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Abstract—The concentration-response relationship of the accumulation of brain homovanillic acid (HVA)
has been studied by giving rats a shorter (12 h) and a longer (76 h) constant intravenous infusion of
haloperidol, respectively, at rates aiming at different steady state blood concentrations of haloperidol of 5 to
30 ng mL~'. The observed response on brain HVA concentration vs increasing steady state blood
concentration of the drug produced a bell-shaped type of curve during the 12 h infusion. When the infusion
proceeded for 76 h a similar type of curve was obtained but it was shifted downwards compared with the 12
hinfusion. The dopaminergic activity of the rat brain, as reflected by the HVA levels, therefore adapted to a
lower activity during the prolonged exposure to haloperidol. To follow the time course of this adaptation,
one steady state level of about 12 ng mL~! was established and kept for 12, 28, 52 and 76 h. The result
showed that the accumulation of brain HVA decreased over time compared with control animals given
placebo. A pharmacodynamic model was set up to quantitatively describe the time-dependent adaptation of
HVA accumulation in the whole rat brain during constant haloperidol administration. By fitting this model
to all three sets of experimental data simultancously, an adaptation half-time of about 38 h+ 14(s.d.)and a
tolerance potency of about 7ng mL ! were obtained which could be used to calculate that, for example, at a
constant blood level of 10 ng mL ! haloperidol over 5 days the accumulation of brain HVA decreased by
approximately 91% of the maximal decrease. Since the therapeutic effects of haloperidol take time to
become apparent, the adaptation of HVA-accumulation seen in the present experiments and in the clinical
literature could be related to the drug’s antipsychotic effect. The adaptation half-time could be a useful
parameter to describe and predict the rate of development of the desired therapeutic effect. Furthermore,
the observed bell-shaped effect of increasing steady state blood concentrations of haloperidof on the
accumulation of brain HVA corresponded to the clinically observed therapeutic haloperidol plasma

concentrations of patients with schizophrenia.

When given acutely to experimental animals neuroleptic
drugs stimulate brain synthesis, release and metabolism of
dopamine (Roth 1983). A feedback increase of central
dopaminc activity is the secondary result of the blockade of
postsynaptic dopamine receptors as explained by Carlsson &
Lindgvist (1963). In animal experiments the acceleration of
brain dopamine turnover is included amongst criteria of
neuroleptic activity (Chang et al 1988). Clinically, however,
the antipsychotic effect of neuroleptics is not apparent until
after several weeks of therapy (Baldessarini 1985). Several
studies have shown tolerance development to the neurolepti-
cally induced stimulatory effect of dopamine (Di Chiara &
Imperato 1985, Pickar et al 1986a). This time-dependent
decrease of dopamine functional activity has been suggested
to be responsible for the antipsychotic effect of neuroleptics
(Pickar et al 1986b; Freeman & Bunney 1987).

In the present paper we have studied the effect of different
steady state concentrations of haloperidol on the increase of
homovanillic acid (HVA), a metabolite of dopamine in the
rat brain, and have developed a pharmacokinetic-pharmaco-
dynamic model for the quantitative description of the time-
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dependent adaptation of dopamine activity after haloperi-
dol.

Materials and Methods

Chemicals and drugs

Haloperidol and chlorohaloperidol were kindly supplied by
Janssen Pharmaceutica, Vistra Frolunda, Sweden. Homo-
vanillic acid (HVA) and vanilli¢ acid were purchased from
Sigma Chem. Co. Ltd. All other chemicals and solvents were
of HPLC grade.

Animals

Male Sprague-Dawley rats, 243+ 10 g (s.d.), were housed
under standardized conditions at a room temperature of
22+ 1 C, humidity 55+ 5% and a 12 h light-dark cycle (6:00
to 18:00 h, light). One week’s acclimatization for the rats was
allowed. Food and water were freely available.

