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SUMMARY

The effect of norepinephrine (NE) on cAMP accumulation in
primary glial cultures is mediated by two functionally opposing
receptor subtypes. S-Adrenergic receptor activation increases
cAMP formation, whereas simultaneous a-adrenergic receptor
activation partially inhibits this effect. We compared desensiti-
zation of these two responses during exposure to selective
agonists or NE. Pretreatment with the 3-selective agonist isopro-
terenol (ISO) decreased responses to ISO, ISO plus the a»-
selective agonist UK 14,304 (UK), and NE. However, ISO plus
UK and NE responses decreased more, relative to their control
values, than did responses to ISO alone. Pretreatment with UK

increased cAMP responses to both ISO and forskolin (sensiti-
zation), with little effect on a-mediated inhibition of these re-
sponses. Pretreatment with NE caused effects similar to those
of both ISO and UK pretreatment. NE pretreatment decreased
responses to ISO, ISO plus UK, and NE, sensitized responses
to forskolin, and had little effect on a-mediated inhibition. Thus,
chronic agonist exposure desensitizes g-adrenergic receptors
more rapidly and at much lower concentrations than a.-adrener-
gic receptors in these cultures. The continuing a2 inhibition during
diminishing g stimulation functionally accelerates the loss of the
NE response.

At least nine adrenergic receptor subtypes have been identi-
fied by pharmacological and molecular cloning methods. There
appear to be three major families; 8,, 8., and B; receptors
activate adenylate cyclase through G, (1, 2), asa, az, and asc
receptors inhibit adenylate cyclase through G; (3, 4), and a;a,
a;p, and a,c receptors increase intracellular Ca?* (5, 6). NE
activates all of these subtypes, which are often coexpressed in
the same cells. Thus, the response to NE will often be due to
activation of multiple receptor subtypes, which can cause op-
posing or redundant effects on the same signaling systems. The
biological implications of the existence of multiple receptor
subtypes have not yet been clarified. Chronic exposure to an
agonist often results in a diminished response when cells are
reexposed to the same agonist, a phenomenon referred to as
desensitization. Both 8 (7-11) and «a, (12-14) receptors are
known to undergo various types of desensitization, although
most mechanistic studies have focused on the B-adrenergic
receptor system (10). We wanted to compare desensitization of
each subtype expressed on the same cells. If the two subtypes
exhibit differential desensitization, this could have a major
impact on the loss of responsiveness to NE. Preferential desen-
sitization of the a, subtype would actually increase the cAMP

This work was supported by National Institutes of Health Grant NS 21325.

response by removing the inhibitory effect, whereas preferential
desensitization of the 8 subtype would cause a rapid loss of the
cAMP response.

We have been studying primary glial cultures from neonatal
rat brain, where 8- and a,-adrenergic receptors exert opposing
effects on cAMP accumulation. In these cultures, the cAMP
response to NE is much smaller than that to the pure 8 agonist
ISO (15-17). To determine whether these subtypes are regu-
lated in a parallel manner, we have compared the time course
and concentration dependence of desensitization of 8 and a»
responses after pretreatment with selective agonists or NE.

Experimental Procedures

Materials. Timed pregnant Sprague-Dawley rats were obtained
from Harlan (Indianapolis, IN). Materials were obtained from the
following sources: DMEM and calf serum, HyClone Laboratories (Lo-
gan, UT); twice crystallized trypsin, Worthington Biochemicals (Free-
hold, NJ); [2,8-*H]adenine (10-25 Ci/mmol), New England Nuclear
(Boston, MA); UK, Pfizer (Groton, CT); and forskolin, propranolol,
poly-L-lysine, amphotericin B, streptomycin, penicillin G, DNase I,
(—=)-NE bitartrate, ISO HCI, and yohimbine HCI, Sigma Chemical Co.
(St. Louis, MO).

