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SUMMARY

Previous studies have demonstrated the existence of a large
receptor reserve for agonists at somatodendritic 5-
hydroxytryptamine, (5-HT,.) serotonin receptors in the raphe
nuclei of the rat. 5-HT, agonists with anxiolytic properties (e.g.,
buspirone, gepirone, and ipsapirone) display full intrinsic activity
at these receptors but are partial agonists at postsynaptic 5-
HT.a receptors, which suggests that the latter sites may be
devoid of a receptor reserve. In the present studies, this was
directly determined by examining the relationship between re-
ceptor occupancy and response at postsynaptic 5-HT,, recep-
tors, in rat hippocampus, mediating the inhibition of forskolin-
stimulated adenylyl cyclase activity, using the method of partial
irreversible receptor inactivation. Rats were treated with vehicle
or the irreversible antagonist N-ethoxycarbonyl-2-ethoxy-1,2-di-
hydroquinoline (EEDQ), and 24 hr later hippocampi were removed
for saturation analysis of [*H]8-hydroxy-2-(di-n-propylamino)-
tetralin (8-OH-DPAT) binding to 5-HT. receptors or for adenylyl
cyclase assays. EEDQ (1 and 6 mg/kg) dose-dependently re-
duced the maximal number of [2H]8-OH-DPAT binding sites by
68.5 and 80%, respectively, without altering the K. Concentra-
tion-response curves were generated for inhibition of forskolin-
stimulated adenylyl cyclase activity by 5-HT and the selective 5-
HT,. agonist N,N-dipropyl-5-carboxamidotryptamine (DP-5-CT).
EEDQ treatment dose-dependently reduced the maximal inhibi-
tory effect of 5-HT [percentage of inhibition: control, 23.6; EEDQ
(1 mg/kg), 13.4; EEDQ (6 mg/kg), 8.9], without altering either
the slope factor (1.01) or the EC5, (96.4 nm). Analogous results

were obtained with DP-5-CT [percentage of maximal inhibition:
control, 24.1; EEDQ (1 mg/kg), 15.2; EEDQ (6 mg/kg), 10.7),
again without changes in slope factor (0.89) or ECs, (9.9 nm).
Analysis of double-reciprocal plots of equieffective concentra-
tions of agonist, followed by calculation of fractional receptor
occupancy, revealed a linear relationship between receptor oc-
cupancy and response for both 5-HT and DP-5-CT (i.e.,, an
absence of receptor reserve). The receptor specificity of the
effect of EEDQ was demonstrated in two ways. First, it was
shown that pretreatment of rats with the selective 5-HT,, partial
agonist BMY 7378 (10 mg/kg) before EEDQ afforded substantial
protection (about 75%) against loss of the inhibitory effect of DP-
5-CT on forskolin-stimulated adenylyl cyclase activity. Second,
EEDQ did not alter the inhibition of forskolin-stimulated adenylyl
cyclase activity induced by the adenosine A1 receptor agonist
phenylisopropyladenosine (PIA). Because the inhibition of forsko-
lin-stimulated adenylyl cyclase activity by PIA and 5-HT in the
hippocampus appears to be mediated via a common pool of
guanine nucleotide-binding regulatory protein(s) interacting with
the same effector, EEDQ likely elicits its effects by inactivation
of the 5-HT,. receptor active site and not by interference with
intracellular proteins essential for signal transduction. The results
support the hypothesis that the differential potency and efficacy
of 5-HT,. agonists at pre- and postsynaptic 5-HT.. receptors
reflects variation in the extent of receptor reserve at the two loci,
rather than actions at different receptors.

The somewhat belated realization that nonbenzodiazepine
anxiolytic drugs (e.g., buspirone and related azapirone analogs,
such as gepirone and ipsapirone) are relatively selective ago-
nists at 5-HT, 4 receptors (1, 2) has generated much interest in
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the anatomy, physiology, and function of this serotonin recep-
tor subtype. These receptors are localized to the soma and/or
dendrites of 5-HT neurons (autoreceptors) in the midbrain
raphe nuclei and to postsynaptic targets in cortical and hippo-
campal regions, but not to 5-HT neuronal terminals (3, 4). The
somatodendritic autoreceptors regulate local inhibitory control
of neuronal firing (5, 6) and transmitter synthesis (7). Some

