in the regional brain levels of
HPRT mRNA. In general, neurons express considerably
more HPRT than glia, suggesting that HPRT plays a
particularly important role in neuronal function. Impor-
tantly, these results do not confirm the expectation of
high levels of HPRT in the basal ganglia. In addition to
documenting the normal pattern of HPRT expression in
the mouse brain, the current studies demonstrate the ab-
sence of detectable HPRT mRNA in the brains of the
HPRT™ mice. Thus these mice offer a unique tool for
exploring the role of HPRT in neurological function.
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