Experimental procedure

The experiment was conducted in two phases. In phase one.
concentration-response relationships were studied by giving
rats a 12 h and a 76 h constant i.v. infusion of haloperidol, at
different infusion rates aimed at steady state blood concen-
trations of haloperidol between S and 30 ng mL '. In phase
two, the drug exposure time-response relationship was
investigated by giving rats constant i.v. infusions of haloperi-
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dol at one infusion rate for 12, 28, 52 and 76 h, aimed at a
steady state blood concentration of haloperidol of 12 ng
mL ' In each phase, rats were divided into groups receiving
either haloperidol or control solution (phosphate buffer pH
7-4). Haloperidol solution was made by dissolving the drug
in a few drops of glacial acetic acid and then diluting with
phosphate buffer. All other conditions were the same for the
two groups.

A constant infusion pump (Sage Instruments, model 355)
was used during 12 h of infusion experiments. An osmotic
minipump (Alzet 2 ML 1, Alza Co., Palo Alto, CA),
implanted subcutaneously on the right side of the rat, was
used in the 28, 52 and 76 h experiments. The polyethylene
catheters used to connect the constant infusion pump and the
osmotic minipump were sizes PES0 and PE60, respectively.

Polyethylene catheters were inserted into the right jugular
vein (PE50 or PE60) and the left carotid artery (PES0) under
light ether anaesthesia. The tip of the catheter was length-
ened with a 2 cm silicon rubber cannula (Silastic, 0-02 in. i.d.;
0-037 in. o.d.). The free ends of both catheters were
exteriorized to the back of the neck and protected by a plastic
cover. Haloperidol solution was constantly infused to the rat
via the vein and three blood samples were collected via the
arteryat 10, 11 and 12 h during the 12 hexperiment and at 28,
52 and 76 h during the other infusion experiments. Each
sample (0-5 mL) was replaced by an equal volume of
physiological saline. The blood sample was then quickly
mixed with 10 L 0-4 g mL - ! sodium citrate solution and was
frozen at — 50 C until analysed for haloperidol.

The rat was decapitated immediately following the last
blood sample. The whole brain was rapidly removed and
placed on an ice-cold dissection plate. The corpus pineale
and the cerebellum were discarded. The remaining part was
freed from blood vessels, weighed and immediately frozen in
methanol at —70 C followed by homogenization in 0-1 M
perchloric acid with addition of EDTA and internal standard
(vanillic acid). After centrifugation, the supernatant was
frozen at — 50 C until analysed for HVA content.

Chemical assay

Haloperidol concentrations in the blood were determined by
reversed-phase high-performance liquid chromatography
(HPLC) with UV detection using chlorohaloperidol as
internal standard (Cheng et al 1987). HVA concentration in
the brain supernatant was determined by reversed-phase
HPLC with electrochemical detection, according to Hefti
(1979).

Pharmacodynamic model

As has been previously described for composite dose-
(concentration)-response curves of apomorphine (Paalzow
& Paalzow 1983a, 1986). clonidine (Paalzow & Edlund 1979;
Paalzow & Paalzow 1982), promethazine (Paalzow & Paal-
zow 1985) and yohimbine (Paalzow & Paalzow 1983b) an
observed composite pharmacodynamic effect (E) could be
dissociated into its components and described by the sum of
activities from at least two functional systems: E, and E..
When each of these was expressed by the Hill equation the
following relationship was obtained:

E _ Emaxl CSI EmaxZ - Csz
C +EC50,"  C4EC50,> (eqn 1)
E—E +E,

where C is the steady drug concentration and ECS50, and
EC50, are the concentrations producing half of the maxi-
mum effects, Emaxi and Epao, respectively. S; and S, are
constants that create sigmoidicity and exert an influence on
the slope of the concentration-response curves. When the
two separate effects E, and E, are opposite one of them
should have a negative sign (E=E;-E,)

The present investigations showed that the observed
response on brain HVA concentration at increasing steady
state concentrations of haloperidol exhibited a bell-shaped
curve. The observed effects on brain HVA levels at different
steady state blood levels of haloperidol could thus be
described by equation 1 (E.. negative). However, it was
found that this time-independent (steady state) composite
relationship was changed in relation to the time of drug
exposure to the organism. At a fixed steady state blood
concentration of haloperidol the brain HVA concentration
declined with the increasing duration of the infusion, which
can be considered as an adaptation of the system to a
constant drug stimulus. From this it follows that a time-
component has (o be included in equation 1. This was solved
by applying the link-model of Sheiner et al (1979) and
assuming that the adaptive change, often called tolerance, is
obtained by the transfer of drug into a hypothetical and
slowly accessible ‘tolerance’ compartment as shownin Fig. 1.

