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(2) 477–483, 1997.—Dihy-
drexidine is a selective, full-efficacy dopamine D

 

1

 

 receptor agonist that has displayed therapeutic potential in Parkinson’s disease
by reversing motor deficits of MPTP-treated monkeys. The present study monitored the effects of dihydrexidine on acetyl-
choline release in rat brain by using in vivo microdialysis. Moderate doses of dihydrexidine [3 and 10 mg/kg, intraperitoneally
(IP)] elevated extracellular concentrations of acetylcholine by 40–60% in rat striatum; higher doses did not significantly alter
acetylcholine release. SCH 23390 blocked the dihydrexidine-induced increase, indicating a D

 

1

 

 receptor-mediated action. A
more robust stimulatory effect of dihydrexidine on acetylcholine release was observed in prefrontal cortex (to 300% of basal
output) than in striatum. Dihydrexidine was also evaluated in a passive avoidance procedure in rats to determine if its neuro-
chemical effects translated into cognition-enhancing activity; in this assay, dihydrexidine (0.3 mg/kg, IP) significantly im-
proved the scopolamine-induced deficits. The results of these studies suggest that the acetylcholine-releasing properties of di-
hydrexidine and other D

 

1

 

 agonists may underlie their cognition-enhancing activity and thus may have clinical value in the
treatment of dementia. © 1997 Elsevier Science Inc.

 

Dihydrexidine D

 

1

 

 receptors Acetylcholine Cognition

 

DOPAMINE receptors have classically been divided into two
major subclasses, D

 

1

 

 and D

 

2

 

, based on pharmacological, bio-
chemical and behavioral data (21). Cloning studies have sub-
divided the two major classes further based on their distinct
molecular forms (37). At the biochemical level, D

 

1

 

 and D

 

2

 

 re-
ceptors have been distinguished based on radioligand binding
profiles and receptor–effector coupling to adenylate cyclase
(21), but the contribution of each subtype to different func-
tional dopamine-related activities is complex. Until recently,
the significance of the D

 

1

 

 site was difficult to establish due to
the lack of selective D

 

1

 

 agonists. A major breakthrough in the
evaluation of D

 

1

 

 receptors was the synthesis (5) and pharma-
cological characterization of dihydrexidine (

 

trans

 

-10,11-dihy-
droxy-5,6,6a,7,8,12b-hexahydrobenzo[a]phenanthridine; DHX)
as a potent, selective, full-efficacy agonist at the D

 

1

 

 receptor
(5,23,25). In radioligand binding assays, dihydrexidine is more
potent than the D

 

1

 

 partial agonist SKF 38393 in displacing

[3H]-SCH 23390 from rat (23) or monkey (45) striatal mem-
branes. Ratio estimates of D

 

1

 

/D

 

2

 

 selectivity for dihydrexidine
have ranged from 12 to 60 (23,25) depending on assay condi-
tions. Dihydrexidine is 70-fold more potent than dopamine in
stimulating adenylate cyclase (25), whereas the partial agonist
SKF 38393 has only 50% (or less) of the activity of dopamine
in this assay in rats (23,25) and monkeys (45). In behavioral
studies, dihydrexidine stimulates locomotor activity, groom-
ing and sniffing, which are blocked by the D

 

1

 

 antagonist SCH
23390, suggesting its utility in the study of D

 

1

 

-mediated behav-
iors (13).

Significant therapeutic potential for dihydrexidine has
been demonstrated in the MPTP primate model of parkin-
sonism. Dihydrexidine-ameliorated parkinsonian signs includ-
ing tremor, motor freezing, abnormal posture, rigidity and
bradykinesia and increased eye blink rate (42). The D

 

1

 

 antag-
onist SCH 23390 but not the D

 

2

 

 antagonist remoxipride

 

1
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blocked the antiparkinsonian activity of dihydrexidine, indi-
cating a D

 

1

 

 locus of action (40). Animal studies with other D

 

1

 

agonists support the notion that the D

 

1

 

 receptor, like the D

 

2

 

subtype, is a potential target for novel antiparkinsonian drugs
(15,20), although clinical testing of the partial D

 

1

 

 agonist SKF
38393 in patients with Parkinson’s disease was negative (4).

