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SUMMARY

The present study investigates the comparative repopulation
kinetics of 5-hydroxytryptamine (5-HT)a, 5-HT1g, and 5-HTza
receptors in rat cortex homogenates after irreversible receptor
inactivation by N-ethoxycarbonyi-1,2-ethoxydihydroquinoline.
Adult male rats were administered a single subcutaneous dose
of vehicle (1:1 ethanol/water) or N-ethoxycarbonyi-1,2-ethoxy-
dihydroquinoline (10 mg/kg), and the recovery of 5-HT receptor
subtypes was measured at various times after injection (4-336
hr). Despite comparable CONtrol By, values for 5-HT,, (84 + 2
fmol/mg of protein) and 5-HT.s (94 + 4 fmol/mg) subtypes,
marked differences were noted in their 1) receptor production
rates (r = 0.349 versus 0.235 fmol/mg of protein/hr), 2) receptor
degradation rate constants (k = 0.0056 versus 0.0033 hr'), and
3) half-lives of receptor recovery (124.1 versus 212.5 hr). For 5-
HT., receptors, both r and k for agonist [(+)-12,5-dimethoxy-
4-['lJiodophenyl)-2-aminopropane]- or antagonist ([*H]ketan-

serin)-labeled sites were markedly greater than the respective
values for the 5-HT, subtypes. In addition, the significantly dif-
ferent Bmex values for t- versus antagonist-labeled 5-HT,
receptors (79 + 4 versus 206 + 10 fmol/mg) were reflected
exclusively as a 2.6-fold difference in receptor production rates,
because degradation rate constants (k) were identical. Moreover,
the stoichiometry of agonist-labeled to antagonist-labeled 5-HT 2.
receptors was not altered at any time point during recovery.
These data indicate that 1) comparable receptor steady state
Bmex values for 5-HT receptor subtypes may be due to markedly
different receptor kinetic parameters (r and k), 2) differences in r
and k are greater between 5-HT receptor families (i.e., 5-HT,
versus 5-HT) than among subtypes within a family (i.e., 5-HT1a
versus 5-HTg), and, 3) despite marked changes in 5-HT 4 recep-
tor density, the percentage of receptors in the agonist-labeled,
high affinity state is maintained.

Regulation of receptor density and/or sensitivity plays an
important role in modulating neurotransmission in the central
nervous system. Changes in receptor density occur during de-
velopment, in the pathophysiology of psychiatric disorders, and
in response to therapeutic interventions in these psychiatric
disorders. However, the underlying kinetic mechanisms respon-
sible for increases or decreases in receptor density have not
often been elucidated.

For example, although the density of most 5-HT receptor
subtypes is regulated during development, receptor density does
not always seem to correspond to alterations in mRNA levels
(1-5). In addition to the developmental regulation of receptor
numbers, altered density and/or sensitivity of specific central
nervous system 5-HT receptor subtypes have also been impli-

This study was supported in part by the Loyola University Potts Foundation
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cated in the pathophysiology of several psychiatric disorders,
including aggressiveness, panic disorders, obsessive-compulsive
disorders, anxiety, depression, and suicidal behavior (6). How-
ever, information regarding the mechanisms by which receptors
are altered in these disorders is limited. Likewise, successful
therapeutic approaches to these disorders have involved 5-HT
receptor-selective drugs that themselves produce marked
changes in receptor number and/or sensitivity, thus presumably
restoring normal serotonergic neurotransmission. However,
whereas treatment-induced influences on receptor density have
been extensively documented, little is known about the mech-
anistic processes through which different classes of serotonergic
drugs change the density of 5-HT receptor subtypes.

Classical receptor theory predicts receptor up-regulation in
response to conditions that prevent receptors from being acti-
vated, such as denervation or chronic antagonist treatment.
Conversely, receptor down-regulation often occurs in response

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine (serotonin); EEDQ, N-ethoxycarbonyl-1,2-ethoxydihydroquinoline; DO, (+)-1+2,5-dimethoxy-4-iodo-
phenyl)-2-aminopropane; 8-OH-DPAT, 8-hydroxy-2-(dipropylamino)tetralin; ICYP, iodocyanopindolol; ANOVA, analysis of variance.

11

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

aspet

1112  Pinto and Battaglia

to conditions in which receptors are persistently activated, such
as monoamine uptake blockade or chronic agonist exposure.
However, 5-HT receptor density is frequently regulated in an
anomalous fashion, with no consistent compensatory changes
in response to agonists or antagonists (7, 8). Moreover, although
changes in functional parameters seem to generally parallel
changes in receptor density (9, 10), mRNA levels are not
consistently altered (11-14).

Although most studies have measured changes in receptor
density at steady state levels (i.e., Bn.,), receptor density ac-
tually reflects the net effect of the underlying turnover kinetics
for a receptor population. That is, receptor density at any time
(i.e., steady state receptor density, or [Bma]e) i8 not a static
phenomenon but is a consequence of two processes, receptor
production and receptor degradation (15). Changes in receptor
steady state levels, therefore, can occur as a consequence of
altered rates of receptor production, receptor degradation, or
both. For example, the decreased density of 5-HT,, receptors
in aged Fisher 344 rats, compared with young adult rats, was
shown to be the result of reductions in both receptor production
and degradation rates (16). Some implications of the kinetic
model of receptor regulation are that 1) changes in both recep-
tor production and degradation processes may offset each other,
producing no net change in receptor steady state levels, and 2)
treatments that produce identical changes in receptor density
may do so by differentially influencing either receptor produc-
tion or degradation. However, whereas increases or decreases
in receptor density have been reported after pharmacological
activation or antagonism (17, 18), only a limited number of
studies have attempted to examine the receptor kinetic mech-
anisms by which pharmacological agents induce receptor reg-
ulation (19-22). Therefore, examining the turnover kinetics of
receptors may elucidate mechanisms of normal regulation as
well as treatment-induced changes of 5-HT receptor subtypes
that do not generally follow the classical model of receptor
regulation.