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; 8-OH-DPAT, 8-hydroxy-2-(di-n-propylamino)tetralin; EEDQ, N-ethoxycarbonyi-2-ethoxy-1,2-dihydro-
quinoline; DP-5-CT, N,N-dipropyi-5-carboxamidotryptamine; EGTA, ethylenebis(oxyethylenenitrilo)tetraacetic acid; PIA, phenylisopropyladenosine;
BMY 7378, 8-[2-{4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-8-azaspirol[4.5]-decane-7,9-dione dihydrochloride; G protein, guanine nucleotide-binding

regulatory protein.
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post-synaptic receptors (e.g., on hippocampal pyramidal cells)
mediate a hyperpolarizing response by increasing a K* con-
ductance (8), whereas others mediate inhibition of a forskolin-
stimulated adenylyl cyclase, whose physiological function, how-
ever, is not yet known (9, 10).

The pre- and postsynaptic 5-HT), receptors are also distin-
guished by their pharmacological properties. At somatodendri-
tic autoreceptors, the prototypical agonist 8-OH-DPAT and
the anxiolytic drugs elicit comparable degree: <f maximal elec-
trophysiological (6, 11, 12) and biochemical ‘*3) response; in
contrast, the latter agents appear to be partial agonists at
postsynaptic 5-HT, 4 receptors, relative to the full or nearly full
agonist 8-OH-DPAT (10, 12, 14).

We have previously demonstrated (13) the presence of a large
receptor reserve for agonists at the somatodendritic 5-HTa
autoreceptor and proposed that this explains why 8-OH-DPAT
and the anxiolytic drugs display equivalent intrinsic activities
for agonist inhibition of 5-HT synthesis mediated by these
autoreceptors. On the other hand, the partial agonist properties
of buspirone and the other anxiolytics for eliciting functional
responses mediated by postsynaptic 5-HT,. receptors (see
above) suggest that there is little or no receptor reserve for
agonists at these sites. It is relevant to note that an analogous
pharmacological distinction of responses mediated by pre- and
postsynaptic D2 dopamine receptors in the nigrostriatal system
has been clarified as being due to the differential presence of a
receptor reserve at pre- but not postsynaptic dopamine recep-
tors (15, 16). In the present studies, we determined the extent
of receptor reserve at the postsynaptic 5-HT;, receptor, in rat
hippocampus, mediating inhibition of forskolin-stimulated ad-
enylyl cyclase. As predicted, there appears to be no receptor
reserve for this effect, and functional response is linearly re-
lated to receptor occupation.

Experimental Procedures

Materials. EEDQ, DP-5-CT, and PIA were purchased from Re-
search Biochemicals, Inc. (Natick, MA). §-HT, GTP, ATP, cAMP,
EGTA, EDTA, dithiothreitol, phosphocreatine, creatine phosphoki-
nase, and adenosine deaminase were obtained from Sigma Chemical
Co. (St. Louis, MO). Forskolin was obtained from Calbiochem (San
Diego, CA). [*H]8-OH-DPAT (specific activity, 110 Ci/mmol) was
obtained from Research Products International Corp. (Mt. Prospect,
IL), whereas [a-?P]ATP (specific activity, 30 Ci/mmol) and [*H]cAMP
(specific activity, 30.5 Ci/mmol) were from NEN Research Products
(Wilmington, DE). All other reagents were of the highest chemical
purity commercially available.

Drug treatments and tissue preparation. Male Sprague-Dawley
rats (180-280 g; Harlan Labs, Indianapolis, IN) were treated with
EEDQ (1 or 6 mg/kg, subcutaneously) or vehicle 24 hr before sacrifice.
In some cases, rats were treated with BMY 7378 (10 mg/kg, subcuta-
neously) 30 min before EEDQ or vehicle. Animals were sacrificed by
decapitation, and the entire hippocampus was dissected on ice and
either stored at —80° for receptor binding assays or homogenized
immediately for adenylyl cyclase assays. Tissues were homogenized
(Teflon-glass) in STEED buffer containing 0.32 M sucrose, 20 mM
Tris-HCl, 5 mM EDTA, 1 mM EGTA, and 5§ mM dithiothreitol, pH 7.4,
further diluted 8-fold in STEED buffer, and centrifuged at 39,000 X g
for 10 min at 0°. The supernatant was discarded, and the pellet was
reconstituted in 40 volumes of cold STEED buffer and stored frozen
at —80° until used in the adenylyl cyclase assay.