Cell cultures. Primary glial cultures were prepared from 1-day-old

ABBREVIATIONS: NE, norepinephrine; EGTA, ethylene glycol bis(s-aminoethyl ether)-N,N,N’,N’-tetraacetic acid, DMEM, Dulbecco’'s modified
Eagle’'s medium; CSd, calf serum defined; KRB, Krebs-Ringer bicarbonate buffer; ISO, (—)-isoproterenol; UK, UK 14304.
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rat brains by the method of Raizada (18), as described by Wilson et al.
(19). Brains were removed and placed in an isotonic salt solution
containing 0.25 ug of amphotericin B, 100 ug of streptomycin, and 100
units of penicillin, pH 7.2. Pia mater and blood vessels were removed,
and the brains were chopped into approximately 2-mm chunks. Minced
tissue from 7-14 brains was suspended in 25 ml of 0.25% (w/v) trypsin
in an isotonic salt solution and were placed in a 37° shaking water bath
for 6 min. DNase I (160 ug) was then added to the cell suspension,
which then was shaken another 6 min. Dissociated cells were collected
in 10 ml of DMEM containing 10% CSd. Undissociated tissue was
triturated several times, and all cells were washed with 40 ml of
DMEM/CSd and centrifuged for 10 min at 1000 X g. Recoveries were
normally 40-50 X 10° cells/brain. Cells were then resuspended in
DMEM/CSd, and 4 ml were plated in Falcon tissue culture dishes (60
mm) that had been precoated with poly-L-lysine (2 X 10° cells/ml).
Cells were incubated at 37°, in a humidified incubator with 5% CO,
and 95% air, until confluent (7 days). After they reached confluence
(approximately 7 days), cells were dissociated from the dishes with
trypsin (0.25%), washed with DMEM/CSd, and centrifuged at 1000 X
g for 10 min. Cells were resuspended at a density of 0.5 % 10° cells/ml
in DMEM/CSd, and 2 ml were plated in 35-mm dishes. Cells were
allowed to grow to confluence (another 4-5 days) before experimenta-
tion. Total age of the cells (after removal from brain) was typically
between 12 and 21 days at the time experiments were performed.

cAMP accumulation in cultured cells. cAMP accumulation was
determined by the [*H)adenine prelabeling technique described by
Shimizu et al. (20). Cells were prelabeled with [*H)adenine (1 uCi/
plate, in 2 ml of medium) for 2 hr. Culture medium was then removed
and plates were washed with 2 ml of KRB (in mM: NaCl, 120; KCl, 5.5;
CaCl,, 2.5; NaH,PO,, 1.2; MgCl,, 1.2; NaHCO,, 20; glucose, 11; Ca-
Na;EGTA, 0.029) at 37°. Plates were aspirated and 1 ml of warm KRB
was added. Drugs were added and the dishes were incubated for 10 min
at 37°. The reaction was stopped by the addition of 0.1 ml of 77%
trichloroacetic acid, and 50 ul of unlabeled cAMP were added as a
carrier. Dishes were scraped with a rubber policeman, the fluid was
transferred to test tubes, and each dish was washed with an additional
0.5 ml of KRB, which was added to the tubes. Samples were homoge-
nized with a Polytron and centrifuged at 30,000 X g for 10 min. Then,
a 50-ul aliquot of supernatant was evaluated for total tritium incorpo-
ration. [*H]JcAMP was isolated from the remainder of the samples by
sequential DOWEX and alumina chromatography (21, 22). Results are
expressed as percentage of total incorporated label converted to [*H)
cAMP (percentage of conversion).

Time Course and Washout of CAMP Response to ISO and
NE

To determine how rapidly the effects of agonists could be
washed out after chronic exposure, cultures were treated with
NE (1 M) or ISO (10 nM) for 0-45 min and cAMP accumula-
tion was measured. Some cultures were washed three times
with KRB after exposure to agonist for 10 min and were
terminated 0, 5, or 20 min later. Fig. 1 shows that the cAMP
response to NE was much less than that to ISO at all time
points; however, the response to both drugs returned to base
line very quickly after washout.

Chronic ISO

Time course. Cultures were pretreated with ISO (10 nm)
for 0-8 hr, washed three times with KRB, and then stimulated
for 10 min with ISO (1 uM), ISO plus UK (10 uM), or NE (1
uM) (Fig. 2). Note that all responses in Fig. 2 are normalized
as a percentage of the control response to each drug or combi-
nation, although responses to NE and ISO plus UK were much
smaller than the response to ISO. All responses desensitized
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Fig. 1. Time course of onset and reversal of CAMP responses. Primary
glial cultures were incubated with either 1 um NE or 0.01 um ISO for the
indicated times and reactions were terminated or were washed after 10
min of incubation and terminated later. Data are plotted as a percentage
of the CAMP response to ISO after 10 min of incubation. Each point
represents the mean + standard error of four culture dishes from
independent experiments.
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Fig. 2. Time course of desensitization of CAMP responses to agonists
after ISO pretreatment. Cultures were preincubated with 0.01 um ISO
(0.1 um ascorbate present) for the indicated times, washed three times
with KRB, and stimulated with either 1 um ISO, ISO pius 10 um UK, or 1
um NE, for 10 min. Responses are plotted as a percentage of the control
CcAMP response for each drug or combination of drugs. Control values
were as follows: basal, 0.03 + 0.008%,; I1SO, 2.9 + 0.52%; NE, 0.44 +
0.08%; and ISO plus UK, 0.77 + 0.14%. Each point represents the mean
+ standard error of four independent determinations. Inset: semilog plot
of the same data.