Investigation of receptor turnover can be accomplished by
monitoring receptor recovery after irreversible inactivation and
using these data to determine the receptor production rate
constant (r), the receptor degradation rate constant (k), and
the half-life of receptor recovery (t4x). We have recently dem-
onstrated that EEDQ can dose-dependently and irreversibly
inactivate various 5-HT receptor subtypes and that a time-
dependent receptor repopulation occurs (23). EEDQ is known
to activate carboxyl groups at or near the ligand recognition
site of the receptor. These activated carboxyl groups then cross-
link with accessible free nucleophilic groups (e.g., free a-NH,
-OH, or -SH), presumably present at the ligand recognition
site, thus irreversibly inactivating the receptor (24). Because a
single 10 mg/kg dose of EEDQ can produce >75% reduction in
5-HT receptor Bn.. (23), EEDQ serves as a useful tool to
investigate the comparative basal turnover of various serotonin
receptor subtypes.

The present study investigates the comparative turnover
kinetics of 5-HT receptors, both within a family (5-HT;. and
5-HT,g) and between different families (i.e., 5-HT, versus 5-
HT,), in pharmacologically naive rats. In addition, we examine
the turnover kinetic parameters for the same receptor (i.e., 5-
HT..) labeled with an agonist or an antagonist. The present
study provides data on the “basal” turnover of these 5-HT
receptor subtypes, to establish similarities or differences in the

kinetic parameters that dictate the steady state levels of these
receptors. These data on the basal kinetic parameters for
various 5-HT receptor subtypes may prove useful in subsequent
studies investigating treatment-induced changes in densities of
these 5-HT receptor subtypes.

Materials and Methods

Chemicals

EEDQ was obtained from Aldrich Chemical Co. (Milwaukee, WI).
DOI was purchased from Research Biochemicals (Natick, MA). [*H]8-
OH-DPAT (1629 Ci/mmol), [*H]ketanserin (60.02 Ci/mmol),
(**1JICYP (2200 Ci/mmol), and ['*I]DOI (2200 Ci/mmol) were all
obtained from New England Nuclear (Boston, MA). All other chemicals
were obtained from Sigma Chemical Co. (St. Louis, MO).

Drug Administration

Adult, male, Sprague-Dawley rats (250-300 g; Zivic Miller, Zelieno-
ple, PA) were housed two/cage in a temperature-controlled (22-25°)
environment with a 12-hr light-dark cycle. Food and water were avail-
able ad libitum. On the day of the experiment, rats were weighed and
injected subcutaneously with either vehicle (ethanol/water, 1:1, v/v) or
freshly dissolved EEDQ at a dose of 10 mg/kg of body weight. EEDQ-
treated animals were sacrificed by decapitation, at various time points
after injection (4, 24, 72, 120, 168, 240, and 336 hr). Vehicle-treated
control rats were sacrificed at 4 and 336 hr after injection. Brains were
collected in ice-cold 0.9% saline solution, and left and right cerebral
cortices were quickly dissected out over ice. Tissue was inserted into
cryotubes, frozen in liquid nitrogen, and stored at —70° until assayed.

Tissue Preparation

Cortical tissue was weighed, thawed, and homogenized (maximum
setting, 10 sec) in a Tekmar tissumizer in 50 volumes of ice-cold 50
mM Tris- HCI buffer, pH 7.4 at room temperature. The homogenate
was centrifuged (30,000 X g at 4°) for 15 min, and the pellet was
resuspended in 50 volumes of the same buffer. After subsequent cen-
trifugation and resuspension, the pellet was resuspended to a final
concentration of 30 mg of original wet weight/ml, in 50 mM Tris- HCI]
buffer containing 10 mM MgSO, and 0.5 mM EDTA.

Radioligand Binding Assays

All assays were performed in 50 mM Tris buffer, pH 7.7 at 23°,
containing 10 mM MgSO,, 0.5 mM EDTA, 0.02% ascorbic acid, and 10
uM pargyline. Assays were initiated by the addition of tissue and were
allowed to reach equilibrium before being rapidly filtered through
Whatman GF/C filters in a Brandel cell harvester. Filters were washed
with 15 ml of cold 50 mM Tris buffer. Filters containing tritiated
ligands were counted by liquid scintillation counting, using a Beckman
LS 7500 counter at an efficiency of 52%. Filters containing radioiodi-
nated ligands were counted in a Micromedic 10/600 automatic v
counter at an efficiency of 82%. Proteins were determined by the Lowry
method (25). All radioligands labeled a single homogeneous population
of sites under the assay conditions used.

5-HT,4 receptors. 5-HT,, receptors were labeled with increasing
concentrations of [*H]8-OH-DPAT (0.5-8.0 nM) in a 0.5-ml assay
volume containing 3 mg of cortex homogenate/tube. Tubes were incu-
bated with or without 10 uM 5-HT to define nonspecific binding. Assay
mixtures were incubated for 60 min at room temperature before being
rapidly filtered. Specific binding represented 74-93% of total binding
over the concentration range used.

5-HT,p receptors. ['*IJICYP concentrations of 0.05-0.5 nM were
used to label 5-HTp receptors. The final assay volume was 0.5 ml and
contained 1.5 mg of cortical homogenate/tube. Isoproterenol (3 uM)
was included in all assay tubes to prevent the binding of ['*I]ICYP to
B-adrenergic receptors. Assay tubes were incubated for 30 min at room
temperature before the mixtures were rapidly filtered as described.
Nonspecific binding was defined by 10 uM 5-HT. Specific binding
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ranged from 64 to 89% of total binding over the concentration range
used.