Adenylyl cyclase assay. Inhibition of forskolin-stimulated aden-
ylyl cyclase by activation of 5-HT,. and adenosine Al receptors was
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carried out as described by Zgombick et al. (17). Aliquots (50 ul) of
membrane homogenate were added to tubes containing 200 ul of
reaction mixture (pH 7.4), which had been preincubated at 30° for 5
min. The reaction mixture consisted of (in mM) forskolin, 0.01; Tris-
HCI, 80; NaCl, 100; GTP, 0.01; cAMP, 2; ATP, 0.2; sucrose, 60; EGTA,
0.2; EDTA, 1; dithiothreitol, 1; magnesium acetate, 2; and phospho-
creatine, 5; plus 2 units/ml adenosine deaminase, 1 uCi of [«-**P]ATP,
and various concentrations of drugs. The tubes were incubated for an
additional 5 min at 30°, and the reaction was terminated by addition
of 100 ul of 2% (w/v) sodium dodecyl sulfate. After the addition of
approximately 20,000 cpm of [*H]JcAMP, to monitor the recovery of
[**P]cAMP, the tubes were placed in a boiling water bath for 5 min.
The tubes were allowed to cool for 1 hr, and cAMP was purified by
sequential elution from Dowex AG 50W-X4 (200-400 mesh) and alu-
mina (activity grade 1, type WN-3 neutral) columns. Radioactivity was
measured by liquid scintillation counting.

[*H]8-OH-DPAT binding assay. Saturation binding studies were
performed using a modification of the method of Hall et al. (18).
Hippocampal tissues were homogenized in cold buffer (50 mM Tris-
HC], 2 mM EGTA, pH 7.4) with a Brinkmann Polytron. Additional
buffer was added (total volume, 40 ml), and the homogenates were
centrifuged at 39,000 X g for 10 min. The pellet was resuspended and
centrifuged again, and the second pellet was resuspended in 40 ml of
assay buffer (50 mM Tris-HCl, 5 mm MgSO,, 2 mM EGTA, 10 uM
pargyline, 0.01% ascorbic acid, pH 7.7) and incubated at 37° for 10
min, to remove endogenous 5-HT (19). After centrifugation, the final
pellet was resuspended in assay buffer (100 volumes), and 0.8 ml of the
suspension was distributed to assay tubes. After addition of 0.1 ml of
[*H]8-OH-DPAT (12 concentrations, 0.1-10 nM) and 0.1 ml of buffer
or 10 uM 5-HT, to define nonspecific binding, the tubes were incubated
for 10 min at 37°, followed by rapid filtration (Brandel cell harvester)
over Whatman GF/B filters. The filters were washed three times (50
mM Tris-HC], pH 7.4), and radioactivity on the filters was measured
by liquid scintillation counting. Binding data were analyzed with the
RS/1 data analysis software package (BBN Software Products, Cam-
bridge, MA).

Data analysis. Concentration-response curves for 5-HT and DP-
5-CT inhibition of forskolin-stimulated adenylyl cyclase in hippocam-
pus of vehicle- and EEDQ-treated rats were simultaneously analyzed
for best fit, using the ALLFIT program (20), as described previously in
detail (13, 15). In brief, curves were analyzed without initial constraints
and with successive constraint of the fits to share a common slope
factor, ECs, and maximal response. Minimal response (response at
zero drug concentration) was set to a constant (100% of control) for all
curves. The analysis that permitted the largest number of shared
constraints without a significant degradation in fit was chosen as the
best fit. The agonist dissociation constants (K,) for 5-HT and DP-5-
CT inhibition of forskolin-stimulated adenylyl cyclase were obtained
by the method of Furchgott and Bursztyn (21), using the equation

1 __1 ,1-gq
(4] qlA’]  gK4

No Spare Receptors for 5-HT,,-Mediated Adenylyl Cyclase

where [A] is the concentration of agonist necessary to produce a
particular level of response before inactivation, [A’] is the concentra-
tion needed to produce the same response after inactivation, and q is
the fraction of remaining intact receptors. K, values were obtained by
plotting the reciprocals of the equieffective concentrations of agonist
after inactivation, 1/[A’], against the reciprocals of the concentrations
before inactivation, 1/[A], for each pair of concentration-response
curves. The equieffective concentrations were determined at five levels
of response (30, 40, 50, 60, and 70% of the maximum effect after EEDQ
treatment) (13, 15), from the ALLFIT-derived best-fit concentration-
response curves. Each resulting straight line had a slope of 1/q and K,
equal to (slope — 1)/y-intercept.