rapidly, with a half-maximal loss occurring after 1-hr pretreat-
ment. After 8-hr pretreatment, responses to all three drugs or
combinations were virtually abolished. Responses to NE and
ISO plus UK fell more rapidly, as a percentage of the control
response (p < 0.05), than did the response to ISO alone (Fig.
2).

Concentration dependence. The concentration depend-
ence of desensitization caused by ISO is shown in Fig. 3.
Preincubation with increasing concentrations of ISO (with 0.1
uM ascorbic acid) for 14 hr decreased responses to ISO, ISO
plus UK, and NE. Pretreatment with as little as 0.1 nM ISO
caused significant decreases in each response, and pretreatment
with 5 nM ISO abolished all responses (Fig. 3, upper). Normal-
ization of the data to a percentage of the control response (Fig.
3, lower) shows that the concentration dependence was not the
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Fig. 3. Effect of ISO pretreatment on CAMP responses to I1SO, ISO plus
UK, and NE. Cultures were pretreated with the indicated concentrations
of 1ISO (0.1 um ascorbate present) for 14 hr, washed, and stimulated with
either 1 um ISO, ISO plus 10 um UK, or 1 um NE, for 10 min. Data are
expressed as a percentage of the control CAMP response to ISO (upper)
or as a percentage of control CAMP responses to each drug or combi-
nation of drugs (lower). Control values were as follows: basal, 0.03 +
0.002%; 1SO, 3.7 + 0.24%; NE, 0.53 + 0.08%; and ISO plus UK, 0.89
+ 0.04%. Each point represents the mean + standard eror of four
independent determinations.

same for each drug or combination. Responses to NE or ISO
plus UK were lost at lower pretreatment concentrations than
were responses to ISO. Calculation of the —log ECs, for ISO in
desensitizing the different responses gave values of 9.15 + 0.072
for ISO, 9.36 + 0.033 for NE, and 9.47 + 0.072 for ISO plus
UK. The —log ECs, values for both NE and ISO plus UK were
significantly different from that for ISO (p < 0.05). Thus,
approximately 2-3-fold lower pretreatment concentrations of
ISO were needed to desensitize the response when «, receptors
were also being activated.

Shift in agonist concentration dependence. Concentra-
tion-response curves for ISO- and NE-stimulated cAMP accu-
mulation were compared in control cultures or cultures pre-
treated with 1 nM ISO for 14 hr (Fig. 4). The maximal response
to ISO (Fig. 4, upper) decreased 23 + 9%, whereas the ECs,
shifted slightly to the right (4.4 to 8.4 nM), consistent with the
presence of a small 8-adrenergic receptor reserve. The maximal
response to NE (Fig. 4, lower) showed a much larger decrease,
62 + 5%, whereas the EC, shifted slightly more (40 to 220 nM).

Effect on forskolin and «; inhibition. Pretreatment with
ISO (14 hr, 0.1 uM ascorbate) caused a small inhibition of the
subsequent response to forskolin (1 uM), with a maximal de-
crease of 31 + 2.5% at 0.1 uM ISO (Fig. 5). At the highest ISO
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Fig. 4. Effect of ISO pretreatment on concentration-response curves for
ISO (upper) or NE (lower). Cultures were pretreated with 1 nm ISO (0.1
um ascorbate present) for 14 hr, washed, and stimulated with the
indicated concentrations of ISO or NE, for 10 min. Each value is the
mean + standard error of four independent determinations.
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Fig. 5. Effect of ISO pretreatment on cAMP responses to forskolin and
forskolin plus UK. Cultures were pretreated with the indicated concentra-
tions of ISO (0.1 um ascorbate present) for 14 hr, washed, and stimulated
with either 1 um forskolin (Forsk), forskolin plus 0.1 um UK, or forskolin
plus 1 um propranolol (propran), for 10 min. Control values were as
follows: basal, 0.06 + 0.005%; forskolin, 2.3 + 0.32%; and forskolin plus
UK, 1.0 + 0.13%. Each value is the mean + standard error of four

