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The G-Protein—coupled Receptor Kinases SARK1 and SARK2 Are
Widely Distributed at Synapses in Rat Brain

Jeffrey L. Arriza,' Ted M. Dawson,? Richard B. Simerly,® Lee J. Martin,> Marc G. Caron,’ Solomon H. Snyder,?

and Robert J. Lefkowitz’

‘Departments of Medicine, Cell Biology, and Biochemistry, Howard Hughes Medical Institute, Duke University Medical
Center, Durham, North Carolina 27710, 2Departments of Neuroscience, Neurology, Pathology, Pharmacology and
Molecular Sciences, and Psychiatry, The Johns Hopkins School of Medicine, Baltimore, Maryland 21205, and ®Division of
Neuroscience, Oregon Regional Primate Research Center, Beaverton, Oregon, 97006

The g-adrenergic receptor kinase (SARK) phosphorylates
the agonist-occupied g-adrenergic receptor to promote rapid
receptor uncoupling from G,, thereby attenuating adenylyl
cyclase activity. SARK-mediated receptor desensitization
may reflect a general molecular mechanism operative on
many G-protein—coupled receptor systems and, particularly,
synaptic neurotransmitter receptors. Two distinct cDNAs en-
coding SARK isozymes were isolated from rat brain and se-
quenced. The regional and cellular distributions of these two
gene products, termed SARK1 and 8ARK2, were determined
in brain by in situhybridization and by immunohistochemistry
at the light and electron microscopic levels. The SARK iso-
zymes were found to be expressed primarily in neurons dis-
tributed throughout the CNS. Ultrastructurally, SARK1 and
BARK2 immunoreactivities were present both in association
with postsynaptic densities and, presynaptically, with axon
terminals. The SARK isozymes have a regional and subcel-
lular distribution consistent with a general role in the de-
sensitization of synaptic receptors.

Synaptic signal transduction, and the molecular events that con-
stitute this process, are fundamental to the function of neuronal
circuits. Of particular interest are mechanisms by which the
strength of synaptic transmission may be either enhanced or
diminished. Regulation of neurotransmitter signal transduction
at the level of the synaptic receptor is a potentially important
mechanism of synaptic plasticity. A substantial body of evi-
dence now suggests that phosphorylation events regulate the
functions of both G-protein—coupled receptors and ligand-gated
ion channel receptors (reviewed by Sibley et al., 1987; Klein et
al., 1989; Huganir and Greengard, 1990). The functional con-
sequences of G-protein—coupled receptor phosphorylation have
been extensively studied using the 8,-adrenergic receptor (6,AR)
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as a model system (reviewed by Benovic et al., 1988; Hausdorff
et al., 1990). In the 8,AR system, agonist binding initiates pro-
cesses that, concurrent with G,-mediated stimulation of adenylyl
cyclase, serve to phosphorylate rapidly and thereby desensitize
these receptors. The desensitization of the 8,AR by phosphor-
ylation is reversible (Sibley et al., 1986), presumably through
the activity of protein phosphatases. Thus, at synapses, the de-
sensitization of G-protein—~coupled receptors by phosphoryla-
tion may lead, at least transiently, to attenuated neurotrans-
mission despite persistent stimulation.

Distinct pathways for the phosphorylation and desensitiza-
tion of the 8,AR are mediated by the cAMP-dependent protein
kinase (PKA), and by the g-adrenergic receptor kinase or SARK
(Hausdorff et al., 1989). PKA is activated by the second mes-
senger product of 3,AR stimulation (CAMP) to phosphorylate
sites on the receptor that directly inhibit receptor-G, coupling
and thereby limit further stimulation of adenylyl cyclase. How-
ever, PKA is a general regulator of cell physiology and the con-
sequences of PKA activation can include desensitization or po-
tentiation of heterologous receptor systems (Benovicetal., 1988;
Huganir and Greengard, 1990; Greengard et al., 1991; Wang et
al., 1991). In contrast, this laboratory has purified and char-
acterized SARK, a serine/threonine kinase activity that specif-
ically phosphorylates the hormone-activated form of the 3,AR
(Benovic et al., 1987a). BARK-mediated receptor desensitiza-
tion is, therefore, homologous in the sense that only those re-
ceptors binding agonist are potential substrates. Moreover, SBARK
phosphorylation of the 8,AR itself causes only minimal inhi-
bition of receptor-G, coupling (Benovic et al., 1987b). Instead,
BARK phosphorylation promotes the association of a cofactor,
B-arrestin, that is required to effect receptor desensitization (Lohse
et al., 1990). BARK phosphorylation of the 3,AR, therefore,
represents a distinct pathway for homologous receptor desen-
sitization.

BARK-mediated desensitization may be a general mechanism
that regulates the responses of many G-protein—coupled recep-
tors. In addition to the 8,AR, purified BARK has been shown
to phosphorylate the «,,-adrenergic receptor (Benovic et al.,
1987¢), the M, muscarinic ACh receptor (Kwatra et al., 1989),
and even the photoreceptor rhodopsin (Benovic et al., 1986) in
a stimulus-dependent manner. Although a full assessment of
the range of potential BARK substrates has been limited by the
availability of purified receptors, these data suggest that stim-
ulus-dependent phosphorylation by BARK is a common feature
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of the G-protein—coupled receptor family. Furthermore, the re-
quirement of receptor agonist-occupation for BARK phosphor-
ylation leads to the expectation that this desensitization pathway
would be functionally important when receptors are exposed to
high agonist concentrations, as occurs at the synapse (Hausdorff
et al., 1990). Accordingly, desensitization of neurotransmitter
receptors via BARK might represent a general process regulating
neurotransmission.