An interaction between nigrostriatal dopaminergic and
cholinergic systems in motor control is well-established and is
shown by the clinical utility of both dopamine agonists and
cholinergic antagonists in Parkinson’s disease. Previous stud-
ies have suggested that dopamine exerts a solely inhibitory ef-
fect on striatal acetylcholine release (35,41) mediated by what
are now recognized as D

 

2

 

 receptors (3,10,14). In contrast,
more recent neurochemical studies have shown that D

 

1

 

 ago-
nists stimulate striatal acetylcholine release (9,11,12). Thus,
dopamine exerts reciprocal control of striatal acetylcholine
release, depending on which receptor subtype is activated; the
D

 

1

 

 stimulatory effect may predominate under basal condi-
tions (17). The opposing effects of distinct receptor subtypes
present an interesting model to distinguish D

 

1

 

 vs. D

 

2

 

 activities
of dopamine agonists in vivo using microdialysis techniques.
In other brain regions, similar acetylcholine-releasing effects
may be significant because of the established connection be-
tween this transmitter, learning and memory (16,26) and
Alzheimer’s disease (2,30,46,48,49). Thus, in the present
study, we sought to identify D

 

1

 

 vs. D

 

2

 

 activities of dihydrexi-
dine by using striatal acetylcholine release as the model. D

 

1

 

stimulatory effects on acetylcholine release were also evalu-
ated in the frontal cortex, an area in which dopamine may be
involved in learning and memory in rodents (6,38,39) and pri-
mates (1,7,33,34). Subsequently, studies were conducted to
determine if the neurochemical effects on acetylcholine re-
lease could translate into cognitive improvements in a rodent
model of dementia.

 

METHODS

 

Animals and Housing

 

Male Sprague-Dawley rats (Charles River, Kingston, NY)
were group housed (three per cage) in a climate-controlled
animal facility with food and water available ad libitum. Rats
for the microdialysis studies weighed 200–300 g. After sur-
gery, animals were housed individually. Rats for the passive
avoidance experiments weighed 125–150 g.

 

In Vivo Microdialysis

 

Animals were anesthetized with ketamine/xylazine (87/13
mg/kg) for surgical implantation of a nonpenetrating guide
cannula [Bioanalytical Systems (BAS), West Lafayette, IN].
A small hole was drilled through the skull to the dura at the
site of guide cannula placement. The site was determined by
using the following stereotaxic coordinates with reference to
bregma (28): striatum A: 1.5, L: 2.6, V: 5.5; frontal cortex A:
3.2, L: 1.3, V: 1.0. The ventral coordinate was set by the dis-
tance the microdialysis probe extended through the cannula.
The guide cannula was fixed to the skull with dental acrylic
and anchor screws, and a dummy cannula was inserted. Ani-
mals were returned to their cages and allowed to recover from
surgery for 24–48 h.

At the time of the experiment, dummy cannulae were re-
moved, and the microdialysis probes (model CMA-12, BAS;
tip length 

 

5

 

 3 mm, diameter 

 

5

 

 225 

 

m

 

m) were inserted. The di-
alysis probes were connected to a microinfusion pump (CMA-
100; BAS) equipped with a liquid switch (CMA-110; BAS) via

low dead-volume fused-silica tubing (inner diameter 

 

5

 

 75 

 

m

 

m,
outer diameter 

 

5

 

 150 

 

m

 

m; Polymicro Technologies, Phoenix,
AZ). The probe was perfused with artificial cerebrospinal
fluid (in mM: 121 NaCl, 3.5 KCl, 1.2 CaCl

 

2

 

, 1.2 MgCl

 

2

 

, 1.0
NaH

 

2

 

PO

 

4

 

, 25 NaHCO

 

3

 

) at a flow rate of 1.5 

 

m

 

l/min. Inclusion
of 1 

 

m

 

M neostigmine bromide in the perfusate was necessary
because basal levels of acetylcholine approached the limit of
sensitivity of the analysis. A 1-h equilibration period was al-
lotted prior to sample collection. Once initiated, baseline di-
alysate samples were collected every 20 min. A 20 

 

m

 

l aliquot
of the sample (total sample volume 

 

5

 

 30 

 

m

 

l) was analyzed im-
mediately. No experimental manipulations were invoked until
three consecutive samples were collected, which did not
change in composition of acetylcholine by more than 10%.