6-HT34 receptors. 5-HT,4 receptors were labeled with the antag-
onist [*H]ketanserin (0.4-5.0 nM) in a 2.5-ml assay volume containing
3 mg of cortical homogenate and 30 nM prazosin (to preclude binding
to a;-adrenergic receptors) in each tube. Tissue was incubated for 30
min at 37°. Nonspecific binding was defined with 10 uM 5-HT. Specific
binding ranged from 51 to 82% of total binding within the concentration
range used. The density of 5-HTs receptors was also measured with
the agonist ['*I1]DOI (0.1 nM) in the presence of increasing concentra-
tions of unlabeled DOI (0.1-30 nM) and 1.5 mg of cortex tissue, in a
final assay volume of 1.0 ml. Incubations were carried out for 90 min
at room temperature. Nonspecific binding was defined by 10 uM 5-HT.

Data Analysis and Statistics

Radioligand binding data were fit to a rectangular hyperbolic equa-
tion by a nonlinear least-squares method, using GraphPAD InPlot
(GraphPAD Software, San Diego, CA) to obtain K, and B,,, values.
Receptor turnover kinetic parameters were determined by linear regres-
sion analysis of recovery data after conversion into logarithmic form.
Data were analyzed by one-way ANOVA or two-way ANOVA followed
by the Student-Newman-Keul test, using GraphPAD InStat or
SigmaStat (Jandel Scientific, San Rafael, CA).

Results

Comparative recovery of 5-HT,, and 5-HT,p recep-
tors. As shown in Table 1, a small (13%) but statistically
significant (p < 0.05) difference was observed between the B,
values of 5-HT (83.7 £ 1.7 fmol/mg of protein) and 5-HT)p
(94.3 + 4.5 fmol/mg of protein) receptors in non-EEDQ-treated
controls. As shown in Table 1, EEDQ (10 mg/kg) reduced the
Bua: of 5-HT,s receptors in cerebral cortex to 256% of non-
EEDQ-treated controls at 4 hr after treatment. The B, of 5-
HT;s receptors was also reduced by EEDQ (10 mg/kg), to a
comparable extent (23% of control), at 4 hr after treatment.
After initial irreversible receptor inactivation, there was a time-
dependent increase in the By,, of 5-HTa receptors (Fig. 1A).
However, at 336 hr (i.e., the last time point measured) the B,
(74.1 £ 1.7 fmol/mg of protein) of 5-HT,;, receptors remained
significantly lower (11% lower) than control values. Similarly,
the B.., of 5-HTs receptors increased in a time-dependent

TABLE 1

Tumover Kinetics of 5-HT Receptor Subtypes inBrain 1113

manner after irreversible receptor inactivation (Fig. 1A; Table
1). The recovery of 5-HT,s receptors appeared to require a
longer time, because the percentage recovery at 336 hr for 5-
HTz receptors (74% of control) was significantly lower than
that observed for 5-HT;4 receptors (89% of control) (Fig. 1B;
Table 1). As shown in Fig. 1B, when recovery data were plotted
as a percentage of control By, values, there was a significant
difference (p < 0.05) in the overall repopulation times between
5-HT,a and 5-HT,p receptor subtypes.

In addition to the marked reduction of the 5-HT,;, receptor
B, the affinity of the residual (i.e., EEDQ-insensitive) 5-
HTa receptors measured at 4 hr after treatment was signifi-
cantly lower (control K; = 0.95 + 0.06 nM, residual receptor
K, = 7.81 £ 0.46 nM). The affinity of 5-HT,, receptors meas-
ured at 24 hr after treatment (K; = 3.51 + 0.46 nM) was also
different from control values but was significantly higher than
that observed at 4 hr. At subsequent time points, the K, was
not significantly different from control values. The lower affin-
ity of the 5-HT,4 receptors measured immediately after inac-
tivation by EEDQ may represent the affinity of a subpopulation
of EEDQ-insensitive 5-HT, receptors, (i.e., those receptors
uncoupled from the G protein or not fully inserted into the
plasma membrane) or it may be due to an effect of EEDQ in
altering the affinity of the remaining 5-HT4 receptor popula-
tion. Because the measured K, value represents the average
affinity of all 5-HT,, receptors, the significant difference in
affinity noted at 24 hr could be attributed to a greater contri-
bution of the residual population of receptors to the total
density of 5-HT receptors measured at this time point, when
the amount of newly synthesized membrane-bound receptors
is small. As the recovery of the higher affinity, membrane-
bound (i.e., G protein-coupled), 5-HT;4 receptors proceeds, the
contribution of the lower affinity, residual component to the
overall affinity becomes smaller and the affinity of the 5-HT.
receptors at subsequent time points is not significantly different
from controls. In contrast, there were no significant differences
in the affinity of 5-HT,p receptors (K; = 85 pM) at any time
point after EEDQ inactivation.

Calculation of receptor kinetic parameters. Recovery
of various serotonin receptors and other monoamine receptors

Time-dependent recovery of rat cortical 5-HT and 5-HT s receptors after irreversible receptor inactivation by EEDQ

Data represent the mean + standard error of B Values obtained from three to six rats at each time point. Data are tabulated both as

changes in actual

time-dependent
receptor density and as percentages of respective control values. The actual densities of 5-HT,4 and 5-HT e receptors in control and EEDQ-treated rats were analyzed
by two-way ANOVA, followed by the Student-Newman-Keul test. When recovery data were plotted as a percentage of respective controis, two-way ANOVA indicated a

" significant difference (p < 0.05) in the overall recovery of 5-HT,, and 5-HT,s receptors.

T%W 5-HT 1 Brax 5-HT18 Brax
hr fmol/mg of protein % of control fmoi/mg of protein % of control
Control 83.7+17 100.0 £ 2.0 943 + 4.5° 100.0 + 4.8
4 212+ 5.1° 253 +6.1 22.1+5.1° 234+54
24 273+ 1.7° 326+20 242 +0.8° 25.7+ 0.9
72 455+ 1.8° 544 +21 339+ 15° 35.9 + 1.6°
120 55.7 + 2.4° 689+29 433 +1.3° 459 + 1.4°¢
168 60.8 + 0.4° 726 +0.5 47.4 +2.5° 50.8 + 2.6°
240 69.6 + 0.6 83.1+0.7 58.3 + 4.5° 61.8 + 4.8°
336 741 £1.7° 885+20 69.4 + 0.9° 73.6 £ 0.9°¢

:Sigiﬁwltdffefm(p<0.05)betweentheoontmlB,..,.vamesforS—HTuandS-HT..receptors.

difference (p < 0.001) from respective control.