A significant step toward evaluating the role of BARK-me-
diated desensitization in the nervous system would be to de-
termine if the distribution of BSARK expression is consistent
with its proposed general and synaptic functions. Recent de-
velopments from molecular cloning have provided the means
to examine the expression of SARK as well as an additional
complexity: two closely related, yet distinct, cDNA sequences
encoding “SARK” have been cloned from bovine brain (Be-
novicetal., 1989, 1991). Since both gene products exhibit SBARK-
like characteristics (i.e., agonist-dependent phosphorylation of
the 3,AR), these kinases are referred to as SBARK isozymes, with
the first gene isolated termed BARKI and the second BARK2.
The pattern of expression for each SARK isozyme may reflect
its function. For example, each BARK isozyme could be asso-
ciated with a subset of G-protein—coupled receptors; if so, this
might be indicated by differences in the distributions of SBARK 1
and BARK2. Moreover, the subcellular localization of these
kinases in proximity to synaptic receptors would provide a fac-
tual basis for a postulated function of BARK-mediated desen-
sitization in neurotransmission. To address these issues, we have
isolated the rat homolog of the two bovine SARK genes and
developed specific nucleic acid and immunological probes to
determine the distributions of BARK isozyme expression in the
CNS.

Materials and Methods

¢DNA cloning and plasmid constructs. The rat BARKI1 and SARK?2
cDNAs were isolated from a whole rat brain Agt11 cDNA library using
portions of the previously described bovine SARK1 and SARK2 se-
quences as probes (Benovic et al., 1989, 1991). The BARKI probe was
a 717 base pair (bp) Sacl fragment from pSARK-3A (Benovic et al.,
1989) radiolabeled with 2P-dCTP by nick translation, whereas the
BARK?2 probe was a 1.3 kilobase (kb) HindIII fragment of pBARK2
(Benovic et al., 1991). Hybridization conditions consisted of 50% for-
mamide, 5 x saline-sodium citrate (SSC), 1 x Denhardt’s solution, 0.1%
SDS, salmon sperm at 100 ug/ml, and probe (10° cpm/ml) at 42°C.
Final wash conditions were 0.1 x SSC, 0.1% SDS at 65°C. Purified phage
clones were subcloned into pBluescript II (Stratagene) for sequencing
by the dideoxynucleotide chain termination method of Sanger et al.
(1977) using synthetic oligonucleotide primers, double-stranded DNA
template, and Sequenase 2.0 (U.S. Biochemical). Plasmid prBARK1
contains a rat BARK1 cDNA isolated from a single phage clone and is
2676 bp in length. The rat BARK2 ¢cDNA sequences in plasmid prBARK2
are a 2464 bp composite derived from three overlapping clones. Due
to its low abundance, the large size of the SBARK2 mRNA (>7.5 kb),
and the use of an oligo(dT)-primed library, BARK2 sequences were
poorly represented and fragmented.

For expression in COS-7 cells, rat BARK1 and BARK?2 coding se-
quences were inserted into pCM V5 (Andersson et al., 1989). The BARK 1
cDNA was excised from prBARKI1 using BamHI and HindIII poly-
linker-derived restriction sites and inserted into BglII- and HindIII-cut
pCMYVS5 to form plasmid pCMV-BARKI, the rat BARK1 expression
vector. Similarly, the BARK2 cDNA was excised with restriction en-
zymes HindIlIl and BamHI and inserted into HindIII- and BamHI-cut
pCMYVS5 to form the rat BARK?2 expression vector pPCMV-GARK2.

Probes used for in situ hybridization were previously utilized in RNase
protection assays (Benovic et al., 1991). The SARK1 transcription vec-
tor pGEM-BARKI1 contains a 407 bp Sacl/Xbal fragment from
BARKI1 ¢cDNA inserted into the Sacl/Xbal polylinker sites of pGEM-

4Z (Promega). This plasmid was linearized at the polylinker HindIII
site for transcription with SP6 polymerase to produce antisense cRNA
probe. pGEM-BARK2 contains a 421 bp Dral/Pstl fragment of pBARK2
c¢DNA inserted into the Smal/Pstl polylinker sites of pGEM-4Z. This
plasmid was linearized at the polylinker EcoRI site for transcription
with T7 polymerase to generate antisense cRNA probe.

Fusion proteins expressed in Escherichia coli were generated using
pGEX-2T (Pharmacia) constructs in which C-terminal coding sequences
of rat BARK1 and SARK2 were ligated in-frame with sequences en-
coding glutathione-S-transferase (GST). Using the polymerase chain
reaction technique, sequences encoding amino acid sequences 467-689
of rat BARK1 or residues 467-688 of rat BARK2 were synthesized with
flanking BamHI and EcoRI restriction sites for subcloning into BamHI-
and EcoRI-cut pGEX-2T, forming plasmids pGEX-81CT or pGEX-
B82CT.

Transfections, COS-7 cell extract preparation, and 8,AR phosphory-
lation. Functional assays for the rat BARK 1 and SARK?2 gene products
were performed by transfecting COS-7 cells with expression plasmid,
harvesting cells for cytosolic extracts, and assaying these extracts for
agonist-dependent phosphorylation of purified, lipid-reconstituted
hamster 3,AR. Subconfluent COS-7 cells maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal calf serum were transfected by
the DEAE-dextran method (Lopeta et al., 1984) with 30 ug of either
pCMV-8ARKI1 or pCMV-BARK2 DNA per 150 mm plate. Control
extracts were prepared from cells transfected with pCM V5. Cells were
harvested 2 d after transfection by scraping in 2 ml of 50 mM Tris, pH
7.5, 5 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, 5 ug/ml
pepstatin, and 10 ug/ml benzamidine, homogenized with a Brinkmann
tissue disruptor, and centrifuged at 300,000 x g for 20 min at 4°C.
Protein concentrations were determined using the method of Bradford
(1976). To assay kinase activity in cell extracts, the 3,AR was purified
from hamster lung (Benovic et al., 1984) and reconstituted into phos-
pholipid vesicles as described previously (Cerione et al., 1983). Phos-
phorylation reactions (35 ul) contained 20 mM Tris, pH 7.5, 2 mM
EDTA, 6 mM MgCl,, 0.7 mM dithiothreitol, 0.7 mM ascorbic acid, 20
uM cAMP-dependent protein kinase inhibitor (Sigma), 100 uM ATP,
0.3 uCi of y-3?P-ATP (New England Nuclear; 6000 Ci/mmol), 1.0 pmol
of reconstituted receptor, and 4 ug of COS-7 cell extract protein. (—)Iso-
proterenol was added to a final concentration of 100 uM. After incu-
bation (30 min at 30°C), reactions were terminated by addition of 0.5
ml of 0.1 M NaPO,/10 mM EDTA, centrifuged at 300,000 x g for 15
min at 4°C to pellet vesicles, and resuspended in 2 x SDS loading buffer
prior to resolution on 10% SDS polyacrylamide gels under reducing
conditions (Laemmli, 1970), fixation, and autoradiography on Kodak
XAR film,