For analysis of dialysate acetylcholine, instrumentation
consisted of components from BAS/CMA including a CMA-
200 refrigerated microsampler, a PM-60 pump and an LC-4C
amperometric detector equipped with a platinum working
electrode and a Ag/AgCl reference electrode. The analytical
column and acetylcholinesterase/choline oxidase postcolumn
enzyme reactor were also obtained from BAS. The mobile
phase was 35 mM Na

 

2

 

HPO

 

4

 

 (pH 8.5) containing 0.005% Ka-
thon as an antibacterial agent delivered at a flow rate of 1 ml/
min. The H

 

2

 

O

 

2

 

 product of the enzyme reactor was detected at
a potential of 

 

1

 

500 mV. Output was recorded on a chart re-
corder and electronically with a Hewlett Packard ChemSta-
tion. Peak heights were integrated and converted to pmol/20

 

m

 

l injection by interpolation on a standard curve.
Racemic dihydrexidine HCl was prepared by Interneuron

Pharmaceuticals Inc. (Lexington, MA). (

 

2

 

)-Quinpirole HCl,
(

 

6

 

)-SKF 81297, R-(

 

2

 

)-SCH 23390 and (

 

2

 

)-eticlopride were
purchased from Research Biochemicals Inc. (Natick, MA).
All drugs were prepared in saline to deliver the indicated dos-
ages calculated as the free base in a volume of 1 ml/kg. Dihy-
drexidine and SKF 81297 were administered intraperitoneally
(IP) for experiments in the striatum. All other drugs were ad-
ministrated subcutaneously (SC). Doses for the antagonist ex-
periments were selected by determining the highest dose that
by itself did not affect acetylcholine release. The antagonists
were administered 20 min prior to agonist (i.e., one sample
collection interval). Samples were collected every 20 min for
3 h following agonist administration. Typically, four to six ani-
mals were used for each test group. Upon completion of the
experiment, animals were killed by decapitation, and their
brains were examined grossly to verify probe placement.

The amount of acetylcholine in each sample was normal-
ized with respect to baseline samples, which were the last
three samples collected before the initial drug injection. To
assess the significance of single drug effects over time relative
to the baseline samples, a one-way analysis of variance
(ANOVA) with repeated measures was used. For agonist/an-
tagonist experiments, a two-way ANOVA with repeated mea-
sures was used. Post-hoc comparisons were made with a Stu-
dent–Newman–Keuls multiple range test (

 

p

 

 

 

,

 

 0.05).

 

Passive Avoidance

 

Testing was conducted in a darkened room by using stan-
dard two-compartment rectangular passive avoidance cham-
bers (San Diego Instruments, San Diego, CA) with black
Plexiglas sides and grid floors. The light compartment of the
chambers was illuminated by a 20-W lamp; the dark side was
shielded from extraneous light sources.

On training (acquisition) day, groups of eight rats were in-
jected with scopolamine (3.0 mg/kg, IP) or vehicle 30 min



 

D
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prior to the training session. Ten minutes prior to the session,
animals were injected with either dihydrexidine (0.1, 0.3 or 1.0
mg/kg, IP) or vehicle (0.02% ascorbic acid in 0.9% saline).
The sessions were initiated by placing the rats in the light
compartment facing away from the opening between the two
compartments. The latency for the rat to enter the darkened
side of the chamber was measured up to a maximum of 300 s;
animals that did not enter the dark side were eliminated from
the group. Upon entering the dark side completely, a 1-mA,
3-s scrambled shock was delivered to the entire grid floor. The
animal was allowed to remain in the dark compartment or es-
cape to the light compartment during the shock period. Ani-
mals were then returned to their home cages.

Twenty-four hours after training, each rat was tested for
retention of the task. The procedures on test day were essen-
tially identical to those on the training day except that no in-
jections were given and the rats did not receive a shock upon
entering the darkened side. The latency for animals to enter
the darkened side (i.e., step-through latency) was recorded up
to a maximum of 600 s.

A one-way ANOVA and Student–Newman–Keuls post-
hoc comparisons were used to identify significant deficits in
passive avoidance responding produced by scopolamine and
its reversal by dihydrexidine (

 

p

 

 

 

,

 

 0.05).