Forsk+0.1 uM UK

pretreatment concentration (10 uM), the forskolin response was
increased (36 + 1.3%). However, this increase was blocked by
propranolol (1 uM), suggesting that residual ISO was probably
potentiating the forskolin response. ISO concentrations less
than 1 nM potentiate the cAMP response to 1 uM forskolin as
much as 2-fold (data not shown), suggesting that even a
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100,000-fold dilution would not be sufficient to wash out com-
pletely the highest ISO pretreatment concentration examined.
Inhibition of the forskolin response by UK was slightly
increased by ISO pretreatment (Fig. 5). The effect of forskolin
plus UK was maximally decreased by 38% after 0.1 uM ISO
pretreatment. This response also increased at the highest pre-
treatment concentration, probably due to residual ISO.

Chronic UK

Effect on responses to forskolin and ISO. Pretreatment
with increasing concentrations of the a;-selective agonist UK
increased the cAMP response to 1 uM forskolin (Fig. 6, upper),
except at higher concentrations. The response began to de-
crease at pretreatment concentrations of 10 and 100 uM. This
decrease is probably due to residual UK in the medium, because
it was eliminated by yohimbine (10 uM). The cAMP response
to forskolin plus yohimbine increased to a maximum of 3-fold
over control. Pretreatment with UK also increased the cAMP
response to ISO (1 uM) at all but the highest pretreatment
concentration (Fig. 6, lower). Again, the decrease observed at
the highest UK concentration is probably due to residual UK,
because it was reversed by yohimbine. The cAMP response to
ISO plus yohimbine increased a maximum of 1.9-fold, compared
with control.
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Fig. 6. Effect of UK pretreatment on cAMP responses to ISO and
forskolin. Cultures were pretreated with the indicated concentrations of
UK for 14 hr, washed, and stimulated with 1 um forskolin (Forsk) with or
without 10 um yohimbine (YOH) (upper) or 1 um ISO with or without

(lower), for 10 min. Data are calculated as a percentage of
the control ISO or forskolin ses. Control values were as follows:
basal, 0.03 + 0.002%; forskolin, 1.2 + 0.30%; and ISO, 3.9 + 0.71%.
Each point is the mean + standard error of four independent determi-
nations.
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Effect on a;-mediated decreases in cAMP. The ability
of a, receptors to inhibit 8-adrenergic receptor- or forskolin-
stimulated cAMP responses was examined after chronic expo-
sure to the a,-selective agonist UK. In general, there was little
effect on a,-mediated inhibition. Although cAMP responses to
NE (Fig. 7, upper), ISO plus UK, and forskolin plus UK (data
not shown) increased substantially after pretreatment with
increasing concentrations of UK, this appeared to be due pri-
marily to the sensitization of 8-adrenergic receptor- and for-
skolin-stimulated cAMP responses described above. There was
little desensitization of the «, inhibition, as seen in Fig. 7
(lower), where data are expressed as a percentage of the control
response to ISO (plus yohimbine, to block residual UK) or
forskolin (plus yohimbine) alone. However, inhibition of the
ISO response by UK decreased slightly, from 34 + 1% in control
cultures to 56 + 3.7% after 1 uM UK pretreatment.

Shift in agonist concentration dependence. Although
there was little or no loss in maximal a;-mediated inhibition of
cAMP responses after chronic UK pretreatment, we examined
the possibility of a reduction in receptor reserve. Pretreatment
with 1 uM UK produced an increased response to ISO, as
expected (Fig. 8, inset), but also caused a significant 5-fold shift
to the right in the ECs, for subsequent inhibition by UK (Fig.
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Fig. 7. Effect of UK pretreatment on a,-mediated inhibition of CAMP
responses. Cultures were pretreated with the indicated concentrations
of UK, washed, and stimulated with 1 um ISO with or without 10 um UK,
1 um forskolin (Forsk) with or without 0.1 um UK, or 1 um NE in the
presence or absence of 10 um yohimbine (YOH), for 10 min. Upper,
actual data for responses to NE and ISO plus yohimbine. Lower, data
normalized as a percentage of the control ISO pius yohimbine (ISO plus
UK and NE) or forskolin plus yohimbine (forskolin plus UK) CAMP re-
sponse. Each value is the mean + standard error of four independent
determinations.
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Fig. 8. Effect of UK pretreatment on concentration-response curve for
inhibition of the ISO response by UK. Cultures were pretreated with 1
um UK for 14 hr, washed, and stimulated with 1 um ISO plus the indicated
concentrations of UK, for 10 min. /nset, actual responses to ISO in control
and UK-pretreated cultures. The other data are normalized as a percent-
age of the control ISO response for each condition. Each value is the
mean + standard error of four independent determinations.