The rate of equilibration of drug between blood and the
“tolerance’ compartment is determined by the rate constant
Ko (similar to k. in the link model by Sheiner et al 1979). The
effect (E;) produced by the drug concentration in the
‘tolerance’ compartment is opposing the naive (non-toler-
ance) effects (E,-E,) produced by the concentration in blood
(eqnl) giving the following relationship:

Emuxl CSI Emuxl CS: Emux} CdS‘
E= S s s ST s 5
C'4+ECS0,"" Ca?+EC50,° C,’+EC50,°
(eqn 2)

E=(E —E)—E;

where C, is the concentration of haloperidol in the compart-
ment responsible for tolerance development and ECS0; is the
tolerance potency (the concentration producing half of the
maximal tolerance, E,..3). S3 is the slope factor and the other
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FiG. . A compartment model for describing concentration-response
and time-response data of haloperidol.
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parameters have been defined in equation 1. The haloperidol
concentration in the ‘tolerance’ compartment (C,) during
constant drug input to the blood (one-compartment model)
at different infusion times (z) is described by the following
equation (Holford & Sheiner 1981).

RoKao Ro ko

-0V T R Rk Ve

(1 - erkaor)
(eqn 3)

—k1)+

where R, is the i.v. infusion rate, k is the first-order
elimination rate constant of haloperidol from blood and V. is
volume of distribution of central compartment. k. is the rate
constant determining tolerance development. The true con-
centration (‘C,”) in the biophase cannot be determined but it
can be shown that C, in equation 3 is equal to ‘C,’/K, where
K, is the unknown partition coefficient of haloperidol in the
biophase (Holford & Sheiner 1981). According to the
definition of a partition coefficient:

R KA
C. or Ci= K,

Kp=

it follows that the tolerance potency ECS0; in equation 2 is
expressing the steady state blood concentration (Cs,) produc-
ing 50% of Emaxs since also

‘EC50y
K, ’

EC50,=

where ‘EC50y’ is the true and unknown potency of Es.

Equations 2 and 3 were simultaneously fitted to observed
individual data of the effect vs concentration and observed
mean data of effect vs time, respectively, using the regression
program PCNONLIN (Statistical Consultants, Inc. 1986)
and different weighting schemes. The pharmacokinetic para-
meters k and V. were used as constants and were obtained
from a previous study (Cheng & Paalzow 1990). The
calculated, formerly unknown parameters of equations 2 and
3 (Emaxts Emax2, Emaxs, EC504, EC50,, EC505, S, S, S35, kuo) can
thus be obtained with their asymptotic standard deviations.
Discrimination between different models was based on visual
inspection of the fits, standard deviations of estimated
parameter values, weighted sum of squares (partial F-test)
and residual analysis. The tolerance of adaptation half-time
is defined as

0-693

&ka0= K )
a

The statistical analyses were made using Student’s r-test.

Results

Steady state blood concentrations of haloperidol were
obtained by constant i.v. infusions. Different rates of drug
input at different infusion times from 12 to 76 h yielded
desired steady state blood levels in the range of 5-30 ng mL !
(Fig. 2). Established steady state conditions in the body were
confirmed by the blood analyses of haloperidol at different
times during the infusion and the samples taken at each
steady state level did not differ significantly.

After infusion for 12 h the brain HVA level increased with
increasing haloperido] blood concentration up to about 15
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F1G. 2. The observed and calculated relation between the steady state
blood concentrations of haloperidol and brain HVA response
following 12 and 76 h i.v. infusion, respectively, to the rat. Each
point is the mean +s.e.m. of 4-10 rats.

ng mL ! (Fig. 2) where a maximal increase of HVA about 5
times (470%) the endogenous level (10 ng g=!) of control
animals was obtained. At steady state blood levels above
approximately 15 ngmL ' the increase of HVA was less than
the maximum and at about 20 ng mL-! the increase was
similar to the effect seen at about 5 ng mL~'. A bell-shaped
type of concentration-response relationship was obtained
(Fig. 2).