 

RESULTS

 

The dose dependence and time course of the effects of di-
hydrexidine on striatal acetylcholine release are shown in Fig. 1.
Doses of 3 and 10 mg/kg dihydrexidine (IP) elevated extracel-
lular concentrations of striatal acetylcholine by 40–60% over
the course of the experiment. Statistical analysis showed that
the effect of the 3 mg/kg dose was significant at all time points

except at 20 and 80 min postinjection. The 40- and 100-min
samples from the 10 mg/kg dose group differed significantly
from baseline levels. The lack of significance of seemingly
higher mean acetylcholine values in the 10 mg/kg group was
due to a greater amount of variation in both the baseline and
drug-treatment samples. Interestingly, the highest dihydrexi-
dine test dose, 17.5 mg/kg, had no significant effect on striatal
acetylcholine levels.

To identify the receptor subtypes involved in the acetyl-
choline-releasing effects of dihydrexidine, experiments with
selective agonists and antagonists were conducted. Figure 2A
shows that pretreatment of rats with 0.3 mg/kg (

 

2

 

)-SCH

FIG. 1. Dose relationship for dihydrexidine on striatal acetylcholine
release. Dihydrexidine (DHX) was injected (IP) at time 0 after the
collection of three baseline samples. Dialysate acetylcholine levels
were normalized with respect to the baseline samples (basal release ø2.0
pmol/20 ml). Moderate doses of dihydrexidine (3 and 10 mg/kg, IP)
stimulated acetylcholine release, whereas the highest test dose (17.5
mg/kg) had no significant effect. Values are the mean 6 SEM for four
to six animals per dose group. *Mean is significantly different (p ,
0.05) from the three baseline values for that dose group.

FIG. 2. Determination of receptor subtype responsible for the effects
of dihydrexidine on rat striatal acetylcholine release. A: Pretreatment
with the D1 antagonist (2)-SCH 23390 (0.3 mg/kg, SC, SCH) blocks
the stimulation of striatal acetylcholine release by 10 mg/kg, IP, dihy-
drexidine (DHX). SCH (arrow) was administered 20 min prior to
dihydrexidine (time 0). B: Demonstration of opposing effects of
dopamine receptor subtype stimulation on striatal acetylcholine
release. Similar to the 3 and 10 mg/kg doses of dihydrexidine, the D1
agonist SKF 81297 (SKF) stimulated acetylcholine release. In con-
trast, the D2 agonist quinpirole (QUIN) reduced striatal acetylcholine
output. Values are the mean 6 SEM for four to six animals per treat-
ment group. *Mean is significantly different (p , 0.05) from the three
baseline values for that treatment group.



 

480 STEELE ET AL.

23390 (SC), a selective D

 

1

 

 antagonist, completely blocked the
dihydrexidine-induced increase in striatal acetylcholine re-
lease. This dose of SCH 23390 did not affect basal striatal ace-
tylcholine output. Figure 2B shows the opposing effects of D

 

1

 

and D

 

2

 

 agonists on extracellular striatal acetylcholine concen-
trations. Administration of 3 mg/kg SKF 81297 (IP), another
selective D

 

1

 

 agonist, produced an increase in striatal acetyl-
choline release comparable to that of 3 and 10 mg/kg dihy-
drexidine. The stimulatory effect of D

 

1

 

 activation was oppo-
site that of the D

 

2

 

-selective agonist quinpirole (2 mg/kg, SC),
which reduced striatal acetylcholine output.

To determine whether dihydrexidine also increased acetyl-
choline release in brain regions that may be more relevant to
cognition, additional microdialysis studies were conducted in
the prefrontal cortex. At a dose of 10 mg/kg, dihydrexidine
produced a more robust increase in cortical acetylcholine re-
lease than was observed in the striatum (Fig. 3). Dialysate
acetylcholine levels were raised 200–300% relative to baseline
for the duration of the experiment. In these experiments, the
subcutaneous route was used because preliminary experiments
indicated that the effect of dihydrexidine was prolonged, but
of a similar magnitude, by this route (data not shown). The
stimulation of cortical acetylcholine release appears to be due
solely to actions at D

 

1

 

 receptors because 0.3 mg/kg (

 

2

 

)-SCH
23390 completely blocked the effect of dihydrexidine. How-
ever, in contrast to the striatum, stimulation of D

 

2

 

 receptors
also appeared to facilitate acetylcholine release. Administra-
tion of 2 mg/kg quinpirole significantly increased cortical di-
alysate acetylcholine concentrations, with the peak effects in
the range of 150–200% (Fig. 4). Dopamine D

 

2

 

 receptor speci-
ficity for this action was confirmed by the ability of the selec-

tive antagonist eticlopride (0.1 mg/kg, SC) to block the stimu-
latory effect of quinpirole.