In situ hybridization histochemistry. Tissue sections were processed
for in situ hybridization as described previously (Simerly and Young,
1991). Briefly, anesthetized adult male Sprague-Dawley rats were per-
fused with 4% paraformaldehyde and frozen sections of the brains were
collected and processed for in situ hybridization using 3S-UTP-labeled
asymmetric RNA probes transcribed from pGEM-BARK 1 and pGEM-
BARK2. Radioactive cRNAs were diluted to an activity of 1.5 x 107
dpm/ml with hybridization buffer containing 50% formamide, 0.25 M
NaCl, 1 x Denhardt’s solution, and 10% dextran sulfate. Hybridizations
were carried out for 2022 hr at 60°C. After hybridization, slides were
washed in 2x SSC, subjected to RNase digestion (20 xg/ml, 30 min at
37°C), and progressively rinsed in decreasing concentrations of SSC to
a final stringency of 0.1 x SSC at 65°C. Sections were exposed to Du
Pont Cronex film for 8 d. Sections were subsequently dipped in NTB-
2 liquid emulsion, developed in Kodak D-19 developer, and counters-
tained with thionin through the emulsion. The probes used here for in
situ hybridization were selective for either BARK1 or SARK2 mRNAs
in RNase protection assays (Benovic et al.,, 1991), and a variety of
experimental controls indicated that these cRNA probes were selective
for BARK isozyme mRNAs in these histochemical analyses. Control
experiments included hybridization using probes not complementary
to SBARK mRNA, or hybridization following RNase treatment. In ad-
dition, analyses of the thermal stability of probe hybrids were performed
as described previously (Simerly et al., 1990), and the results indicate
that each of the probes used in this study hybridizes to single, fully
homogeneous target mRNAs (Lewis et al., 1985).

Antibody preparation and Western blot analyses. BARK 1- or BARK2-
specific polyclonal antibodies were raised by immunization of New
Zealand White rabbits with GST fusion proteins. Fusion proteins were
purified using glutathione-Sepharose 4B (Pharmacia) from E. coli (DH5«)
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BARK1 [MADLEAVLAD VSEY_LMAMEKS KATPAARASK K[ILILPEPS IR SVMQ]KED
BARK2 [MADLEAVLAD VSYLMAMEKS KATPAARASK KIVVILPEPS IR SVMOIRYLIAE
51 alelv[T Fle[k 1 F|s OKLGYLLFR[D FIYHLE K LE[FYEEJE K[YEKLIETE
NlEj LT _Flolx 1 FJN o k 1 6|FjL t Flklp _ Ficlt NJE 1 G v olvikle Y E E 1|k E|lY E kK L|D N|E E|D
101 vv[RsSAle | F s[v 1 Mk[EL t]a c  s[H]P[F s K|N T{E HVOIGVIKKO VlF’D!LFOPYI
L HA S RlaMY aly t MRIE L Lis s TiHjolF s klao[alvlE_ H v aols[H tisik x @ VIT[PIT|L FOPY |
151 E E I Cla N[L RG D} V|[F[H[K F}! DK FTRFCOWKNY ELNIHLIT[MND Fsvunxnenel
EE t CJE s{t R G D] I|FlolK FiMm] Elk FTRFCOWKNV ELNIHLISIMND FSVHRI IGRG
201 GFGEVYGCRK ADTGKMYAMK CLDKKRlI[KMK QCGETLALNER IMLSLVSTGDI
GFGEVYGCRK ADTGKMYAMK CLDKKRB|/VIKMK OGETLALNER I MLSLVYSTGD
251 CPF I VCMSIY A FHTFDKLS‘FI L DL NGGDlL[H YHLSQHGVFS EIAD{VRFVAIAE}
CPFIVCMTIYA FHTPDKLICIE 1 LDLMNGGDIMH YHLSOHGVES EJKEMREYAIS
301 I+ LGLEHMH RIFVVYRDLKP ANlLLDElHFH VRISDLGLAC DstKKPHAj
) 1tLGLEHMMMHIT ClEVVYRDLKP ANIT LLDE|YJGH VARISDLGLAC DFSKKKPHAS
351 VGIHGYMAPE VLOQKG|VAlYDS SADWFSLGCM LFKLLRGHSTP FROHKTKDKH]
VGTHGYMAPE Vvioka|Tclyps SADWFSLGCM LFKLLRGHSP FROHKTHKDKH
401 E+DRMILTIMA [VIE[CPD|s[FsPE LRSLLEGLLOQ RDV]NR[RLGCL GIRQEIS
EIDRMTLTIVN |violupolalFsPE t RSt LEGLLGOG ROV|SORLGCY GJGIG AJRIEJL{K EJH
451 elF FIR s LD walm [vlfFiLjelk Y PP P L | PPRGEVNAA DAFDI|GSFDE EDTKG!KLLD‘
1lf FilIk g 1|lpwaly |v]vlLiRrlkYP PP L \PPRGEVNAA DAFDI(GSFDE EDTKGIKLLD
501 siD QjEfL Y|R|{N F P Lirft sERWQQE VlAE vs'rn[ AETDIRL[EARK KAKNKOL‘GH@
clo ojofL vik|Nn F P LIM s ERWOOCE V|V[E T]i vip]a vV AETDIK ILEARK KAKNKOLICOQ
551 EpvaltlcrDc T MRGYMSIKIMGN PFLTIQWGQGRRY FYLFPNRLEW HGEID@APS
EDYAIMGKDC | MHGYMLIKILIeN PFLTOWORRY FYLFPNRLEW RGE|GE|SR[QINJL
601 LT mEele[Tle[s vE ET o1 KE[RKC]L LLKlR[GGKOF VLOC‘D(SDPE‘L VKRDA
L T MmE|lofiimMls VE E T o KIDIR K CJI LLlIRVKIGGKOF Vi OCJE[s DFE|F AOWL|KE LITCT
651 Yy R[E A QlofLlv a viP K|M kN K P R}sS PVY LV IOG AN 688
F N{E A QJR{L|L R alP k|F LIN X P RIA A 1 LLE|F|s K|P|P L] cC RH{R|N|Sj- Ssjc L] 688

Figure 1.