The K, values were used to calculate fractional receptor occupancy
(f) at a particular concentration [A], from the law of mass action:
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f = [RA)/[RA] = [A]/K,4 + [A]

where [RA) is the concentration of receptor-agonist complex and [R7]
is the initial (total) concentration of active receptors. Fractional recep-
tor occupancy at a particular concentration was then plotted against
fractional response at that concentration (obtained from the control
best-fit concentration-response curve).

Results

Effects of EEDQ on forskolin-stimulated adenylyl cy-
clase. EEDQ treatment (1 or 6 mg/kg) did not significantly
modify basal adenylyl cyclase activity in hippocampal mem-
branes [pmol/mg of tissue/min, mean + standard error (num-
ber of experiments): vehicle, 1.08 + 0.09 (3); 1 mg/kg EEDQ,
1.03 £+ 0.07 (4); 6 mg/kg EEDQ, 1.01 + 0.04 (4)]. Forskolin (10
uM)-stimulated adenylyl cyclase was likewise unaltered by
EEDQ treatment [pmol/mg of tissue/min, mean + standard
error (number of experiments): vehicle, 6.01 + 0.16 (3); 1 mg/
kg EEDQ, 6.52 + 0.34 (4); 6 mg/kg EEDQ, 6.04 + 0.32 (4)].

Effects of EEDQ on [°H]8-OH-DPAT binding to 5-
HT,. receptors in rat hippocampal membranes. Treat-
ment of rats with 1 and 6 mg/kg EEDQ resulted in a dose-
dependent reduction in the maximal number of binding sites
(Bnma:) for [*H]8-OH-DPAT, without altering the affinity of the
ligand (K,) (Table 1). EEDQ treatment (1 and 6 mg/kg) reduced
the maximal number of binding sites to 31.5 and 20% of control,
respectively.

Effects of partial irreversible receptor inactivation by
EEDQ on inhibition of forskolin-stimulated adenylyl
cyclase by 5-HT and DP-5-CT. In vehicle-pretreated rats,
5-HT maximally inhibited forskolin-stimulated adenylyl cy-
clase in hippocampal membranes by 23.6%, with an EC;, of
96.4 nM (Fig. 1). In membranes taken from rats treated 24 hr
earlier with EEDQ (1 and 6 mg/kg), simultaneous ALLFIT
analysis indicated that the slope factor (1.01) and ECs, (96.4
nM) could be shared without a significant worsening of the fit;
constraining the curves to share a common maximal response,
however, resulted in a much poorer fit (p < 0.001). The ALL-
FIT-derived maxima after 1 and 6 mg/kg EEDQ were 13.4 and
8.9% (corresponding to 57 and 38% of the maximal response
obtained in vehicle controls), respectively. Qualitatively anal-
ogous results were obtained when the selective full 5-HT),,
agonist DP-5-CT was used (Fig. 2). Maximal inhibition was
reduced from 24.1% in controls to 15.2 and 10.7% after 1 and
6 mg/kg EEDQ, respectively (corresponding to 63 and 44% of
the maximal vehicle response, respectively). Neither the slope
factor (0.89) nor the ECs (9.9 nM) was altered by receptor
inactivation. It should be noted that each dose of EEDQ had a
more marked effect in reducing the binding of [*H]8-OH-DPAT
than in reducing the maximal functional response (see Discus-
sion). These results, revealing a dose-dependent reduction in