In view of the evidence that dihydrexidine is a potent re-
leaser of acetylcholine in the prefrontal cortex, the cognition-
improving potential of the drug was assessed in a step-through
passive-avoidance paradigm. Doses of 0.1, 0.3 and 1.0 mg/kg
of dihydrexidine were tested for their ability to reverse the
amnestic effects of scopolamine. Administration of scopola-
mine (3.0 mg/kg, IP) to rats significantly impaired the acquisi-
tion of the passive avoidance task (Fig. 5).

 

 

 

Treatment with 0.3
mg/kg of dihydrexidine (IP) significantly improved learning as
indicated by a prolonged latency time of scopolamine-amnes-
tic rats to enter the darkened side of a chamber. The effect of
dihydrexidine depended on dose; neither lower nor higher
test doses produced significant effects.

 

DISCUSSION

 

The present studies provide neurochemical evidence that
the D

 

1

 

 receptor agonist dihydrexidine is a potent releaser of
acetylcholine in rat striatum and frontal cortex. Experiments
in the striatum showed that doses of 3 and 10 mg/kg of dihy-
drexidine increased striatal acetylcholine release. This effect
was blocked by the D

 

1

 

 antagonist SCH 23390 at a dose com-
parable to that used in other studies of D

 

1

 

 receptor-mediated
acetylcholine release [e.g., (11,12)]. A D

 

1

 

 receptor-mediated
stimulation of acetylcholine release has been shown in studies
with other D

 

1

 

 agonists (11,12,31) and in studies where the
stimulatory effects of the indirect dopamine agonists 

 

d

 

-amphet-
amine and cocaine were blocked by D

 

1

 

 antagonists (9,12,18).
The magnitude of the increase produced by 10 mg/kg of dihy-
drexidine is similar to that reported with relatively high doses
of other selective D

 

1

 

 agonists (11,12) and indirect dopaminer-

FIG. 3. Effects of dihydrexidine on acetylcholine release in rat
frontal cortex. Administration of dihydrexidine (10 mg/kg, SC, DHX)
at time 0 produced a dramatic elevation in cortical acetylcholine
release (basal release ø1.0 pmol/20 ml). Pretreatment with (2)-SCH
23390 (0.3 mg/kg, SC, SCH; administered at arrow) completely
abolished the stimulatory effect of dihydrexidine. Values are the
mean 6 SEM for four to six animals per treatment group. *Mean is
significantly different (p , 0.05) from the three baseline values for
that treatment group.

FIG. 4. Effects of a D2 agonist on cortical acetylcholine release. In
contrast to the striatum, D2 receptor stimulation with quinpirole
(2 mg/kg, SC, QUIN; administered at time 0) increased cortical
acetylcholine output. Pretreatment with the D2 antagonist eticlopride
(0.1 mg/kg, SC, ETIC; administered at arrow) attenuated the effects
of quinpirole. Values are the mean 6 SEM for four to seven animals
per treatment group. *Mean is significantly different (p , 0.05) from
the three baseline values for that treatment group.
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gic agonists (9,12,18,19), suggesting that the effects of 10 mg/
kg of dihydrexidine approach the maximal limit for striatal
acetylcholine release. This conclusion is supported by the ob-
servation that the highest test dose of dihydrexidine (17.5 mg/
kg, IP) had a negligible effect on striatal acetylcholine release,
possibly due to the loss of receptor subtype selectivity in this
dose range. The inhibition of acetylcholine release by activa-
tion of D

 

2

 

 receptors in the striatum was demonstrated in this
study with the D

 

2

 

 selective agonist quinpirole, thereby con-
firming the work of other investigators (3,10,14). In vitro
ligand binding experiments have suggested that dihydrexidine
is approximately 10-fold selective for D

 

1

 

 vs. D

 