Amino acid sequences of rat BARK1 and rat BARK2. The 689 residues of BARK1 and 688 residues of BARK2 deduced from the

nucleotide sequences of rat brain cDNAs are shown using the one-letter amino acid code. Regions of sequence identity are enclosed within boxes.
A single gap introduced into the SBARK2 sequence for this alignment is represented by a dash. The nucleotide sequences of rat BARK1 and BARK2
cDNAs can be accessed under accession numbers M87854 (8-ARK 1, 2683 bp) and M87855 (3-ARK2, 2464 bp) from the GenBank database.

transformed with pGEX-81CT or pGEX-82CT and induced with iso-
propyl-1-thio-g-D-galactopyranoside as described previously (Smith and
Johnson, 1988). Rabbits were inoculated and then boosted every 4
weeks with 300-500 ug of purified fusion protein in Freund’s adjuvant
(GIBCO). Sera were immunoaffinity purified on antigen columns in
which 1-3 mg of purified BARK1 or BARK2 fusion protein (dialyzed
against 0.1 M HEPES, pH 7.5) was bound to 1 ml of Affi-Gel 15 support
(Bio-Rad) according to the manufacturer’s instructions. Several meth-
ods were employed to obtain antibodies specific for either the BARK 1
or BARK?2 gene products. Sera against SARK1 fusion protein were
bound to a BARKI1 antigen column, washed, and sequentially eluted
with low pH (0.1 M glycine, pH 2.5), high pH (0.1 M triethylamine,
pH 11), and 3.5 M MgCl,. Each fraction was pH neutralized, stabilized
with BSA (1 mg/ml final), dialyzed against PBS, and assayed for spec-
ificity by immunoblotting of transiently transfected COS-7 cell extracts.
The MgCl, eluate, with an IgG concentration estimated at 10 ug/ml by
absorbance measured at 280 nm, was found to be BARKI specific.
BARK2 sera were bound to a BARK2 antigen column and processed
as described above, but all fractions were found to cross-react with
BARK1. To remove cross-reacting antibodies, the low pH and high pH
eluates were pooled and passed over a BARK1 antigen column. The
unbound antibodies, with an estimated concentration of 500 ug/ml,
were specific for GARK?2.

For immunoblot analysis, cytosolic extracts were prepared as de-
scribed above and size fractionated (20 ug per lane of COS-7 cell extract
and 150 ug per lane of tissue extract) on 10% SDS polyacrylamide gels,
transferred to nitrocellulose, stained with Ponceau red, and blocked with
3% BSA. Blots were developed using a goat anti-rabbit alkaline phos-
phatase kit (Bio-Rad) according to the manufacturer’s protocol except
for the use of 3% BSA instead of gelatin in all antibody buffers.

Immunohistochemistry. Adult male Sprague~Dawley rats were per-
fused with PBS followed by 4% freshly depolymerized paraformalde-
hyde in 0.1 M phosphate buffer (PB). The brains were removed and
postfixed for 2 hr in 4% paraformaldehyde in PB followed by cryopro-
tection in 20% (v/v) glycerol in PB. Free-floating sections (40 um) were
then cut on a sliding microtome (Reichert-Jung) and permeabilized for

30 min with 0.2% Triton X-100 (TX-100) in Tris-buffered saline (TBS;
50 mM Tris-HCI, pH 7.2, 1.5% NaCl) followed by a 1 hr block in 4%
normal goat serum (NGS), 0.1% TX-100 in TBS. The free-floating
sections were then transferred to TBS containing 2% NGS, 0.1% TX-
100, and affinity-purified antibodies to BARK1 (1:5 dilution) or BARK2
(1:500 dilution) and incubated overnight at 4°C. The sections were
stained with an avidin-biotin—peroxidase system (Vector Laboratories)
with diaminobenzidine (DAB) as a chromogen. Blocking experiments
were performed by preabsorbing the SBARK1 or BARK2 antisera with
100 g of their respective purified fusion protein antigen.

For electron microscopic evaluation of SBARK immunoreactivity, adult
male and female Sprague-Dawley rats were perfused intra-aortically
with cold PBS, followed by 4% paraformaldehyde, 0.1% glutaraldehyde,
15% saturated picric acid in PBS (30 ml/min for 20 min), or, alterna-
tively, with cold PBS followed by 4% paraformaldehyde, 2.5% acrolein
in PBS (30 ml/min for 20 min). The brains were removed, blocked,
postfixed for 1 hr, and rinsed overnight in PBS at 4°C. Coronal sections
(40 um) were cut on a Vibratome, transferred to TBS, and treated for
10 min with 0.08% TX-100 in TBS or with a freeze-thaw procedure.
Sections were preincubated for 1 hr with 4% NGS diluted in TBS and
incubated for 48 hr at 4°C with affinity-purified antibodies at dilutions
of 1:10 to 1:500 in 2% NGS in TBS. Control sections were incubated
with comparable amounts of rabbit IgG or with primary antiserum
omitted. Following incubation, sections were rinsed for 30 min in TBS,
incubated 1 hr with goat anti-rabbit immunoglobulin (Cappel) diluted
at 1:100, rinsed for 30 min in TBS, and incubated for 1 hr with rabbit
peroxidase—antiperoxidase (PAP) complex (Sternberger Monoclonals)
diluted at 1:200. For additional controls, the secondary antibody and
the PAP were omitted from the incubation solution. After the final
incubation, sections were rinsed for 30 min in TBS and developed using
a standard DAB reaction. After the disclosing reaction, samples (~2
mm?) were taken from Vibratome sections, treated for 1 hr with 2%
osmium tetroxide, dehydrated, stained en bloc with uranyl acetate, and
flat-embedded in resin. Plastic-embedded sections were mounted on an
Araldite block and cut in semithin (1 pm) and ultrathin (gold to silver
interference color) sections for light and electron microscopy, respec-
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Figure 2. Agonist-dependent phosphorylation of the §.AR by ex-
pressed BARK1 and BARK2. The kinase activities of the SARK iso-
zymes on the 8,AR were assayed in extracts from COS-7 cells transiently
transfected with either the parental expression vector pCMVS5 (Control),
the rat BARK1 cDNA expression construct (34RK1), or the rat BARK2
c¢DNA expression construct (34RK?2). Extracts were incubated with pu-
rified, reconstituted hamster 8,AR in the presence of *P-ATP and in
the absence (—) or presence (+) of (—)isoproterenol (4gonist). Products
were size fractionated on 10% SDS-polyacrylamide gels under reducing
conditions and the phosphorylated receptor visualized by autoradiog-
raphy. The position of molecular weight standards (kilodaltons) are
indicated.