TABLE 1
Effects of EEDQ on [*H]8-OH-DPAT saturation binding parameters

Bndngof[‘H]S—OH—DPATtohippownpdmwascamedoutasde-
in Experimental Procedures. Each value is the mean + standard error of

four determinations.
Treatment Kq Brmax
M fmol/mg of protein
Vehicle 1.52 + 0.04 232 +7
EEDQ, 1 mg/kg 1.57 £ 0.08 73 + 2 (—68.5%)
EEDQ, 6 mg/kg 1.70 £ 0.23 37 + 2 (—80%)
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Fig. 1. Concentration-response curves for 5-HT inhibition of forskolin-
stimulated adenylyl cyclase activity in rat hippocampal membranes. Best-
fit curves (solid lines) are derived from simuitaneous ALLFIT analysis in
which all three data sets, when constrained to a constant minimum
response (100% of control) and shared slope factor and ECs,, did not
differ significantly (p > 0.05) from other fits in which fewer parameters
were constrained to be shared. Significant (p < 0.001) differences in
maximal response were obtained, however (57 and 38%, relative to
vehicle control, after 1 and 6 mg/kg EEDQ, respectively). In this and all
subsequent figures, each point is the mean + standard error of three
separate determinations.
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Fig. 2. Concentration-response curves for DP-5-CT inhibition of forskolin-
stimulated adenylyl cyclase activity. The data were subjected to the

same constraints as described in the legend to Fig. 1. Maximal responses
after 1 and 6 mg/kg EEDQ were 63 and 44%, respectively.
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maximal response without an alteration in the EC;,, are con-
sistent with a postulated absence of receptor reserve (16, 22).
Relationship between receptor occupancy and re-
sponse. Concentration-response curves obtained for each ag-
onist in EEDQ- and vehicle-treated rats were subjected to
analysis by the double-reciprocal method of Furchgott and
Bursztyn (21). Equieffective agonist concentrations of 5-HT
and DP-5-CT needed to elicit a series of identical levels of
response in control and EEDQ-treated rats were plotted and
are shown in Figs. 3 and 4. The g values (fraction of remaining
active receptors after EEDQ treatment) obtained are in very
good agreement with the level of maximal response obtained
after each corresponding dose of EEDQ (see above). Further-
more, for each agonist, the calculated dissociation constant
(K,) (concentration required to occupy 50% of the receptors)
was essentially identical, regardless of which EEDQ curve (1
or 6 mg/kg) was used in its determination. Because the K,
values are very similar to the corresponding EC;, values for
each agonist (Figs. 1 and 2), it is apparent that half-maximal
response occurs at approximately half-maximal receptor occu-
pancy, i.e., the relationship between receptor occupancy and
response is linear. This is evident in Fig. 5, where the K, values
obtained were used to calculate fractional receptor occupancy
for each concentration of agonist and were plotted against
fractional response obtained at that concentration. The results
reveal that there is a linear relationship, for both 5-HT and
DP-5-CT, between occupancy and response at postsynaptic rat
hippocampal 5-HT,;, receptors negatively coupled to adenylyl
cyclase and, therefore, an absence of receptor reserve. Half-
maximal response occurred at 50.2 and 47.7% receptor occu-
pancy for 5-HT and DP-5-CT, respectively. In contrast, a steep
hyperbolic relationship, indicative of a large receptor reserve,
was obtained previously (13) for the full agonist 8-OH-DPAT

0.10 . . .
EEDQ 1
q=0.57
. K,=95.3 nM
=
[ =
-
T o005}
Qe
S
~N
EEDQ 6
q=0.38
K,=95.6 nM
o.oo a A 2 A
0.00 0.01 0.02 0.03

1/A' (5=HT, nM)