2

 

 receptors (25).
Therefore, at the highest dose (17.5 mg/kg), significant D

 

2

 

 ac-
tivation by dihydrexidine may have counteracted the stimula-
tory D

 

1

 

 effect, with a net result of only minor fluctuations in
striatal acetylcholine release. Attempts to unveil the stimula-
tory D

 

1

 

 effect of 17.5 mg/kg of dihydrexidine by blocking stri-
atal D

 

2

 

 receptors with the D

 

2

 

 antagonist eticlopride were con-
founded by the acetylcholine-releasing effect of low doses
(e.g., 0.1 mg/kg) of eticlopride alone (data not shown).

The interaction between dopaminergic and cholinergic sys-
tems in the nigrostriatal tract is well established and pharma-
cologically significant in the therapy for Parkinson’s disease.
Recent studies have suggested that these transmitter systems
also interact in other brain regions, including areas relevant to

learning and memory (e.g., frontal cortex). Consistent with
this suggestion, dihydrexidine produced a robust increase in
extracellular concentrations of cortical acetylcholine to ap-
proximately 300% of baseline values. This effect was com-
pletely blocked by SCH 23390, thus supporting a D

 

1

 

 site of ac-
tion. In contrast to the striatum, D

 

2

 

 receptors also appear to
stimulate cortical acetylcholine release. The selective agonist
quinpirole (2 mg/kg, SC) significantly elevated extracellular
concentrations of cortical acetylcholine to 150% of baseline;
this effect was blocked by the D

 

2

 

 antagonist eticlopride. The
stimulation of acetylcholine release by quinpirole was sub-
stantially lower than the peak effect produced by dihydrexi-
dine, perhaps suggesting a more significant role for D

 

1

 

 recep-
tors on cortical acetylcholine release.

The neurochemical evidence that dihydrexidine is a potent
releaser of acetylcholine in frontal cortex suggests a possible
novel use of the drug as a cognition-enhancing agent. This
contention is based on the wealth of evidence showing that
pharmacological methods that elevate central cholinergic
transmission improve learning and memory performance in
animals (26). The potential clinical relevance is obvious be-
cause of the established connection of Alzheimer’s disease
with degeneration of central cholinergic neuronal systems
(29,48, 49). Although acetylcholinesterase inhibitors are ben-
eficial to some patients, significant limitations and toxic ef-
fects have been associated with their use (44,50). Therefore,
novel mechanisms to promote acetylcholine release, such as
through D

 

1

 

 receptor activation, in brain regions where dimin-
ished release underlies cognitive impairments should be ex-
plored. This mechanism is particularly intriguing in view of
the potential for dihydrexidine to treat both movement and
cognitive impairments associated with Parkinson’s disease in
which neural pathologies similar to those found in Alzhe-
imer’s disease have been reported (30,32,43,47).

The improvement of scopolamine-induced impairments of
passive avoidance performance, a widely used model of learn-
ing and memory, supports the contention that dihydrexidine
has cognition-enhancing potential. The improvement by dihy-
drexidine is consistent with other rodent behavioral studies in
which elevation of dopaminergic transmission improved cog-
nitive performance in a variety of tasks. For example, selective
D

 

1

 

 and D

 

2

 

 agonists facilitate and antagonists impair retention
of inhibitory avoidance response in mice (8). Similarly, intrac-
erebral injections of either SKF 38393 or quinpirole improved
radial arm maze task performance (27). Others have reported
a selective effect of D

 

1

 

 activation for alleviating choice-accu-
racy deficits associated with scopolamine amnesia (22). The
rodent prefrontal cortex is a candidate for putative D1-acetyl-
choline mechanisms in cognition; D1 agonists stimulate re-
lease, as shown in the present study, and dopamine depletion
in this region impairs memory performance (39). Cortical D1
receptors also have been implicated in cognition in primates.
Infusions of D1 antagonists (33,34), but not D2 or D3 antago-
nists (33), directly into prefrontal cortex and the systemic ad-
ministration of SCH 23390 (1) impair delayed response per-
formance in monkeys. Conversely, the administration of 1 mg/
kg of the D1 agonist dihydrexidine improved working memory
performance in young monkeys; this effect was blocked by
SCH 23390 (1). In addition, a dose of 0.6 mg/kg of dihydrexi-
dine improved delayed response performance in MPTP-treated
monkeys (36). Thus, the cognition-improving effects of D1 ag-
onists and cognition-impairing effects of dopaminergic deple-
tion or D1 blockade in both rodents and primates supports
further investigation of the role of D1 receptors in pathways
associated with learning and memory.