Significant
° Significant difference (p < 0.01) in the percentage recovery of 5-HT,s receptors from the corresponding value for 5-HT,,. receptors at the same time point, as

determined by the Student-Newman-Keul test.
< Significant difference (p < 0.01) from respective control.
* Significant difference (p < 0.05) from respective control.

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet

1114  Pinto and Battaglia

A 60
4 S5-HTy. receptors *
~ e 5-HT;s receptors * =
£ M
]
® 40} .
a 1
o
E *
>
]
20+
E
N
x
£
2] 0 d N L N
o} 100 200 300 400
Time after EEDQ (hrs)
B 100
*
~ 80} N
g »
bl °
S 6of ‘
(&)
G L
© 4o}
xR
N
N 20f
E
[+0]
o hd i 1 1
0 100 200 300 400

Time after EEDQ (hrs)

Fig. 1. A, Comparative recovery of 5-HT,, and 5-HT,s receptors after
ireversible inactivation by EEDQ. Data represent the mean + standard
error of Brex values from three to six rats at each time point. Residual
(EEDQ-insensitive) receptor densities for 5-HT,, and 5-HT,g subtypes
(21.2 and 22.1 fmoi/mg of protein for the 5-HT, and 5-HT,s subtypes,
respectively) were subtracted from Bne values for EEDQ-treated and
nontreated controls. These experimentally determined data were itera-
tively fit to a monoexponential equation by computerized nonlinear
regression. *, Significant difference (at least p < 0.05) between the
reeeptordenslﬁes of the 5-HT,, and 5-HT,g subtypes, as indicated by
two-way ANOVA followed by the Student-Newman-Keul test. B, Com-
parative recovery of 5-HT,. and 5-HT,g receptor density, expressed as
a percentage of non-EEDQ-treated control [BmeJss. Data represent the
mean + standard error of three to six rats at each time point. Residual
receptor values were subtracted from both [Bmex)ss and [Bmex) at each
time point, before the data were expressed as a percentage of control
and fit to a monoexponential equation. *, Significant difference (p < 0.05)
in the percentage recovery, as determined by two-way ANOVA followed
by the post hoc Student-Newman-Keul test.

after EEDQ inactivation has been demonstrated to follow a
monoexponential association model (16, 26-29). This model is
based on two implicit assumptions, that 1) the receptor pro-
duction rate follows zero-order kinetics (i.e., receptor produc-
tion occurs at a constant rate), and 2) the receptor degradation
raae follows first-order kinetics (i.e., the degradation rate de-
pends on the concentration of receptors at any given time
point).

Because receptor production is a zero-order process, the
receptor production rate is equivalent to the receptor produc-
tion rate constant. Therefore, the repopulation kinetics of a
receptor after irreversible inactivation can be defined by the
monoexponential association eq. 1.

[Buasle = (r/R)(1 — €7™) (1

In this equation, [Bus). is the receptor concentration (femto-
moles/milligram of protein) at time ¢, r is the receptor produc-
tion rate constant (femtomoles/milligram of protein/hour), and
k is the receptor degradation rate constant (hour™).

As time proceeds to infinity, receptor recovery becomes
complete, and receptors achieve steady state levels ([Buas)s)-
At this time, as ¢ approaches infinity, the term e™ approaches
0 and therefore eq. 1 may be restated as

[Bmu]t [Bmu]u = r/k (2)

Substituting [Bmax)es for the term r/k and performing a
logarithmic transformation of eq. 1 yields eq. 3.

In [Buaslua/([Buazls = [Buas)) = kt 3

This is essentially the equation for a straight line (y = mx
+ b, where b = 0). In eq. 3, because we have experimentally
determined B, both in control animals (i.e., [Bmas:)s) and in
EEDQ-treated animals at each time point ¢ during recovery
(i.e., [Bma:]:), we can obtain k, the receptor degradation rate
constant, directly from the slope of the plot of In [Buas)s/
([Bumex)ss = [Bmas)e) versus time. Fig. 2 is the plot of this equation
as applied to the recovery of 5-HT. and 5-HTp receptors. The
close fit of our data to this equation (correlation coefficients of
0.990 and 0.996 for 5-HT,4 and 5-HTp receptors, respectively)
validates the appropriateness of this model for determining the
recovery kinetics of 5-HT,, and 5-HT,s receptors. In these
calculations, the residual B,... values (i.e., the B.,, values at 4
hr after EEDQ treatment) for both 5-HT receptor subtypes
have been subtracted from B,,, values determined at each of
the individual recovery time points ([Bua:]. values) as well as
from control values in non-EEDQ-treated rats. This modifica-
tion allows the values obtained to more accurately represent
the turnover kinetics of only that portion of receptors actually
undergoing recovery. A quantitative assessment of this differ-
ence in k can be seen in Fig. 2. The semilogarithmic represen-
tation of receptor recovery data reveals markedly different
slopes for the 5-HT), receptors (0.0056 hr™') and the 5-HT,p
receptors (0.0033 hr™?).

Implicit in eq. 3 is the fact that the time to reach any

20

15

10

05

In [Bmax]ss/([Bmax]ss-[Bmax],)

°'°o 100 200 300 400

Time after EEDQ (hrs)

Fig. 2. Semilogarithmic plot of the time course of 5-HT,a and 5-HTs
receptor recovery in rat cerebral cortex. [BmexJss iS the steady state
receptor density obtained from non-EEDQ-treated control rats. [Bmexk iS
the receptor density at various time points after EEDQ treatment. Levels
of residual receptors left after EEDQ treatment were subtracted from
both terms, [BmexJes and [Bmexk, used in this equation. Correlation coeffi-
cients for the 5-HT,, and 5-HT,s receptors were 0.996 and 0.992,
respectively. Rate constants for receptor degradation (k) were 0.0056
and 0.0033 hr~' for the 5-HT,. and 5-HT,g subtypes, respectively.