tively. Ultrathin sections, with or without lead citrate staining, were
viewed with a Hitachi-600, a Philips CM12, or a Joel 1008 electron
microscope.

Results

Structure and activity of two rat BARK gene products

To isolate the rat homolog of the genes for bovine SBARK1 and
BARK2, portions of the bovine cDNAs (Benovic et al., 1989,
1991) were used to detect and purify their counterparts from a
whole rat brain Agtl 1 ¢cDNA library. The nucleotide sequences
of the cDNAs encoding rat SARK1 and SARK2 were deter-
mined, and their predicted amino acid sequences are shown in
Figure 1. The rat SBARK1 and BARK2 gene products are struc-
turally very similar, with ~81% amino acid identity and pre-
dicted molecular weights of 79.8 kDa and 79.9 kDa, respec-
tively. When compared with their bovine counterparts, 78.5%
of the amino acids are conserved within all four sequences and
only 10.5% of all amino acid positions are gene specific (i.e.,
BARKI1 vs SARK?2 differences conserved across species).

The functional activity of these two rat SARK gene products
was assessed by their ability to phosphorylate purified, lipid-
reconstituted $,AR in an agonist-dependent manner. Coding
sequences were transiently expressed in COS-7 cells and cyto-
solic extracts prepared for use in an in vitro receptor phos-
phorylation assay. Extracts from SARKI1- and SARK2-trans-
fected cells, but not from control (i.e., vector-transfected) cells,
phosphorylated the 8,AR in an agonist-dependent manner,
demonstrating that both expressed proteins are functional (Fig.
2). However, the extent of phosphorylation observed with
BARKI extracts was reproducibly greater than that of SBARK?2
extracts. Similar results have been reported with the bovine

BARK gene products (Benovic et al., 1991). When compared
with bovine BARK, bovine BARK2 was only 50% as active in
phosphorylating the 8,AR, whereas both BARK isozymes had
equivalent activity on a synthetic peptide substrate (Benovic et
al., 1991).

BARKI and BARK2 mRNAs are expressed in widespread
neuronal populations

The regional distributions of SARK1 and SARK2 mRNA ex-
pression in rat brain were determined using in situ hybridization
histochemistry with radiolabeled cRNA probes. SARKI1 and
BARK2 mRNA-containing cells were widely distributed
throughout each major subdivision of the CNS. As shown in
Figure 3, BARKI labeling was generally more intense than la-
beling with the BARK2 probe under comparable conditions. In
isocortex, labeling for SARK1 mRNA was more abundant and
more uniformly distributed in the cortical layers than the la-
beling obtained with the probe for BARK2 mRNA, which was
primarily localized to layers II, III, and VI. In the thalamus,
the central median, paraventricular, and reticular nuclei exhibit
moderate to high levels of SARK]1 mRNA compared with
BARK2 mRNA. In some regions, the relative levels of BARK1
and BARK2 mRNA were roughly equivalent. This was partic-
ularly apparent in the hippocampus, where intense labeling for
BARK 1 and BARK?2 was observed over the pyramidal layer of
CALl and over the granular layer of dentate gyrus. Only a few
cell groups, such as the tenia tecta, the islands of Calleja, and
the compact part of the substantia nigra, were found to express
significantly higher levels of SBARK2 mRNA relative to SBARK1
mRNA.

The expression of SBARK1 and SARK2 mRNAs appeared to
be largely neuronal. Cellular labeling (determined by the pres-
ence of dense clusters of silver grains over cells in emulsion-
coated sections) was found over thionin-stained neurons, with
very few silver grains over fiber tracts or over what appeared
to be glial cells. On the other hand, diffuse labeling over mixed
clusters of neurons and glia with the SBARK 1 probe suggests that
BARKI] mRNA may also be expressed at low levels in glia.
Although the striatum generally displayed low overall hybrid-
ization signals (Fig. 34, B), clearly labeled neurons were detected
within the striatum in the emulsion-coated material. The ex-
tensive degree of labeling seen in many regions, such as the
hippocampus, suggests that these two kinases may be expressed
in the same neuron.