FIG. 5. Reversal of scopolamine-induced deficits in passive avoidance
learning by dihydrexidine. Rats were injected with scopolamine (3 mg/
kg, IP) and different doses of dihydrexidine (0, 0.1, 0.3, 1.0 mg/kg, IP,
DHX) prior to the acquisition phase of the trial. Twenty-four hours
later, the step-through latency for animals to enter the darkened com-
partment of the chamber was measured. Animals that received only
saline (SAL) during acquisition did not readily enter the darkened
side during retention testing. In contrast, scopolamine-treated ani-
mals that were administered either 0, 0.1 or 1.0 mg/kg dihydrexidine
(DHX) in the acquisition phase quickly stepped through to the dark-
ened side during retention testing. The intermediate test dose of dihy-
drexidine (0.3 mg/kg) significantly reversed the scopolamine-induced
deficits. Values are the mean 6 SEM for eight animals per treatment
group. *Mean is significantly different (p , 0.05) from the scopola-
mine treatment group.
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Different doses of dihydrexidine were used in the passive-
avoidance and in vivo microdialysis assays. However, in view
of the limitations of the two assays, there are inherent difficul-
ties in obtaining a precise correspondence between neuro-
chemically active and behaviorally active doses. In the neuro-
chemical studies, 10 mg/kg of dihydrexidine produced a
dramatic increase (almost 200%) in acetylcholine release in
the prefrontal cortex. In view of the magnitude of this in-
crease, lower doses of dihydrexidine should produce increases
in synaptic acetylcholine levels, with important physiological
consequences. Support for this contention is evident in the ex-
periments in the striatum, where lower doses of dihydrexidine
produced significant increases in acetylcholine release; 3.0
mg/kg produced a 40–60% increase in striatal acetylcholine
release. Furthermore, in a brain region associated with cogni-
tion (prefrontal cortex), 10 mg/kg of dihydrexidine produced
approximately four times the increase in acetylcholine release
(twice the absolute acetylcholine level) produced in the stria-
tum. In the passive-avoidance study in rats, dihydrexidine
showed an inverted-U-shaped dose–response curve common
in this and other cognitive function assays. Although the rea-
son doses greater than 0.3 mg/kg of dihydrexidine did not pro-
duce improvements in passive avoidance performance is un-
clear, competing dopaminergic behaviors may have offset any
potential beneficial effects of increased acetylcholine release.
In cognitive assays in primates (1,36), effective doses of dihy-
drexidine ranged from 0.01 to 1.0 mg/kg. Thus, although a
particular cognitively active dose of dihydrexidine (0.3 mg/kg)
was identified in the present study, the cognitive effects of di-
hydrexidine can be expected to change across a range of doses

depending on the species, behavioral assay and specific assay
conditions. Therefore, the present findings provide only pre-
liminary evidence for a link between dihydrexidine-induced
acetylcholine release and an improvement of cognitive deficits.

In summary, these studies have revealed that the D1 ago-
nist dihydrexidine is a potent stimulator of acetylcholine re-
lease in the striatum and frontal cortex and improves cogni-
tive performance in rats in a passive-avoidance paradigm.
These findings suggest that elevation of central cholinergic
neurotransmission by dihydrexidine may be responsible for its
cognition-improving effects. Evidence that D1 and D2 agonists
reverse choice-accuracy deficits due to lesions of the medial
projection of the basal forebrain to the cortex (24) presents
the intriguing possibility of a local dopamine agonist action on
acetylcholine release via receptors located on intrinsic cortical
cholinergic neurons. This finding raises the possibility that
cortical D1 receptor activation, even under conditions of di-
minished ascending input from subcortical regions, may evoke
acetylcholine release and reverse cognitive deficits associated
with cholinergic hypofunction in this region. This novel mech-
anism, whereby acetylcholine release is stimulated in brain re-
gions receiving diminished ascending cholinergic input, may
have therapeutic applications in the treatment of dementia.
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