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

aspet.’

particular percentage of control [Bua:)s values is dependent
only on k and not on r. Therefore, alterations in k would be
expected to alter the time required to achieve a given percentage
of the control [Bpaw. As shown in Fig. 1B and stated previ-
ously, when recovery of 5-HT)x and 5-HT,s was plotted as a
percentage of maximal recoverable receptors (i.e., [ Bmas)e) there
was a significant difference (p < 0.05) between these receptors
in their repopulation times. Substitution of the respective val-
ues of k into eq. 2 for [Buma): = [Bmaz)e/2 yields receptor half-
lives (ty, = In 2/k = 0.693/k) of 124.1 and 212.5 hr for the 5-
HT,4 and 5-HTp receptors, respectively. Because the recovery
time (t,,) was found to differ significantly (p < 0.05) between
5-HT,a and 5-HT)3 receptors, the difference in the calculated
degradation rate constants observed must also be significantly
different. Therefore, because we have experimentally deter-
mined [Bp.:]. and have calculated k, the receptor production
rate (r) may be obtained directly from restating the equation
[Bmax)es = r/k 88 r = k[Bpaz)sa-

As mentioned previously, for all calculations of receptor
recovery kinetic parameters (r and k), the value of [Bu..). used
is the [Bpule in non-EEDQ-treated control rats minus the
residual number of receptors left 4 hr after EEDQ treatment,
because this better approximates the kinetic parameters of only
that portion of receptors undergoing recovery. As shown in
Table 2, receptor production rates for 5-HT;s and 5-HTp
receptors were found to be different (0.349 and 0.235 fmol/mg
of protein/hr, respectively). A summary of all kinetic parame-
ters obtained for the 5-HT;4 and 5-HT3 receptors is shown in
Table 2.

Comparative recovery kinetics of agonist ([**1]DOI)-
and antagonist ([*H]ketanserin)-labeled 5-HT3, recep-
tors. In non-EEDQ-treated control animals, [**I]DOI labeled
the high affinity, G protein-coupled state of 5-HT,, receptors
(79.1 + 3.6 fmol/mg of protein), which comprised 38% of the
total [*H]ketanserin-labeled 5-HT,s receptors (206.3 + 10.4
fmol/mg of protein). As shown in Table 3, EEDQ did not
differentially affect these sites, reducing the B,.. values of
agonist- and antagonist-labeled 5-HT,s receptors to compa-
rable extents (6.8 and 9.3% of control, respectively). After
initial inactivation, there was a time-dependent increase in the
Bire: of the agonist ([**I]DOI)-labeled receptors (Fig. 3A), and

TABLE 2

Summary of recovery kinetic parameters for cortical 5-HT,, and
5-HT s receptors

[Baxes is the steady state receptor Bne value in non-EEDQ-treated control rats, r
is the receptor production rate, k represents the receptor degradation rate, and ty,
is the half-fife of repopulation. For caiculation of r, k, and ty, values for
residual receptors left after EEDQ treatment (21.2 and 22.1 fmoli/mg of protein for
the 5-HT,s and 5-HT,s subtypes, respectively) were subtracted from the Bme
values for both control and EEDQ-treated animals, to ensure that the receptor
kinetic parameters obtained (r, k, and ty,) represent only those receptors actually
undergoing recovery.

Parameters §HTa §HT
[Brmaxles (fmol/mg of protein)  83.7 +17 943 +45°
r (fmol/mg of protein/hr) 0.349 0.235
k (hr) 0.0056 0.0033°
ty (hr) 1241 212.5°

# Statistically significan
5HT.A and 5-HT,g receptors in non-EEDQ-treated

(k) for these receptor
mnmtnvdm[tn-(hmlk].wrichm

dﬁuent(p<005)hdf—ivesofrecovery(t..)betweentm5-HTu
and 5-HT,s subtypes, as determined by two-way ANOVA of receptor Bme vaiues
expressed as percentage of control.

t difference (p < 0.05) between the [Bmex)es Values of
controls.
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Fig. 3. A, Comparative recovery of agonist (['*{]DOI)- and antagonist
([‘H]ketansethHabeledS—HTureoeptadensnyafterheverslbbreoep-
tor inactivation by EEDQ. Data represent the mean + standard error of
Brex values obtained from three to six rats at each time point, from which
values for residual receptors (5.4 and 19.2 fmol/mg of protein for the
agonist- and antagonistabeled 5-HT.. receptors, respectively) have
been subtracted. These experimentally determined data were then iter-
ativelyﬁttoamonoexponenﬁalequaﬂonbycawuteﬂzednam
regression. *, Significant difference (at least p < 0.01) between the
reoeptordensltiesofagomst and -labeled 5-HT,. receptors,
as determined by two-way ANOVA followed by the Student-Newman-
Keul test. B, Comparative recovery of ['*1]DOI- and [*H]ketanserin-
labeled 5-HT.. receptors expressed as a percentage of non-EEDQ-
treated control [BmexJes. Data represent the mean + standard error of
three to six rats at each time point. Values for residual receptors were
subtracted from both [Bmex}ee 8nd [Bmex) at each time point, before the
damwmexmssedasaperoentageofconvolwﬂttoamxpo-
nential equation. Two-way ANOVA indicated no significant difference
meova'alreeoverybetweenthe[‘”IJDOFmd[‘H]lmameﬂHabdods-
HT 24 receptors.

at 336 hr the receptor By, (79.7 + 3.2 fmol/mg of protein) was
equivalent to control values. Similarly, the Bp,. of [*H]ketan-
serin-labeled 5-HT,4 receptors increased in a time-dependent
manner (Fig. 3A), and at 336 hr the receptor Bua. (205.9 + 6.1
fmol/mg of protein) was not significantly different from control
values (Table 3). The affinity of 5-HT,, receptors labeled with
either the agonist [**I]DOI (0.39 + 0.02 nM) or the antagonist
[*H]ketanserin (0.65 + 0.06 nM) was not altered by EEDQ
treatment or at any time point during recovery.