Characterization of BARK isozymes by immunoblotting

Antibodies specific for either SARK 1 (anti-SARK1) or BARK2
(anti-BARK?2) were produced and characterized by Western blot
analysis (Fig. 4) prior to immunohistochemistry. Extracts pre-
pared from COS-7 cells expressing either rat SARK 1 or SARK2
were immunoblotted with either the anti-SARK1 or the anti-
BARK2 antibodies. Under these assay conditions (i.e., roughly
equivalent amounts of both antigens present), antibody cross-
reactivity is very limited, with BARK1 but not BARK2 protein
being recognized by the anti-3ARK1 antibody, and vice versa
(Fig. 4, left panels). Whereas the cloned SARK genes have pre-
dicted molecular weights of ~80 kDa, the expressed rat SARK 1
¢DNA product migrates with an apparent M, of ~82 kDa. In
contrast, the expressed SARK?2 ¢cDNA product migrates at an
M, of ~77 kDa. Extracts from dissected brain regions exhibit
immunoreactive BARK proteins with mobilities similar to those
of the expressed cDNA products (Fig. 4, right panels). Consistent
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BARK-1 B BARK-2
111

L1

VMHvI PA MeAp
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CoAp MM PA CoAp

Figure 3. Comparison of BARKI1 and BARK2 mRNA distributions in rat brain by in sifu hybridization histochemistry: a series of film autora-
diographic images (8 d exposure) that show the overall distribution of SARKI (4, C, E) and SARK2 (B, D, F) mRNA expression in coronal
sections of the rat forebrain. Abbreviations (n, nucleus): Bpe, basal n (amygdala) parvocellular part; CAI, CA3, fields of Ammon’s Horn; cc, corpus
callosum; CLA, claustrum; CM, central median n (thalamus); CoAp, cortical n (amygdala) posterior part; CP, caudate putamen; DG, dentate gyrus;
EPi, endopiriform n; ICa, islands of Calleja; II, III, IV and VI, layers of isocortex; LGNd, lateral geniculate body (dorsal part); LGNv, lateral
geniculate body (ventral part); LM, lateral mammillary n; MeAp, medial n (amygdala) posterior part; MGB, medial geniculate body; MH, medial
habenula; MM, medial mammillary n; OT, olfactory tubercle; PA, posterior n (amygdala; a.k.a. amygdalohippocampal zone); PAG, periaqueductal
gray; PIR, piriform cortex; PV'T, paraventricular n (thalamus); SNc, substantia nigra (compact part); SUBY, subiculum (ventral part); TT, tacnia
tecta; V3, third ventricle; VB, ventral basal complex; VMHvI, ventromedial n (hypothalamus) ventrolateral part.
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94-
Figure 4. Immunoblots showing an-
tibody specificity and SARK1 and
BARK2 protein distributions in rat brain
regions. The specificities of purified an-
tibodies against either BARKI (anti-
BARKI, top panels) or BARK2 (anti-
BARK2, bottom panels) were demon-
strated by Western blot analyses of ex-
tracts from COS-7 cells expressing
BARK cDNAs (left panels) and of ex-
tracts from dissected brain regions (right
panels). BARK 1 and BARK2 expressed
in COS-7 cells migrated on SDS-poly-
acrylamide gels with different mobili-
ties. Proteins detected in extracts from
various dissected brain regions dis-
played mobilities similar to the ex-
pressed ¢cDNA products (see arrows).
Cell extracts (20 ug of protein per lane)
and tissue extracts (150 pg of protein
per lanc) were size fractionated on 10%
SDS-polyacrylamide gels, transferred
to nitrocellulose, probed with anti-
BARKI1 or anti-BARK?2 antibody, and
visualized with an alkaline phospha-
tase—conjugated secondary antibody.
The positions of molecular weight stan-
dards are indicated (kilodaltons).
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with the results obtained by ir situ hybridization, SARK1 was
expressed somewhat uniformly throughout these brain subdi-
visions, with lower levels in dissected striatum (largely caudate
putamen). BARK?2 protein was more difficult to visualize in
these immunoblotting experiments, perhaps reflecting its overall
lower abundance. The JARK2 protein distribution was some-
what different than that of BARK1, with higher relative levels
in the brainstem and significant immunoreactive SARK2 pro-
tein in the striatum.

Regional distribution of BARKI and BARK?2 immunoreactivity
in brain
Immunohistochemical mapping of SARKI1 and SARK2 im-
munoreactivity was performed throughout the rat brain using
the anti-3ARK1 and anti-SARK2 antibodies. Sagittal sections
illustrate the overall staining patterns for BARK 1 and SARK2,
and a representative control experiment in which antibody was
preabsorbed with antigen supports the specificity of this staining
(Fig. 5). The distributions of BARK immunoreactivities in co-
ronal sections shown in Figure 6 parallel the regional distri-
butions of BARK mRNAs obtained by in situ hybridization
(Fig. 3). In this regard, the sensitivity of immunohistochemistry
was apparently less than that of hybridization histochemistry.
This difference was particularly significant for the localization
of BARK2 immunoreactivity. The correlation between the re-
gional distributions of BARK isozyme mRNAs and SARK im-
munoreactivities argues for the specificity of these antibodies
for immunohistochemistry.

BARKI and BARK?2 immunoreactivity was found distributed

2
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within neurons throughout the brain (Figs. 5, 6). In cerebral
cortex, the BARK1 immunoreactivity was visualized in layers
IT and III as well as layers V and VI, whereas the distribution
of BARK?2 immunoreactivity was less distinctly laminar. SBARK1
and SARK?2 immunoreactivity was found in all subdivisions of
the hippocampal formation, but SARKI1 staining was most in-
tense in CA3-CA4 while BARK2 was more evenly distributed.
Labeling of many thalamic and hypothalamic structures was
noted, with greater intensity for BARK 1 staining than for BARK2
staining. Consistent with the presence of SARKI1 and SARK2
within the striatum as determined by immunoblotting, labeling
of striatal neuron cell bodies and of the neuropil was detected
with both antibodies. Very strong labeling of the molecular layer
in the cerebellum was seen with the SARK1 antibody. SBARK1
was most abundant in Purkinje cells, but moderate levels of
BARK2 were also found, and SARK2 predominates in the gran-
ule cell layer. Although the BARK2 antibody provided strong
cellular staining in the substantia nigra and other structures,
BARK2 immunoreactivity was often presented as diffuse la-
beling over cells. In contrast to the dense SARK2 labeling in
presumptive dopaminergic neurons in the substantia nigra, the
neurons of the locus coeruleus displayed intense SARKI im-
munoreactivity and the dorsal raphe exhibited cellular staining
for both BARKI1 and BARK2.