8). Subsequent studies using alkylating agents have shown that
the a, receptor reserve in this system is between 5- and 10-
fold.! Thus, some desensitization of the o, response is occurring,
but only at high agonist concentrations and long exposure
times.

Chronic NE

Effect on responses to forskolin and forskolin plus
UK. Pretreatment with NE yielded changes in cAMP responses
similar to those observed with both ISO and UK pretreatment.
Fig. 9 (upper) shows that NE pretreatment increased the re-
sponse to forskolin (1 uM) by up to 3-fold. The B-selective
antagonist propranolol had a small effect on this potentiation
only at the highest NE pretreatment concentration, suggesting
that some residual NE remained to potentiate the forskolin
response. The ability of UK to inhibit the forskolin response
was reduced slightly, from 69% inhibition in control cultures
to 49% inhibition after pretreatment with 100 um NE (Fig. 9,
lower). The response to forskolin did not appear to be atten-
uated by residual a; receptor activation by NE, because yohim-
bine had no effect on response (data not shown).

Effect on responses to ISO, ISO plus UK, and NE.
Pretreatment with NE caused concentration-dependent de-
creases in CAMP responses to ISO, ISO plus UK, and NE,
reminiscent of those occurring after ISO pretreatment (Fig.
10). Pretreatment with 1 uM NE virtually eliminated responses
to all agonists. As observed above with ISO-pretreated cultures,
responses to NE or ISO plus UK were lost at lower pretreat-
ment concentrations than were responses to ISO. Calculation
of the —log ECs, for NE in desensitizing the different responses
gave values of 7.22 + 0.157 for IS0, 8.13 + 0.048 for NE, and
8.04 =+ 0.110 for ISO plus UK. The ~log ECs, for both NE and
ISO plus UK were significantly different from that for ISO (p
< 0.01). Thus, approximately 7-9-fold lower pretreatment con-
centrations of NE were needed to desensitize the response
when «a, receptors were also being activated.

Discussion

Chronic agonist exposure often results in desensitization to
further agonist activation. This phenomenon has been best

!B. N. Atkinson and K. P. Minneman, unpublished observations.
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Fig. 9. Effect of NE pretreatment on cCAMP responses to forskolin (Forsk)
and forskolin plus UK. Cultures were pretreated with the indicated
concentrations of NE (0.1 um ascorbate present), washed, and stimulated
with 1 um forskolin or forskolin plus 0.1 um UK, with or without 1 um
propranolol (propran), for 10 min. Data are expressed as a percentage
of the control forskolin response (upper) or a percentage of the forskolin
plus propranolol response (lower). Control values were as follows: basal,
0.04 + 0.005%,; forskolin, 2.1 + 0.16%; and forskolin pius propranoiol,
2.4 + 0.21. Each value is the mean + standard error of four independent
determinations.

studied using the S-adrenergic receptor coupled to adenylate
cyclase as a model system (10). Although a number of complex
mechanisms are involved, chronic agonist treatment generally
causes a rapid uncoupling of the receptor-guanine nucleotide-
binding protein-adenylate cyclase complex and sequestration
of receptors from the cell surface (7-11). Receptor density is
subsequently lost at a substantially slower rate.

Less is known about desensitization of a,-adrenergic recep-
tors. However, chronic agonist exposure also results in desen-
sitization of a, receptors in some cell lines (13, 14, 23). Rapid
desensitization of the platelet aggregatory response to a; recep-
tor activation has also been observed, but without subsequent
loss of receptor density (24, 25) or impairment of «, receptor/
adenylate cyclase coupling (12).

We have examined the effects of chronic adrenergic agonist
exposure on cAMP responses in primary glial cultures. NE-
stimulated cAMP accumulation in this and other primary glial
culture systems is mediated through activation of both 8- and
as-adrenergic receptors (15-17, 26). Although desensitization
of both 8- and «a,-adrenergic receptors has been characterized
previously, few studies have compared the regulation of these
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Fig. 10. Effect of NE pretreatment on responses to ISO, ISO plus UK,
and NE. Cultures were pretreated with the indicated concentrations of
NE (0.1 um ascorbate present), washed, and stimulated with 1 um ISO,
ISO plus 10 um UK, or 1 um NE, for 10 min. Data are expressed as a
percentage of the 1 um ISO response (upper) or as a percentage of the
control response for each drug or combination of drugs (fower). Control
values were as follows: basal, 0.02 + 0.001%; NE, 2.4 + 0.19%; ISO,
9.8 1+ 0.53%,; and ISO pius UK, 3.6 + 0.14%. Each value is the mean +
standard error of four independent determinations.

receptors and the response to NE after chronic exposure in the
same system.