The recovery of 5-HT receptors could also be defined by a
monoexponential association equation (eq. 1). Receptor recov-
ery data were fit to eq. 2 and the receptor degradation rate
constants (k) were obtained from the slope of the plot of In
[Boaz)ea/([Bmasles = [Bumas)e) versus time (Fig. 4). The degrada-
tion constant (k) was found to be nearly identical for [**I]DOI-
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TABLE 3

Time-dependent recovery of ["*]DOI- and [*H]ketanserin-labeled cortical 5-HT., receptors after irreversibie receptor inactivation by EEDQ

Data represent the mean + standard error of Bmex Values obtained from three to six rats at each time point.

Data are tabulated both as time-dependent changes in actual

receptor density and as percentages of control values. The actual receptor densities for both agonist (['*1]DOI)- and antagonist ([*H]ketanserin}abeled 5-HT receptors
hcmtrolandEEDQ-mtedratsmMyzedbytwowayANOVA followed by the Student-Newman-Keul test. When recovery data were plotted as a percentage of
respective controis, two-way ANOVA indicated no significant differences in overall receptor recovery between agonist- and antagonist-labeled 5-HT, receptors.

hr fmol/mg of protein % of control fmol/mg of protein % of control
Control 791+ 3.6 100.0 £ 4.5 206.3 + 10.4* 100.0 + 5.1
4 54 +1.6° 6.8 +2.0 19.2 + 3.8° 93+1.8
24 20.9 + 0.6° 26.4+0.8 67.6 + 4.6° 328+22
72 476 + 1.4° 602+1.8 116.6 + 4.1° 56.5 + 1.99
120 59.7 + 2.4°¢ 75.5+ 3.0 121.2 +4.2° 58.7 £ 2.1
168 68.6 + 2.9¢ 86.7 + 3.7 179.5 + 6.6° 87.0+3.2
240 765+ 0.2 96.7 £ 0.2 2101 +18 101.8 £ 0.87
336 79.7 £ 3.2 100.8 + 4.1 2059 + 6.1 99.8 + 2.96
wmw<ow1)m&_mhunl‘”l)omvmﬁﬂlkmnsemubebd 5-HT 2, receptors.
® Significant difference (p < 0.001) from respective control
° Significant difference (p < 0.01) from respective control.
< Significant difference (p < 0.05) from respective control.
25 P TABLE 4
~ ¢ Agonist labeled 5-HTg, receptors Summary of "
=3 labeled ry of recovery parameters for agonist (['**1]DOI)- and
3 o0l * Antagonst 5Tan receptors antagonist ([*H)ketanserin)-labeled 5-HT, receptors in cortex
g : [Brax)es is the steady state receptor Bmex value in non-EEDQ-treated control rats, r
T is the receptor production rate, k represents the receptor degradation rate, and ty,
.3. 15 is the half-life of receptor repopulation. For calculation of r, k, and t, values for
- residual receptors left after EEDQ treatment (5.4 and 19.2 fmoi/mg of protein for
- the agonist- and antagonist-labeled 5-HT, receptors, respectively) were subtracted
g ot from the B, values for both control and EEDQ-treated animals, to ensure that the
i * receptor kinetic parameters obtained (r, k, and ty,) represent only those receptors
actually undergoing recovery. Two-way ANOVA of receptor recovery expressed
3 os| as percentage of control indicated that overall receptor recovery kinetics were not
- memmmattumdmkmmtww
s
0.0 v A L Parameters 5-HTa ([2*1)00)) 5-HT 2 ([*H)Ketanserin)
0 50 1
et Ego . 10 200 [Brades (fMOl/mg Of protein) 791 £ 36 206.3 + 10.4°
e after (hrs) r (fmoljmg of protein/hr) 0.859 2.202°
4. Semilogarithmic plot of the time course of receptor recovery of Kk (hr™’) 0.0117 0.0118
F%m and [*H]ketanserin-labeled 5-HT2x receptors in rat cerebral  tw (hr) 59.4 58.9

cortex. [Bmaxles i the steady state receptor density obtained from non-
EEDQ-treated control rats. [Bme) is the receptor density at various time
points after EEDQ treatment. Values for residual receptors left after
EEDQ treatment were subtracted from both terms, [Bmexles and [Bmaxk,
used in this equation. Correlation coefficients for the ['I]DOI- and
[PH]ketanserin-abeled 5-HT 4 receptors were 0.998 and 0.996, respec-
tively. Rate constants for degradation (k) were 0.0117 and
0.0118 hr~' for the agonist- and antagonist-labeled 5-HT.a receptors,
respectively.

and [*H]ketanserin-labeled 5-HT,4 receptors (k = 0.0117 and
0.0118 hr™!, respectively). The high correlation coefficients
obtained in the logarithmic-linear plots of receptor recovery for
agonist-labeled (0.998) and antagonist-labeled (0.996) 5-HT:
receptors are consistent with the model (eq. 1) for 5-HT:a
receptor repopulation after irreversible inactivation. As de-
scribed for the calculation of the kinetic parameters for 5-HT s
and 5-HT)3 receptors, the residual B,,, values for the 5-HT;,
receptors were subtracted from the recovery data, as well as
from the control data points used for calculating the receptor
kinetic parameters r and k.