BARK]I and BARK2 are abundant at the synapse

Analyses of 1 um sections using high-resolution light microscopy
indicated that BARK immunoreactivities are clearly present
within neuronal cell bodies and fine processes within the neu-
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Figure 5. Comparative distributions
of SARK! and SARK?2 immunoreac-
tivities in rat brain; dark-field photo-
micrographs of serial sagittal sections
of the rat brain immunostained with
either the anti-SARK]1 antibody (4) or
the anti-SARK2 antibody (B). A rep-
resentative blocking experiment (C) in
which the anti-BARKI1 antibody was
preabsorbed with 100 ug of antigen (pu-
rified BARK 1 fusion protein) illustrates
the specificity of immunostaining. Sec-
tions in 4 and C were processed and
photographed under identical condi-
tions. Similar results were obtained with
the anti-BARK2 antibody preabsorbed
with antigen (data not shown). Abbre-
viations: BST, bed nucleus of stria
terminalis; CP, caudate putamen; Cb,
cerebellum; Ctx, cortex; CA3, field of
P A b Ammon'’s Horn; IC, inferior colliculus;
re- S LH, lateral anterior hypothalamic nu-
cleus; CA41-CA3, fields of Ammon’s
Horn; OB, olfactory bulb; OT, olfac-
tory tubercle; Pn, pontine nuclei; Py,
pyramidal tract; RY, reticular thalamic
nuclei; SN, substantia nigra; 7, thala-
mus.







ropil (Fig. 74,B). Immunoreactive neurons showed diffuse cy-
toplasmic labeling, and the nuclei of immunoreactive cells did
not contain immunoreaction product. Within the neuropil of
the brain regions analyzed in plastic sections (e.g., cortex, hip-
pocampus, cerebellum, and striatum), BARK 1 and BARK?2 im-
munoreactivities were within spherical or punctate structures.
Most of these immunoreactive structures correspond to den-
dritic shafts, dendritic spines, or presynaptic axon terminals, as
confirmed by immunocytochemical-ultrastructural analyses.

Electron microscopic analyses of striatum and other regions
were performed using the BARK 1 and BSARK?2 antibodies, and
ultrastructurally, SBARK immunoreactivities were visualized both
postsynaptically and presynaptically (Fig. 7). Inmunoreactivity
localized with the BARK1 antibody was enriched in the cyto-
plasm of dendritic shafts and dendritic spines and associated
with postsynaptic densities, as well as in presynaptic axon ter-
minals. BARK 1 immunoreactivity in neuronal cell bodies fre-
quently showed enrichment on or near the plasma membrane.
In contrast, the distribution of BARK2-specific immunoreac-
tivity in the striatum was somewhat more restricted than the
BARKI distribution. Striatal BARK?2 immunoreactivity was also
associated with postsynaptic densities and on presynaptic ele-
ments. Other regions of the brain were also examined, and pre-
liminary results suggest that there may be some regional vari-
ations in the relative proportions of postsynaptic versus
presynaptic BARK, but that both postsynaptic and presynaptic
localizations are common.

Discussion

Receptor desensitization by BARK is a homologous mechanism
by which transmembrane signal transduction may be attenu-
ated. This desensitization pathway, delineated for the 3,AR,
provides a conceptual framework for BARK-mediated desen-
sitization of other G-protein—coupled receptors. The 3,AR is
rapidly phosphorylated and desensitized by SARK at high ag-
onist concentrations (Hausdorff et al., 1990; Roth et al., 1991).
BARK-mediated desensitization is sensitive to ligand concen-
trations because of the requirement for agonist-occupation of
the receptor. Phosphorylation of the 8,AR by BARK promotes
the binding of B-arrestin, a cofactor that blocks functional re-
ceptor coupling with the signal-transducing G-protein (Lohse et
al., 1990). Receptor function is thereby impaired until the ac-
tivity of a protein phosphatase allows resensitization (Sibley et
al., 1986).

Since BARK isozymes initiate this regulatory pathway, con-
siderable attention has focused on their characterization. Ex-
tensive screening of brain cDNA libraries has led to the cloning
of two BARK isozymes, SARK1 and BARK?2. Whether addi-
tional G-protein—coupled receptor kinases are expressed in brain
is unclear. The rat BARK1 and SARK2 proteins have striking
structural similarities, with over 80% amino acid sequence iden-
tity (Fig. 1). Both isozymes are active in functional assays for
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phosphorylation of the 3,AR, although SARKI is more active
than BARK?2 (Benovic et al., 1991; Fig. 2). These results suggest
similar but distinct substrate specificities for the BARK iso-
zymes, and biochemical analyses of SBARK1 and SARK2 activ-
ities on other G-protein—coupled receptors will be an important
step toward understanding their respective physiological func-
tions. In this study, we have assessed the potential biological
functions of BARK1 and SARK2 by examining their respective
distributions in brain. Brain was chosen because of its well-
characterized complexity of neurotransmitter systems, but also
because the SARK isozymes appear to have a special signifi-
cance in nervous tissue. We show that both BARK isozymes
have similar patterns of expression in neurons distributed
throughout the brain, and that BARK1 and BARK?2 are abun-
dant at the synapse.

The regional distributions of the SARK isozyme mRNAs and
proteins were examined using in situ hybridization histochem-
istry (Fig. 3) and immunohistochemistry (Figs. 5, 6). The BARK1
and BARK2 distributions were very extensive, but not ubiq-
uitous, with detectable expression throughout each major sub-
division of the brain. Overall, BARKI1 levels of mRNA and
protein were significantly higher than those of BARK?2, but the
relative levels of isozyme expression were regionally variable.
Within a few brain structures, such as the substantia nigra,
BARK?2 gene products appeared more abundant. Rather than
exhibiting distinct regional distributions, SBARK1 and SARK2
are to a great extent codistributed, suggesting that BARK1 and
BARK?2 are localized within common neurotransmitter path-
ways.