Fig. 3. Double-reciprocal plots of equieffective concentrations of 5-HT
required to elicit response at five levels of effect (30-70% of the maximal
response) in paired vehicle and EEDQ curves at each dose of EEDQ.
Note that g values (fraction of remaining active receptors) were very
similar to fractional maximal response after each EEDQ dose; likewise,
Ka values agreed well not only for each dose of EEDQ but also with the
ALLFIT-derived EC;, value (Fig. 1).
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Fig. 4. Double-reciprocal plots for DP-5-CT. As for the 5-HT data, q
values agreed well with fractional maximal response after each dose of
EEDQ, and calculated K, values were close to the ALLFIT-derived ECs,
(Fig. 2).
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Fig. 5. Relationship between receptor occupancy and response for 5-
HT and DP-5-CT inhibition of forskolin-stimulated adenytyl cyclase activ-
ity. Fractional receptor occupancy (f) for the agonists was calculated
from the law of mass action (f = [A]/Ka + [A]), using the average K,
values obtained in the double-reciprocal plots (Figs. 3 and 4) and the
corresponding ALLFIT-derived vehicle concentration-response curves
(Figs. 1 and 2), as described in Experimental Procedures. The data points
for 5-HT and DP-5-CT were subjected to least squares regression
analysis. The data for in vivo 8-OH-DPAT inhibition of 5-hydroxytrypto-
phan accumulation mediated by somatodendritic 5-HT,. autoreceptors
are taken from Ref. 13.
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at somatodendritic 5-HT,, autoreceptors controlling the syn-
thesis of 5-HT in rat hippocampus, as shown for comparison.
Specificity of the effect of EEDQ at 5-HT,, receptors
mediating inhibition of forskolin-stimulated adenylyl
cyclase. EEDQ irreversibly inactivates subtypes of dopamine,
a-adrenergic, and, at higher doses, muscarinic (23) and benzo-
diazepine (24) receptors, in addition to 5-HT receptors. Fur-
thermore, EEDQ also has the potential (although usually rather
low; see Refs. 25 and 26) to inactivate nonspecifically intracel-
lular proteins (e.g., G proteins and/or effectors) that are crucial
to the generation of the functional response of interest. Wher-
ever possible, therefore, it is highly desirable to establish that
the effects of EEDQ in a particular functional assay are re-
stricted to inactivation of the receptor site in question. Previ-
ously, we demonstrated (13) that selective protection of soma-
todendritic 5-HT,» autoreceptors by pretreatment with the
partial agonist BMY 7378 (27) prevented the EEDQ-induced
loss of inhibition of 5-hydroxytryptophan accumulation pro-
duced by either 8-OH-DPAT or buspirone. In a similar fashion,
occlusion of 5-HT,. receptors by treatment with BMY 7378
(10 mg/kg) before EEDQ (6 mg/kg) resulted in a significant
protection (about 75%) of the ability of DP-5-CT to inhibit
forskolin-stimulated adenylyl cyclase activity (Fig. 6). BMY
73178 pretreatment alone did not significantly alter the concen-
tration-response curve for DP-5-CT. These results suggest that
the effect of EEDQ in reducing the ability of the agonists to
inhibit forskolin-stimulated adenylyl cyclase activity is due to

100
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% of Control Forskolin—Stimulated
Adenylate Cyclase Activity
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Fig. 6. Protection of DP-5-CT inhibition of forskolin-stimulated adenylyl
cyclase activity by pretreatment with BMY 7378. All four curves were
analyzed simultaneously by ALLFIT. The solid lines show the data
conservatively fit to a constant minimum response (100% of control) and
a shared slope factor (0.89), which yielded small variations in ECs, (range,
8.7-14.3 nm) and differences in maximal response (range, 10.3-24.9%
inhibition). The data could be further constrained to share a common
ECso (10.7 nm), and the vehicle/vehicle and BMY/vehicle curves could
be constrained to share a common maximum (24.2% inhibition) without
a significant increase in the residual variance for the fit (o > 0.05). The
protection afforded by BMY 7378 (about 75%) was not complete,
however, because the BMY/EEDQ curve maximum was significantly
different from that of the vehicle/vehicle and BMY/vehicle curves (p <
0.001). Veh, vehicle.

the specific covalent modification of the 5-HT), receptor bind-
ing site.

Additional evidence for the hypothesis described above was
obtained by examining the effect of EEDQ on the PIA-induced
inhibition (via activation of adenosine A1l receptors) of forsko-
lin-stimulated adenylyl cyclase. The inhibitory effects of both
PIA and 5-HT on this enzyme in the hippocampus appear to
be mediated by a common pool of G protein(s) acting through
a common effector (18). EEDQ treatment (6 mg/kg) did not
significantly affect PIA-induced inhibition of forskolin-stimu-
lated adenylyl cyclase activity (Fig. 7). Although the effects of
EEDQ on adenosine A1 receptor binding were not determined,
these results suggest that EEDQ does not inactivate these
receptors. Furthermore, because the functional response to PIA
was not altered, it may be inferred that in vivo EEDQ treatment
does not alter either the G protein(s) or effector moieties that
couple to adenosine Al and 5-HT) receptors and mediate the
inhibition of forskolin-stimulated adenylyl cyclase activity (18).