When the infusion proceeded for 76 h the same type of
curve was obtained but it was shifted downwards compared
with the 12 h infusion with a maximum increase of about
200% (Fig. 2). The dopaminergic activity of the rat brain, if
reflected by HVA concentrations, is thus adapted to a lower
activity during the prolonged exposure to haloperidol. To
follow the time course of this adaptation or tolerance in more
detail, one steady state level of about 12 ng mL~' was
established in all animals and maintained for 12, 28, 52 and
76 h, at which time they were killed and the brain analysed
for HVA and the blood for haloperidol concentration.

As shown in Fig. 3, the brain concentrations of HVA
decreased over time during a constant drug level of haloperi-
dol compared with control animals. The endogenous HVA
level remained essentially constant during the 76 h i.v.
infusion in the control group (Fig. 3). Equations 2 and 3 were
then simultaneously fitted to all the data of animals given
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F1G. 3. The observed and calculated relation between the exposure
time of haloperido! and brain HVA response following i.v. infusions
to the rat. Each point is the mean of 12-22 rats (+ s.d.).
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haloperidol, as shown in Figs 2, 3. The unknown parameters
of equations 2 and 3 were calculated with acceptable
precision (Table 1). The solid lines in Figs 2, 3 show the best
fits to the data.

The parameter estimates obtained were then used to plot
the separate concentration-effect curves of E;, E,, and E; as
shown in Fig. 4. E, represents the pure increase of brain HVA
with increasing steady state blood levels of haloperidol with
an EC50 value of 5:54+0-27 (s.d.) ng mL-! and a maximum
increase of about 470 % (Table 1). This increase in dopami-
nergic activity is counteracted by another separate system E,
appearing at steady state blood levels above about 14 ng
mL~' and with an EC50 value of 174+ 1-1 ngmL-!and a
maximum decrease of 130% (Table 1).

The observed adaptation of dopaminergic activity to a
lower level (as expressed by decreased brain HVA concentra-
tions) during a constant haloperido! concentration could be
described by the slow equilibration of haloperidol (k.e) in the
‘tolerance’ compartment. In this compartment the negative
effect E; resides and its magnitude is developed at a rate in
relation to the concentration of haloperidol in the ‘tolerance’
compartment (C,) according to equations 2 and 3. The
maximum effect of E; was found to be —280% (Fig. 4, Table
1).

The rate constant of tolerance development (ki) was
found to be 0-0182 + 0-0065 h~! which corresponds to a half-
time of 381+ 13-6 (s.d.) h. The sum of the calculated Ep.x

Table 1. Pharmacodynamic parameters
obtained by fitting equations 2 and 3 simulta-
neously to the observed data.

Parameter Estimate +s.d
Emaxt (% of control)  473-7 26-7
EC50, (ngmL-1!) 5-5 0-2
Sy 62 22
Emaa (% of control) 1322 409
EC50; (ngmL~') 17-4 1-0
Sz 15-4 115
Emaxs (% of control) 2799 30-3
EC50; (ngmL) 69 [-8
S3 83 58
ka0 (th=hH 0-0182 0-0065
600 +— HVA increase (%)
Eq
400 -
2m .
0
200 :,
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Fi1G. 4. The calculated pharmacodynamic effects (E;, E;) and
adaptive effect (E;3) at different concentrations of haloperidol using
the parameters from Table 1.

values (E;-E>-E;) when complete adaptation has developed
after infinite infusion time yields an increase of brain HVA
levels of about 60% at steady state haloperidol concentra-
tions of about 25 ng mL~! (Fig. 4). On the other hand, lower
haloperidol concentrations at about 12-14 ng mL~! will
yield a higher maximal response of about 190% (E,-Es) at
infinite infusion, since E, appears first at concentrations
above this range.