The quantitative assessment of k for the agonist- and antag-
onist-labeled 5-HT., sites indicates that k is identical in the
two cases (Fig. 4; Table 4). As shown in Fig. 3B, where receptor
recovery is plotted as a percentage of control, there was no
significant difference in the time course of recovery between
[**I)DOI- and [*H]ketanserin-labeled 5-HT,s receptors. Be-
cause the time required to reach any particular percentage of

* Significant difference (p < 0.001) between the [Bmexles Values of the agonist
([*>1]DO1)- and antagonist ([*H]ketanserin}-abeled 5-HT . receptors in non-EEDQ-
treated controis

'MWth«wmnﬁmmtes(r).mm
the equation [Bmexjss = r/k.

control B,, values is exclusively dependent on k [ty = (In 2)/
k], the half-lives of receptor repopulation for the agonist-
labeled and antagonist-labeled 5-HT,. receptors were not sig-
nificantly different (¢, = 59.4 and 58.9 fmol/mg of protein/hr,
respectively).

The calculated receptor production rate for the agonist-
labeled 5-HT;,4 receptors (r = 0.859 fmol/mg of protein/hr) was
found to be markedly different from the receptor production
rate for the antagonist-labeled 5-HT,, receptors (r = 2.202
fmol/mg of protein/hr). As indicated in Fig. 3A and Table 3,
the B.., values for the agonist-labeled and antagonist-labeled
5-HT,, receptors are significantly different (p < 0.001). There-
fore, because there was no significant difference between ago-
nist- and antagonist-labeled 5-HT,, receptors in the half-life
of recovery (and consequently in k), despite the [Bu.:]. values
being significantly different, the differences in receptor produc-
tion rates for agonist- and antagonist-labeled 5-HT4 receptors
must be significant (eq. 3). Indeed, the receptor production rate
for the agonist-labeled sites, which was 38% of the respective
value for the antagonist-labeled 5-HT, receptors, reflected the
proportion of receptor densities for the agonist- and antagonist-
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labeled 5-HT.a receptors in control animals and throughout
recovery. Receptor turnover parameters for the agonist- and
antagonist-labeled 5-HT,, sites are summarized in Table 4.

Discussion

The present study investigated the comparative receptor
kinetic parameters responsible for steady state control levels
(i.e., [Bmaz)ss) of 5-HT receptor subtypes, both within a family
(e.g., 5-HT,a and 5-HT;g) and between families (e.g., 5-HT,
versus 5-HT;) in the same brain region (e.g., cerebral cortex)
in rats. In addition, the turnover of 5-HT., receptors labeled
by an agonist versus an antagonist radioligand was assessed.
Because 5-HT;, and 5-HT,p receptor subtypes are constituents
of the 5-HT, receptor family and have intronless genes, fairly
high sequence homology, a common transduction mechanism
(inhibition of adenylyl cyclase), and some similarity in their
pharmacology (30), these receptor subtypes might be expected
to be under similar transcriptional and post-translational reg-
ulatory controls and to exhibit similar receptor production
rates. Given the high degree of amino acid sequence homology
and similarities in tertiary structure (both are seven-transmem-
brane domain G protein-linked receptors), these subtypes
might also be expected to exhibit comparable receptor degra-
dation rates. In contrast, 5-HT;s receptors, which have less
homology with the 5-HT, class of receptors, would be expected
to differ markedly from both the 5-HT,. and 5-HT,p subtypes
in both receptor production and degradation rates.

However, the present study indicates that in rat cerebral
cortex the 5-HT,4 and 5-HTp receptor subtypes exhibit mark-
edly different repopulation kinetics. The 5-HT,p receptor had
a significantly longer half-life of recovery (212.5 hr) and con-
sequently a significantly different degradation rate constant,
compared with that of the 5-HT,. receptor (124.1 hr). To
achieve a comparable [By.,]., given the lower receptor degra-
dation rate, the 5-HT,p subtype also exhibited a markedly lower
receptor production rate (r) than did the 5-HT, receptor.

Although differential production rates might be attributed to
these receptor subtypes being distinct gene products and there-
fore possibly subject to distinct regulatory processes with re-
spect to receptor production, this does not completely explain
why the degradation rates of these receptor subtypes are so
markedly different. One explanation for differences in both
receptor production and degradation could be that these recep-
tor subtypes are differentially localized on cell types with
different rates or distinct mechanisms of protein synthesis and
metabolism per se. Alternatively, the differences may be due
not only to the localization of the receptors on different cells
but also to different inherent rates of receptor production and
degradation for each subtype. Although there is no unequivocal
evidence for differential receptor protein metabolism in differ-
ent neuronal cells, there is evidence to suggest differential
localization (with some overlap) of the 5-HT,, and 5-HT,s
receptor subtypes in the cortex. Within various regions of the
neocortex, cells expressing 5-HT;4» mRNA are found predomi-
nantly in deep cortical layers (layers IV-VI), and corresponds
to the neuroanatomical distribution of [°H]8-OH-DPAT-la-
beled 5-HT4 receptors (31). For example, in the rat cingulate
cortex, peak specific [°’H]8-OH-DPAT binding occurs in layer
Vb, with only moderate binding in layers Va and VI and lowest
binding in layers I-IV (32). In contrast, [**I]ICYP-labeled 5-
HT5 receptor density is highest in layers Ia-Ic and markedly

Tumover Kinetics of 5-HT Receptor Subtypes in Brain 1117

lower in the deeper layers. Moreover, evidence from pharma-
cological and autoradiographic studies suggests that 5-HT,g
receptors are largely presynaptic on axons and terminals (33,
34). In contrast, 5-HT;, receptors in cortex are predominantly
postsynaptic, and the majority are located on pyramidal cells
in layers V and VI (35). These data suggest that the differential
rates of receptor production and degradation for 5-HT;, and
5-HT;p receptors could be attributed to a greater extent to
differences in the synthetic and catabolic mechanisms between
serotonergic and non-serotonin-containing neurons than to
differences in receptor-specific processes within the same cell.