Discussion

From the data presented above, there is no apparent receptor
reserve for 5-HT,. receptor-mediated inhibition of forskolin-
stimulated adenylyl cyclase activity in rat hippocampus. This
conclusion derives from the observation that for both agonists,
after two different levels of receptor inactivation (1 and 6 mg/
kg EEDQ), the calculated agonist dissociation constants were
in excellent agreement with the experimental ECs, values (5-
HT: ECs, 96.4 nM; K,, 95.3 and 95.6 nM, respectively; DP-5-
CT: ECs, 9.9 nM; K, 11.2 and 10.8 nM, respectively). Thus,
the concentration of each agonist that elicited half-maximal
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Fig. 7. Effect of EEDQ on PIA inhibition of forskolin-stimulated adenylyl
cyclase activity. For pictorial reasons, the curve fits shown are the result
of constraint to a constant minimum response at zero concentration
(100% of control) and a shared slope factor (0.79). However, ALLFIT
analysis indicated that the two curves could share all four parameters
(minimum and maximum response, slope factor, and ECso) without a
significant degradation in fit (i.e., all the points could be considered to

to the same data set) (slope factor, 0.80; ECso, 38.9 nm; maxi-
mum, 36.3% inhibition).
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response was indistinguishable from that required to occupy
50% of the functionally relevant receptors. Furthermore, there
was also very good agreement between the percentage of control
maximal effect (E..,) attained after receptor inactivation and
the calculated percentage (g X 100) of remaining active recep-
tors [5-HT: E...,, 57 and 38%; q X 100, 57 and 38% (1 and 6
mg/kg EEDQ, respectively); DP-5-CT: E.,,.,, 63 and 44%; q X
100, 58 and 38% (1 and 6 mg/kg EEDQ, respectively)]. Both of
these features are hallmarks of the absence of receptor reserve
(22). Taken together with our previous findings of a large
receptor reserve for somatodendritic 5-HT,, autoreceptor-me-
diated inhibition of serotonin synthesis (13), the results support
the hypothesis that the differential potency and efficacy of
various agonists to elicit responses mediated by these receptors
reflect differences in the efficiency of receptor/effector coupling
(i.e., receptor reserve) at these loci. Partial agonists can display
full intrinsic activity (maximal apparent response) in the pres-
ence of a receptor reserve (13, 21, 22). Thus, 5-HT;, agonists
such as buspirone, gepirone, and ipsapirone are able to inhibit
potently and completely the firing of 5-HT neurons in the
raphe nuclei (5, 6, 11, 12) after systemic or iontophoretic
administration, similar to the effects of 5-HT and the full
agonist 8-OH-DPAT, but display partial agonist properties at
postsynaptic sites in the hippocampus (12, 28). The inhibition
of neuronal firing by serotonin appears to be mediated by the
activation of a pertussis toxin-sensitive K* conductance in both
brain regions (29-31). Because buspirone, gepirone, and ipsa-
pirone act as partial agonists for opening K* channels in the
hippocampus (29), it appears likely that there is a difference in
the extent of receptor reserve between the dorsal raphe and the
hippocampus, even for this identical membrane electrical effect.
Similarly, the ability of these agonists to inhibit maximally and
equivalently autoreceptor-mediated 5-HT synthesis (13), but
to exhibit partial agonist effects on forskolin-stimulated aden-
ylyl cyclase activity in the hippocampus (10), is also consistent
with a differential receptor reserve.

It is also of interest to note that certain behavioral effects of
5-HT,. agonists (elicitation of components of the serotonin
syndrome) appear to be mediated via activation of postsynaptic
5-HT\a receptors (32). Although the precise anatomic locus of
the receptors responsible for the‘ behavioral effects, or the signal
transduction mechanism(s) they are coupled to, is not known,
it has been shown that buspirone, gepirone, and ipsapirone are
partial agonists for elicitation of the serotonin syndrome (33,
34). It may, therefore, be inferred that, regardless of the second
messenger system(s) utilized to effect the behavioral responses,
it is likely that the relevant receptors exhibit little or no
receptor reserve for agonists.