The cAMP response after chronic exposure to NE depends
greatly on the relative rates and concentration dependence of
desensitization of each subtype. For example, if a, receptors
desensitized before 8 receptors, the NE response might first
rise as the a; inhibition was lost and subsequently decline as
the g stimulation diminished. Conversely, the NE response
might simply decline as both the 8 and «. receptors were lost.
Alternatively, there might be an interactive effect of the two
subtypes. In fact, Northam and Mobley (27) reported that the
a; agonist clonidine partially reversed ISO-induced desensiti-
zation of 8-adrenergic receptors in primary astrocyte cultures.
In this case, concomitant stimulation of both 8 and a, receptors
with NE might not cause any desensitization.

As expected, the response to ISO decreased in a time- and
concentration-dependent fashion after chronic ISO pretreat-
ment. Responses to NE and ISO plus UK also decreased, but
more quickly and at lower ISO concentrations than did the
response to ISO. This was also apparent in the concentration-
response curves for ISO- and NE-stimulated cAMP responses
after ISO pretreatment. Although each curve was shifted
slightly to the right, consistent with a small 8 receptor reserve,
the maximal ISO response decreased only 23% with 1 nM ISO

pretreatment, whereas the maximal NE response decreased by
62%. These results are consistent with a rapid and complete
desensitization of 8-adrenergic receptors during chronic agonist
treatment of these cultures.

Surprisingly, pretreatment with the o, agonist UK had little
or no effect on maximal a,-mediated inhibition of the response
to either forskolin or ISO. However, the concentration-response
curve for UK inhibition of the ISO response was shifted almost
5-fold to the right after pretreatment with high concentrations
of UK. This suggests the presence of a small receptor reserve,
which is reduced by chronic UK pretreatment. Thus, although
there was little or no decrease in the maximal a, inhibition,
UK pretreatment did cause some desensitization of the a»
response. In addition, pretreatment with UK increased both §-
adrenergic receptor- and forskolin-stimulated cAMP accumu-
lation, in agreement with previous studies (28-30). The mech-
anism for this apparent “sensitization” is not understood. Thus,
the a, receptors in these cultures are quite resistant to desen-
sitization, and only small effects are seen after chronic treat-
ment with high agonist concentrations.

Pretreatment with NE produced effects similar to those
caused by pretreatment with both 8- and a,-selective agonists.
The response to forskolin was increased, as was observed with
UK pretreatment. The response to ISO was decreased, and the
responses to NE and ISO plus UK decreased more, relative to
their control responses, than did that to ISO alone. Again, there
was little evidence of a, receptor desensitization with NE
pretreatment, because UK inhibition of forskolin-stimulated
cAMP response was only slightly attenuated, even at the high-
est pretreatment concentrations. Interestingly, the difference
between loss of the 8 response alone and that of the combined
B plus a, responses was substantially greater during chronic
NE pretreatment than with chronic ISO pretreatment.

Although it is feasible to measure S-adrenergic receptors in
these preparations (31), due to the lack of a suitable high
specific activity ligand it is necessary to passage the cells to
obtain sufficient material for measuring a, receptor density
(32). Because we are interested in the functional interactions
between the two receptor subtypes, and because it has been
shown that binding sites are usually lost at a substantially
slower rate than are responses, we did not measure receptor
density in these cultures. Presumably, both 8- and a,-adrener-
gic receptor binding sites would be lost relatively slowly and at
high agonist concentrations. For example, Baker et al. (31)
reported that exposure of similar cultures to 10 uM isoproter-
enol for 24 hr resulted in only an 82% loss of 8-adrenergic
receptor binding sites, whereas we found that exposure to 0.003
uM isoproterenol for 14 hr completely abolished the response
to isoproterenol.

Thus .- and 8-adrenergic receptors respond very differently
to chronic agonist exposure in this cell preparation. Using
either selective agonists or NE, B-mediated responses were
rapidly lost at very low agonist concentrations, whereas o;-
mediated responses were only slightly diminished, even at
agonist pretreatment concentrations several orders of magni-
tude higher than those necessary to completely desensitize the
B response. This differential desensitization seemed to have an
important functional consequence, in that the response to NE
(involving both # and a; components) was lost more rapidly
and at lower pretreatment concentrations than was the re-
sponse to ISO. It seems likely that this is due to a continuing
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a; inhibition occurring during loss of the 8 stimulation, result-
ing in a more dominant ratio of a, to 8 stimulation by NE in
the partially desensitized cultures.