Discussion

Acute effects

Haloperidol is one of the most widely used neuroleptic drugs
in the treatment of schizophrenia. Although there are large
individual variations in pharmacokinetics and pharmacody-
namics, there seems to be a clear indication of a therapeutic
range of plasma concentrations below and above which the
effects are not beneficial (Forsman & Ohman 1977; Mag-
liozzi et al 1981; Extein et al 1982; Mavroidis et al 1983;
Smith et al 1985).

Neuroleptic drugs are considered to block central postsy-
naptic dopamine receptors, resulting in an accelerated
turnover of dopamine (Carlsson & Lindqvist 1963) with
increased brain levels of acid metabolites such as HVA
(Andén et al 1964). Accumulation of HVA has been
considered as an index of increased dopamine activity and
this effect has been used in animal screening models to reflect
neuroleptic potency (Asper et al 1973; Bowers & Rozitis
1974; Chang et al 1988). Although acute administration of
haloperidol blocks dopamine receptors, long-term treatment
is required for effective antipsychotic treatment (Baldessarini
1985; Pickar et al 1986b; Davidson et al 1987).

In the present investigation, constant haloperidol concen-
trations were achieved by intravenous administration using
implanted osmotic minipumps or an external constant
infusion pump, and steady state conditions throughout body
tissues were assured by measurements of the blood concen-
trations of haloperidol. The experiments were designed to
avoid altered distribution kinetics of haloperidol during
treatment or fluctuating drug levels as a consequence of
repeated single doses. Infusion for 12 h produced a concen-
tration dependent elevation of HVA levels at increasing
blood concentrations of haloperidol up to about 15 ngmL 1.
Higher concentrations, however, resulted in a decrease of
HVA accumulation and a bell-shaped (inverted U-shaped)
concentration-response curve was obtained (Fig. 2) similar
to that observed in humans for the antipsychotic effects
(Mavroides et al 1983; Smith et al 1985). It was interesting
that the therapeutic window observed in plasma of patients
corresponds to the steady state blood concentrations needed
for the maximal accumulation of HVA in the rat. The bell-
shaped curve can be described as being composed of the sum
of two separate and opposing concentration-effect curves, E,
and E; (eqn 1) (for review see Paalzow et al 1985). E,
dominates at low and moderate haloperidol concentrations
and E, appears at haloperidol blood concentrations above
approximately 14 ng mL~! in addition to E, (Fig. 4). As to
the mechanistic explanation of the effects E, and E,, the
increase of dopamine metabolism (E;) would reflect the
postsynaptic dopamine receptor blockade while, with
increasing dose, E, would gradually counteract it. E; then
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dominates at high steady state blood concentrations of
haloperidol and as yet there is no clear-cut explanation of the
mechanism available. Although Asper et al (1973) and
Matsumoto et al (1983) noted a ceiling of the HVA increase
with increase of the haloperidol dose, and Chang et al (1986),
like us, found a bell-shaped dose-response curve of haloperi-
dol on HVA accumulation in the rat brain, no further
explanatory biochemical or functional studies have been
made. The decline of HVA after high doses is concentration-
dependent and thus represents little nonspecific toxicity. It
also agrees with the therapeutic range reported with haloper-
idol during increased doses in schizophrenic patients
(Rivera-Calimlim & Hershey 1984) and would be an effect
unfavourable to antipsychotic activity. It is well known that
haloperidol shows affinity for a number of receptor systems
(Seeman 1987) and further studies are necessary to clarify
high-dose elicited effects on dopamine metabolism.

An active metabolite of haloperidol in man (Shostak et al
1987) does not occur in the rat (Korpi et al 1985) and is not
thought to contribute to the effect described here.