Although BARK isozymes have been characterized in vitro
on the basis of their activities toward the 8,AR, other G-protein-—
coupled receptors have also been demonstrated as BARK sub-
strates (Benovic et al., 1987¢; Kwatra et al., 1989), The regional
distributions of BARK1 and BARK2 reported here also suggest
a more general substrate preference. 8,ARs (and the 8,AR) have
been mapped by quantitative autoradiography in the rat brain
(Rainbow et al., 1984). The 8,AR binding sites in the molecular
layer of the cerebellum coincide with BARK 1 immunoreactivity
is this region. However, the high density of 3,AR reported in
the caudate putamen is not paralleled by a high level of either
BARKI1 or BARK2. The patterns of BARK isozyme immuno-
reactivities do not present a striking correlation with any known
receptor system, although the association of BARK2 with do-
paminergic pathways and some regions that contain dopamine
receptors is intriguing. We find that the extensive distributions
of BARK1 and SARK2 support the hypothesis that these en-
zymes have a general function in the desensitization of many
G-protein—coupled receptor systems.

BARK isozyme mRNAs and proteins were found to be most
abundant in neurons. In some brain regions, the density of
labeled neurons was such that coexpression of BARKI1 and
BARK?2 within individual cells seems likely. This may indicate

Figure 6. BARKI and SARK?2 immunoreactivity in coronal sections of rat brain. These dark-field photomicrographs illustrate the similarity of
the distributions of BARK1 (4, C, E) and BARK?2 (B, D, F) immunoreactivities to the corresponding mRNA distributions determined by ir situ
hybridization. The sections shown contain structures similar to those presented in Figure 3. Abbreviations: BLA, basolateral amygdaloid nucleus;
CAIl, CA3, fields of Ammon’s Horn; cc, corpus callosum; CLA, claustrum; CoAP, posterior cortical amygdaloid nucleus; CP, caudate putamen;
DG, dentate gyrus; EPi, endopiriform nucleus; ICa, islands of Calleja; I1,II1, lamina of cortex; La, lateral amygdaloid nucleus; LGN, lateral
geniculate nucleus; LM, lateral mammillary nucleus; Me, medial posterior amygdaloid nucleus; ME, median eminence; MGN, medial geniculate
nucleus; MH, medial habenula; MM, medial mammillary nucleus; PAG, periaqueductal gray; PIR, piriform cortex; PVT, periventricular thalamic
nucleus; R7, reticular thalamic nucleus; SNc, substantia nigra pars compacta; 77, taenia tecta; V3, third ventricle; VMH, ventromedial hypothalamic

nucleus; VP, ventral posterior thalamic nucleus.
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Figure 7. High-resolution light and electron microscopic localization of BARK immunoreactivity in rat brain. 4, In 1 um sections of neocortex,
BARK 1 immunoreactivity is localized within the cell bodies of neurons (/arge arrows) and in dendrites (arrowheads). The neuropil contains spherical
and punctate structures immunoreactive for SARK1 (small arrows). B, The distribution of BARK2 immunoreactivity in plastic sections of neocortex
was different from the BARK1 distribution. BARK2 immunoreactivity is localized in neuronal perikarya (arrows), but distal dendrites are not
immunoreactive and there is less large, punctate immunoreactivity within the neuropil. Some diffuse SARK2 immunoreactivity is visualized within
the neuropil. €, BARK 1 immunoreactivity was enriched in dendritic shafts (d). This immunoreactive dendrite is postsynaptic to unlabeled terminals
(t] and ¢2) that form asymmetrical synapses (arrowheads). D, SARK1 immunoreactivity is visualized presynaptically as well. BARK1-immuno-
reactive axon terminals (¢/ and ¢3) are beginning to form synaptic junctions (single arrowheads) with a dendrite (dI) in this plane of section. In
terminals ¢] and ¢3, BARK1 immunoreactivity is associated with vesicles. Nonimmunoreactive terminal :2 forms synaptic contacts (triple arrow-
heads) with dendrite d2. E, In BARK2 preparations, some postsynaptic densities (arrowheads) formed here by the junction of terminal (¢) with
dendrite (d) are more electron dense that other postsynaptic densities (arrow), suggesting the localization of BARK2 within postsynaptic densities.
F, Axon terminals (¢/) immunoreactive for SARK2 are also encountered. SARK2-immunoreactive postsynaptic density (arrowheads) is at a dendrite
(d). Terminal £2 is an unlabeled terminal. Scale bars: 4 and B, 10 um; C, 0.2 pm; D, 0.4 pm; E, 0.25 um; F, 0.33 ym.

that the BARK isozymes have separate but complementary levels of BARK2 protein. Both SARK1 and SARK2 immuno-
functions within neurons. Although some differences in cellular  reactivities were found within the cell bodies of neurons, as well
staining for BARK1 and SARK2 were observed (Fig. 7), these as within structures that correspond to dendritic shafts, dendritic
differences may be attributed to difficulties in detecting very low spines, and presynaptic axon terminals.



Ultrastructurally, SARK1 and SARK?2 immunoreactivities
were present both in association with postsynaptic densities and,
presynaptically, within axon terminals (Fig. 7). Postsynaptic and
presynaptic localizations of BARK 1 and BSARK2 are both found
in various brain regions, with postsynaptic distributions gen-
erally predominating. Subcellular distributions within the stria-
tum are illustrated to emphasize that the SARK isozymes may
be presynaptic as well as postsynaptic, Whercas BARK isozyme
mRNAs were found at low levels within the striatum (Fig. 3),
immunoblotting (Fig. 4) and immunohistochemistry (Figs. 5,
6) indicated that moderate levels of BARKI1, and particularly
BARK2, were present within the striatum. One possible expla-
nation is that diffuse immunoreactivity within the neuropil of
the striatum may correspond to terminal immunoreactivity
originating within the substantia nigra, cortex, or thalamus. The
observation that presynaptic immunoreactivity is present in the
striatum supports this notion.

Although the desensitization of synaptic responses is a com-
mon phenomenon, its physiological significance is poorly un-
derstood. Desensitization may control the duration and/or
strength of synaptic transmission under normal conditions, and
perhaps serve a protective role under conditions of excessive
stimulation. The tools and observations reported here provide
a foundation for future investigations of the potentially diverse
functions of these G-protein—coupled receptor kinases.
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