These results demonstrate that the adrenergic receptors me-
diating the cAMP response to NE in primary glial cultures are
regulated differently in response to chronic agonist exposure,
with unexpected functional consequences for subsequent re-
sponse to NE. Further investigation of how differential regu-
lation of subtypes within each of these adrenergic receptor
families (B,, B2, Bs; aza, azB, azc) affects the response to NE will
be needed to understand the implications of responses mediated
through simultaneous activation of multiple subtypes by a
single neurotransmitter.

Acknowledgments
We thank Yu-Ping Zeng for excellent technical assistance.

References

1. Lefkowitz, R. J., and M. G. Caron. Adrenergic receptors: models for the study
of receptors coupled to guanine nucleotide regulatory proteins. J. Biol. Chem.
263:4993-4996 (1988).

2. Tate, K. M., M.-M. Briend-Sutren, L. J. Emorine, C. Delavier-Klutchko, S.
Marullo, and A. D. Strosberg. Expression of three human g-adrenergic
receptor subtypes in transfected Chinese hamster ovary cells. Eur. J.
Biochem. 196:357-361 (1991).

3. Bylund, D. B., and C. Ray-Prenger. Alpha-2A and alpha-2B adrenergic
receptor subtypes: attenuation of cyclic AMP production in cell lines con-
taining only one receptor subtype. J. Pharmacol Exp. Ther. 251:640-644
(1989).

4. Lorenz, W., J. W. Lomasney, S. Collins, J. W. Regan, M. G. Caron, and R.
J befkowntz Expresslon of three ag-adrenergic receptor subtypes in rat

lications for ay or classification. Mol. Pharmacol. 38:599-

603 (1990).

5. Minneman, K. P. a,-Adrenergic receptor subtypes, inositol phosphates and
sources of cell Ca**. Pharmacol. Rev. 40:87-119 (1988).

6. Lomasney, J. W., S. Cotecchia, W. Lorenz, W.-Y. Leung, D. A. Schwinn, T.
L. Yang-Feng, M. Brownstein, R. J. Lefkowitz, and M. G. Caron. Molecular
cloning and expression of the cDNA for the a,A-adrenergic receptor. J. Biol.
Chem. 266:6365-6369 (1991).

7. Shear, M., P. A. Insel, K. L. Melmon, and P. Coffino. Agonist-specific
refractoriness induced by isoproterenol. J. Biol. Chem. 251:7572-7576 (1976).

8. Harden, T. K., Y.-F. Su, and J. P. Perkins. Catecholamine-induced desensi-
tization involves an uncoupling of S-adrenergic receptors and adenylate
cyclase. J. Cyclic Nucleotide Res. 5:99-106 (1979).

9. Su, Y.-F., T. K. Harden, and J. P. Perkins. Catecholamine-specific desensi-
tization of adenylate cyclase: evidence for a multistep process. J. Biol. Chem.
2565:7410-7419 (1980).

10. Sibley, D. R., and R. J. Lefkowitz. Molecular mechanisms of receptor desen-
sitization using the beta-adrenergic receptor-coupled adenylate cyclase sys-
tem as a model. Nature (Lond.) 317:124-129 (1985).

11. Frangakis, M. V., and H. K. Kimelberg. Desensitization of §-receptors on
primary astrocyte cultures by norepinephrine but not by tricyclic antidepres-
sants. Brain Res. 339:49-56 (1985).

12. Motulsky, H. J., S. J. Shattil, N. Ferry, D. Rozansky, and P. A. Insel.
Desensitization of epinephrine-initiated platelet aggregation does not alter
binding to the aj-adrenergic receptor or receptor coupling to adenylate
cyclase. Mol. Pharmacol. 29:1-6 (1986).

13. Thomas, J. M., and B. B. Hoffman. Agonist-induced down-regulation of

muscarinic cholinergic and a,-adrenergic receptors after inactivation of N;
with pertussis toxin. Endocrinology 119:1305-1314 (1986).

14. Jones, S. B., S. L. Leone, and D. B. Bylund. Desensitization of the alpha-2
adrenergic receptor in HT29 and opossum kidney cell lines. J. Pharmacol.
Exp. Ther. 254:294-300 (1990).