Time-dependent effects

When the infusion was continued to 76 h the accumulation of
HVA decreased with the time course of infusion. Thus, the
relationship between steady state blood concentrations of
haloperidol and the effect on HVA accumulation changes
with time and a function (model) to account for this time-
dependency (tolerance) has to be included in equation 1. To
describe the time component of development of this adaptive
system we needed an additional kinetic component to be
included in the naive composed (E,-E,) pharmacodynamic
model (eqn 1). This was achieved by using the link-model of
Sheiner et al (1979) according to which a hypothetical effect
compartment is linked to a pharmacokinetic model so as to
describe the distribution disequilibrium between blood con-
centrations and effect site(s). We presumed a hypothetical
‘adaptation’ or ‘tolerance’ compartment (Fig. 1) and that the
rate of drug equilibration between blood and this compart-
ment is determined by the loss of drug from this tolerance
compartment (k) in the same manner as the elimination
constant of a drug from blood (k) determines the time to
reach steady state conditions. The effect produced in the
tolerance compartment (E;) is then related by a Hill equation
to the drug concentration in this compartment (C, in eqn 3),
while the naive composed effects E,-E, are related to the
steady state blood concentrations of haloperidol. Accord-
ingly, the rate of tolerance (adaptation) development can be
calculated and defined by the tolerance or adaptation half-
time of the specific drug (i3 k.). The potency of tolerance
development is defined by its EC50 value i.e. the steady state
blood concentration at which the original or naive effects are
decreased to 50%. It has been shown that this model is also
capable of describing rebound effects often seen on drug
withdrawal (Paalzow et al 1988).

By fitting equations 2 and 3 simultaneously to all experi-
mental data of brain HVA concentrations seen during
continuous exposure to different steady state concentrations
of haloperidol, we were able to calculate the characteristic
pharmacodynamic parameters of E,, E, and Es. A tolerance
half-time of about 38 h was obtained with a tolerance
potency of about 7ng mL ' (Table 1), which means that, for

example, at a constant blood level of 10 ng mL ' of
haloperidol over 5 days (3-3 half-lives) the accumulation of
HVA decreased wth approximately 91% of the maximal
decrease.

In the calculations we assumed that the effects E; and E,
remained unchanged during prolonged exposure to haloperi-
dol. Extensive research is needed to prove or refute such an
assumption. Several known characteristics of haloperidol
are, however, in favour of this assumption. Tolerance to the
antipsychotic effect has never been observed (Baldessarini &
Tarsy 1980), but instead, since the therapeutic effect develops
after prolonged exposure to haloperidol (Baldessarini 1985),
it i1s tempting to speculate that the adaptation of HVA-
accumulation seen in our experiments could be related to the
antipsychotic effect of this drug. The adaptation half-time
calculated in the present investigation could be a parameter
describing and predicting the rate of development of the
desired therapeutic effect, rather than the loss (tolerance) of
it. Following prolonged treatment with haloperidol basal
dopamine release in rat brain decreases (Lane & Blaha 1987)
and after three days of repeated administration, HVA
concentrations are significantly decreased compared with
controls (Chang et al 1986). Others have shown that
differences exist in tolerance development to HVA increase
in discrete areas of the rat brain (Bowers & Rozitis 1974;
Matsumoto et al 1983).

In the present paper we have provided a quantitative
description of the adaptation of HVA accumulation occur-
ring in the whole rat brain during long-term haloperidol
administration. The adaptation is described by its maximum
effect (En.), potency (EC50) and its slope factor (S).
Furthermore, the developed model is able to describe the
time-component of this adaptation as defined by its adap-
tation half-time (t; k.o). These quantifications could serve as
a useful tool in comparative descriptions of neuroleptics,
especially since this time-dependent adaptation may be
considered to reflect therapeutic efficacy. Furthermore, if
applied to man, these quantitative parameters could be used
to calculate optimal dosing of neuroleptic drugs in individual
patients in order to obtain a rapid onset of the therapeutic
response.

From our results and from other clinical and experimental
studies it can be inferred that acute effects of haloperidol on
dopamine metabolism do not themselves reflect antipsycho-
tic efficacy. There is a concentration dependent range for
postsynaptic dopamine receptor blockage as reflected by
HVA levels. Rather, the time-dependent depression of basal
dopamine activity after haloperidol should relate to the
therapeutic effect. The findings suggest that moderate blood
concentrations should be attained in patients as quickly as
possible and be kept constant in order to develop adaptation
of dopamine activity rapidly.
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