Therefore, in comparing the subtypes of the 5-HT, family
with 5-HT.a receptors, it may be important to consider the
differences in both the neuroanatomical localization and the
biochemical characteristics of these receptors. The 5-HT;,
receptor has an overall low level of sequence homology with
the 5-HT)s receptor (36), as well as a distinct transduction
mechanism (phosphoinositide hydrolysis). Also, with respect to
the neuroanatomical localization, 5-HT.s receptors exhibit
maximal density in layers IIIb and IV (37, 38), as well as fairly
high density in layer I, which partially overlaps with the distri-
bution of 5-HTs receptors (high levels in layers Ia-Ic) but
differs markedly from the distribution of 5-HT,a receptors
(lowest binding in layers I-IV). Moreover, in rat cortex 5-HT,4
receptors are predominantly postsynaptic and localized on non-
serotonergic neurons (39). Based on the similarity in neuroan-
atomic distribution of 5-HT2s and 5-HTs receptors, it might
be expected that the receptor kinetic paramenters of the 5-
HT}4 receptor would be more like those of the 5-HT, receptor
than those of the 5-HT,, receptor.

However, our data demonstrate that both receptor produc-
tion and degradation rates for the 5-HT,, receptor differ mark-
edly from the respective kinetic parameters obtained for either
the 5-HT, or 5-HT,p subtype. The receptor degradation rate
constant for the 5-HT ', receptor labeled with either an agonist
or an antagonist was greater than that for either the 5-HT,
(2-fold) or the 5-HT.s (3.6-fold) subtype, respectively. Like-
wise, the receptor production rates for either agonist- or antag-
onist-labeled 5-HT;s receptors were markedly greater than
those for the 5-HT or 5-HTp subtypes, suggesting that these
differences in kinetic parameters could not be attributed merely
to differences in agonist or antagonist receptor recognition
sites. In fact, our data from the agonist- and antagonist-labeled
5-HT.4 receptors suggest that the receptor production rate (r)
obtained by using an agonist radioligand may actually under-
estimate the true production rate for a receptor population.
Likewise, in the case of 5-HT)s and 5-HTs receptors, which
were labeled with an agonist and an antagonist, respectively,
the difference in receptor production rates (r) between these
subtypes may actually be greater than our results indicate.
These data suggest that the differences in receptor turnover
kinetics between the 5-HT, and 5-HT, families may be partly
attributed to their distribution on different cell populations but
are more likely due to the differential biochemical characteris-
tics of these receptor subtypes.

Because the receptor production rate (r) is composed of the
summed rates of transcription, translation, and post-transla-
tional processes, it is not possible, using the present experi-
mental paradigm, to discern which one or more of these steps
may be different. Likewise, the degradation rate is also a
multistep process, and it is not possible to identify the specific

2102 ‘T Jaqwiadaq uo Ausianiun Buellayz 1e Bio'sjeuinofadse wreydjow woly papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet..

1118  Pinto and Battaglia

steps at which changes in rate may contribute to differences in
the overall degradation rate constant. Nevertheless, receptor
recovery after irreversible inactivation can provide valuable
information regarding which component of the regulatory proc-
ess (i.e., production or degradation) is responsible for maintain-
ing and/or altering receptor steady state levels after specific
experimental procedures. In this respect, this method may
prove to be more useful than more direct approaches, such as
measurement of mRNA levels. For example, mianserin (a 5-
HT.4 antagonist) causes down-regulation of 5-HT', receptors,
whereas SR46349B (also an antagonist) has been shown to
cause up-regulation of 5-HT.s receptors (13, 14). However,
neither of these changes in 5-HT;4 receptor levels has been
shown unequivocally to be related to changes in mRNA levels,
suggesting that there may not be a change in receptor “produc-
tion.” However, because changes in mRNA levels may not
necessarily result in increased protein synthesis and because
changes in mRNA levels represent only one of the steps that
may alter receptor production rates, the absence of alterations
in mRNA levels cannot be interpreted as conclusive evidence
that changes in the overall rate of receptor production have not
occurred. Moreover, as the receptor turnover model (eq. 3)
suggests, changes in [Bp.). may also be due to changes in &,
the receptor degradation rate constant. Therefore, in evaluating
the mechanisms of treatment-induced changes in Bp,,, the
receptor turnover approach could identify changes in the overall
receptor production and degradation processes, whereas meas-
uring mRNA would be less useful in this respect.

The present studies demonstrate that the agonist ([***1]DOI)
labeled 38% of the antagonist ([°*H]ketanserin)-labeled 5-HT,4
receptors, both at steady state and throughout the recovery
time period. These data indicate that, despite marked altera-
tions in receptor density (10-90% of control values), the ratio
of agonist-labeled to antagonist-labeled sites, or the contribu-
tion of agonist-labeled sites to the antagonist-labeled 5-HT:,
receptor population, is maintained. Based on these data, one
would predict that treatment-induced changes in receptor Bu.,
values, which are typically <40%, would not cause changes in
the stoichiometry of agonist- and antagonist-labeled sites un-
less the treatment directly affected the efficiency of receptor-
G protein coupling.

Taken as a whole, the present data indicate that, within the
same brain region, 1) comparable steady state densities of 5-
HT receptor subtypes can be achieved due to markedly different
underlying kinetic rates (r and k), 2) differences in receptor
production rates (r) and receptor degradation rate constants
(k) appear to be greater between different 5-HT receptor fam-
ilies (i.e., 5-HT, versus 5-HT;) than among subtypes within a
family (e.g., 5-HTa versus 5-HT,g), 3) differences in the cal-
culated receptor production rates (r) for agonist-labeled versus
antagonist-labeled 5-HT.. receptors reflect the differences in
the [Bma)w for the receptor labeled with either an agonist or
antagonist radioligand, and, 4) despite marked alterations in 5-
HT, receptor density, the stoichiometry between agonist- and
antagonist-labeled receptors is maintained.
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