The discrepancy between the extent of reduction of 5-HT,,
receptor binding sites labeled by [°’H]8-OH-DPAT and the
percentage of reduction in maximal functional response after
EEDQ treatment deserves some comment. EEDQ reduced the
B,..x for [*H]8-OH-DPAT to 31.5 and 20% of control after 1
and 6 mg/kg, respectively (Table 1). In contrast, these same
doses of EEDQ reduced the maximal response for 5-HT and
DP-5-CT inhibition of forskolin-stimulated adenylyl cyclase
activity to 57-63 and 38-44% of control, respectively (Figs. 1
and 2). A priori, a comparison of the binding and functional
data would suggest that there is some degree of nonlinearity
between occupancy and response for inhibition of forskolin-
stimulated adenylyl cyclase activity, because 57-63% of maxi-
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mal functional response can be obtained in the presence of
31.5% of the total complement of receptors. Likewise, 38-44%
of the maximal response can be obtained with only 20% of the
receptor binding sites. Interestingly, Creese and colleagues (25,
35) have compared EEDQ-induced loss of D1 dopamine recep-
tor binding sites and D1-stimulated adenylyl cyclase in rat
striatum and found a similar discrepancy, a greater reduction
in binding sites than in functional response at each dose of
EEDQ. They concluded that this provided evidence for spare
receptors, despite the fact that, as in our data described above,
there appeared to be no significant alteration in the EC;, for
the agonist (35), which would be expected in the presence of a
receptor reserve (22). We previously investigated this issue and
corroborated the lack of a shift in ECs for D1-stimulated
adenylyl cyclase activity (36); furthermore, analysis of those
data by the Furchgott method (rather than by comparison with
changes in receptor binding density) indicated the absence of
receptor reserve for this response (36). It has been pointed out
by Kenakin (37) that there are inherent potential errors intro-
duced by directly comparing changes in radioligand receptor
binding density with changes in functional response. Alterna-
tively, there may be either a small receptor reserve or small
deviations from linearity in the relationship between receptor
occupancy and response, whose importance tends to be reduced
by the curve-fitting analyses because small differences in ECs,
are statistically nonsignificant. Another possibility is that, be-
cause not all 5-HT,, receptors in the hippocampus are coupled
to adenylyl cyclase, a preferential inactivation by EEDQ of
non-cyclase-linked receptors would result in a larger reduction
in B, than in E,... However, we have no evidence for such
an effect.

It is worth pointing out here that both somatodendritic and
postsynaptic 5-HT, , receptors are coupled to their effectors via
pertussis-toxin sensitive G proteins (38, 39). It is highly likely
that differences in receptor reserve reflect mechanistic differ-
ences in one or more factors crucial to efficient signal trans-
duction, including (but not limited to) 1) the nature of the G
protein and its coupling affinity for the receptor; 2) the sto-
chiometric relationship between receptor, G protein, and effec-
tor; and 3) the nature of the effector. We have recently shown
that, in systems displaying a large receptor reserve for agonists,
partial G protein inactivation with pertussis toxin produced
changes in agonist dose-response curves that were analogous
to those brought about by partial receptor inactivation (40).
That is, for full agonists the dose-response curves were sub-
stantially shifted to the right, with only small reductions in
maximal effect (i.e., there appeared to be a “G protein reserve”).
Thus, receptor/G protein stochiometry appears to be an im-
portant factor in determining receptor/effector coupling effi-
ciency. It would be reasonable to predict, therefore, that in
systems devoid of receptor reserve (as is apparently the case
for 5-HT,s receptor-mediated inhibition of forskolin-stimu-
lated adenylyl cyclase activity) there should also be little G
protein reserve. That this is indeed the case is borne out by the
work of Clarke et al. (39), who previously demonstrated that
pertussis toxin reduced the maximal response for 5-HT inhi-
bition of forskolin-stimulated adenylyl cyclase activity in rat
hippocampus without alteration in the ECso. Together with the
present data, this supports the idea that there is a correlation
between receptor reserve and G protein reserve (40).

In summary, we have demonstrated here that there is little

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


http://molpharm.aspetjournals.org/

PHARM

aspet.’

1072

Yocca et al.

or no apparent receptor reserve for 5-HT,, receptor-mediated
inhibition of forskolin-stimulated adenylyl cyclase activity in
rat hippocampus, whereas, in contrast, earlier work established
the existence of a large receptor reserve at the somatodendritic
5-HT, . autoreceptor in the raphe nuclei. Collectively, the re-
sults appear to explain the differences in potency and efficacy
of various agonists at these sites to elicit functional responses.
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