15. McCarthy, K. D., and J. deVellis. Alpha-adrenergic receptor modulation of
beta-adrenergic, adenosine, and prostaglandin E, increased adenosine 3’,6’-
cyclic monophosphate levels in primary cultures of glia. J. Cyclic Nucleotide
Res. 4:15-26 (1978).

16. Northam, W. J., C. A. Bedoy, and P. L. Mobley. Pharmacological identifica-
tion of the a-adrenergic receptor type which inhibits the g-adrenergic acti-
vated adenylate cyclase system in cultured astrocytes. Glia 2:129-133 (1989).

17. Atkinson, B. N., and K. P. Minneman. Multiple adrenergic receptor subtypes
controlling cyclic AMP formation: comparison of brain slices and primary
neuronal and glial cultures. J. Neurochem. 56:587-595 (1990)

18. Raizada, M. K. Localization of insulin-like immunoreactivity in the neurons
from primary cultures of rat brain. Exp. Cell Res. 148:351-357 (1983).

19. Wilson, K. M,, S. Gilchrist, and K. P. Minneman. Comparison of a;-adre-
nergic receptor-stimulated inositol phosphate formation in primary neuronal
and glial cultures. J. Neurochem. 55:691-697 (1990).

20. Shimizu, H., C. R. Creveling, and J. W. Daly. A radioisotopic method for
measuring the formation of adenosine 3’,5’-cyclic monophosphate in incu-
bated slices of brain. J. Neurochem. 16:1609-1616 (1969).

21. Salomon, Y. C., C. Londos, and M. Rodbell. A highly sensitive adenylate
cyclase assay. Anal. Biochem. 58:541-548 (1974).

22. Johnson, R. D, and K. P. Minneman. Characterization of a,-adrenergic

ptors which i cyclic AMP accumulation in rat cerebral cortex.
Eur. J. Pharmacol. 129:293-306 (1986).

23. McKernan, R. M., M. J. Howard, H. J. Motulsky, and P. A. Insel. Compart-
mentation of a;-adrenergic receptors in human erythroleukemia (HEL) cells.
Mol. Pharmacol. 32:258-265 (1987).

24. Valet, P., C. Damese-Michel, B. Chamontin, D. Durand, D. Chollet, and J.
L. Montastruc. Platelet a,- and leukocyte 8;-adrenoceptors in pheochromo-
cytoma: effect of tumor removal. Eur. J. Clin. Invest. 18:481-487 (1988).

25. Motulsky, H. J., D. T. O’Connor, and P. A. Insel. Platelet a;-adrenergic
receptors in treated and untreated essential hypertension. Clin. Sci. 64:265-
272 (1983).

26. Van Calker, D., M. Muller, and B. Hamprecht. Adrenergic a- and 8-receptors
expressed by the same cell type in primary culture of perinatal mouse brain.
J. Neurochem. 30:713-718 (1978).

27. Northam, W. J., and P. L. Mobley. Clonidine inhibits the isoproterenol-
induced desensitization of the beta noradrenergic activated adenylate cyclase
system in astrocytes. Psychopharmacology 93:324-328 (1987).

28. Northam, W. J., and P. L. Mobley. Clonidine pretreatment enhances the
sensitivity of the 8-noradrenergic receptor coupled adenylate cyclase system
in astrocytes. Eur. J. Pharmacol. 113:153-154 (1985).

29. Thomas, J. M., and B. B. Hoffman. Adenylate cyclase supersensitivity: a
general means of cellular adaptation to inhibitory agonists? Trends Phar-
macol. Sci. 8:308-311 (1987).

30. Jones, S. B., and D. B. Bylund. Characterization and possible mechanisms
of az-adrenergic receptor-mediated sensitization of forskolin-stimulated
cyclic AMP production in HT29 cells. J. Biol Chem. 263:14236-14244
(1988).

31. Baker, S. P., C. Sumners, J. Pitha, and M. K. Raizada. Characteristics of the
B-adrenoceptor from neuronal and glial cells in primary cultures of rat brain.
J. Neurochem. 47:1318-1326 (1986).

32. Richards, E. M., C. Sumners, Y.-C. Chou, M. K. Raizada, and M. 1. Phillips.
ag-Adrenergic receptors in neuronal and glial cultures: characterization and
comparison. J. Neurochem. 53:287-296 (1989).

Send reprint requests to: Kenneth P. Minneman, Department of Pharmacol-
ogy, Room 5018, Rollins Building, 1510 Clifton Road, Emory University, Atlanta,
GA 30322.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



