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Dopamine and Spatial Working Memory in Rats and Monkeys:
Pharmacological Reversal of Stress-Induced Impairment
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The anxiogenic benzodiazepine inverse agonist FG7142 in-
creases dopamine turnover in rodent prefrontal cortex but not
in other dopamine terminal field areas. FG7142-induced in-
creases in prefrontal cortical dopamine receptor stimulation
impair prefrontal-dependent, but not nonprefrontal-dependent,
cognitive tasks in rats and monkeys. The degree of impairment
correlates with levels of prefrontal cortical dopamine turnover in
rats and can be blocked in rats and monkeys with dopamine
receptor antagonists, suggesting that increased dopamine
turnover is directly related to the cognitive deficits.

The current study examined nondopaminergic drug effects
on FG7142-perturbed biochemistry and cognition. Both the
noradrenergic «-2 agonist clonidine and the glycine/NMDA
antagonist (+)HA966 prevented the FG7142-induced increase
in dopamine turnover in rodent prefrontal cortex. Infusion of
(+)HA966 into the ventral tegmental area (VTA) also blocked
this increase in dopamine turnover, indicating that critical mod-

ulatory effects of (+)HA966 on FG7142-induced changes in
dopamine turnover are occurring at the level of mesoprefrontal
dopamine neuron cell bodies. Systemic (+)HA966 and
clonidine, but not propranolol or b-cycloserine, prevented
FG7142-associated spatial working memory deficits in rats and
monkeys. These results support the idea of a critical range of
dopamine turnover for optimal prefrontal cortical cognitive
functioning, with excessive dopamine turnover leading to cog-
nitive impairment. These studies also provide evidence for the
regulation of prefrontal cortical dopamine turnover and cogni-
tion by multiple neurotransmitter systems and suggest that the
VTA is an important regulatory site for these effects.
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prefrontal cortex; delayed alternation; delayed response; mem-
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The unique sensitivity of the prefrontal cortical dopamine system to
stress has long intrigued researchers (Roth and Tam, 1987). Rodent
studies have shown that mild stress increases dopamine turnover in
the prefrontal cortex but not in other dopamine terminal field re-
gions (Thierry et al., 1976; Herman et al., 1982; Roth et al., 1988;
Deutch and Roth, 1990). The prefrontal cortical dopamine response
to stress is blocked by anxiolytic benzodiazepine receptor agonists
(Tam and Roth, 1990) and mimicked by anxiogenic benzodiazepine
inverse agonists, such as FG7142 (Tam and Roth, 1985, 1990; Roth
and Tam, 1987; Deutch and Roth, 1990). Like mild stress, FG7142
produces a prefrontal cortical-selective increase in dopamine turn-
over and release, which can be blocked by pretreatment with benzo-
diazepine receptor agonists or antagonists (Tam and Roth, 1990;
Bradberry et al., 1991) and with noradrenergic -2 receptor agonists
(Tam, 1986).

In addition to a selective increase in prefrontal cortical dopa-
mine turnover in rats, FG7142 impairs prefrontal cortical-
dependent, but not nonprefrontal cortical-dependent, tasks in rats
and monkeys (Murphy et al., 1994, 1996). The degree of FG7142-
induced increase in prefrontal cortical dopamine turnover in rats
correlates with impairment of performance on a delayed alterna-
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tion task, and this impairment of spatial working memory is
ameliorated in rats and monkeys with dopamine receptor antag-
onists (Murphy et al., 1994, 1996). These findings suggest that
increased dopamine turnover in the prefrontal cortex produces
deficits on spatial working memory tasks. In conjunction with
research on the cognitive effects of dopamine depletion (Brozoski
et al., 1979; Bubser and Schmidt, 1990), these studies indicate that
there is a limited range of dopamine turnover for optimal cogni-
tive functions in the prefrontal cortex.

The prefrontal cortex receives elaborate dopaminergic inputs
from the ventral tegmental area (VTA) (Domesick, 1988; Fallon,
1988; Goldman-Rakic et al., 1992; Lewis, 1992). A variety of
neurotransmitters modulates the function of cells within the VTA
(Kalivas, 1993; White, 1996). Both the glutamatergic-NMDA and
noradrenergic neurotransmitter systems influence the firing pat-
tern of cells within the VTA (Grenhoff and Svensson, 1989;
McMillen et al., 1992) and affect the prefrontal dopaminergic
response to stress (Tam, 1986; Morrow et al., 1993). The current
study examines the hypothesis that excessive dopamine release in
the prefrontal cortex impairs cognitive functions by evaluating
whether drugs that prevent FG7142-induced increases in prefron-
tal cortical dopamine turnover affect FG7142-impaired perfor-
mance on spatial working memory tasks in rats and monkeys.
(+)HA966, a glycine/NMDA receptor antagonist, and clonidine,
an «-2 noradrenergic receptor agonist, were selected for this
study, because these agents have been shown to attenuate the
prefrontal cortical dopamine response to stress (Tam, 1986; Mor-
row et al., 1993; Goldstein et al., 1994) and to decrease the
FG7142-induced increase in prefrontal cortical dopamine metab-
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olism (Tam, 1986). In the current study, the effects of (+)HA966
and clonidine on FG7142-induced increases in prefrontal cortical
dopamine turnover were determined in rats. In addition, the site
of action of (+)HA966 was also investigated by direct infusion
into the VTA. The cognitive effects of (+)HA966 and clonidine,
as well as D-cycloserine (a glycine/NMDA agonist) and propran-
olol (a B-adrenergic antagonist), were examined by using spatial
working memory tasks in rats and monkeys.

Portions of this data were presented originally in abstract form
(Murphy et al., 1994).

MATERIALS AND METHODS
Subjects

Male Sprague Dawley rats were purchased from CAMM (Charles River,
Wilmington, MA). The animals were maintained on a 12 hr light—dark
cycle; experiments were conducted during the animals’ light phase. For
cognitive testing, rats were pair-housed in filter-frame cages and fed a diet
of autoclaved Purina rat chow immediately after behavioral testing or ad
libitum on nontest days. Water was available ad libitum. Rats were ~100
gm at the beginning of the experiment. Weights were monitored weekly;
all rats continued to gain 10-30 gm/week until achieving adult weights of
~500-550 gm. Highly palatable food rewards (miniature chocolate chips)
were used during cognitive testing to minimize the need for food regu-
lation. Rats weighing 200-300 gm were used in biochemical studies and
were group-housed with food and water available ad libitum.

Four female young adult (aged 3-12 yr) rhesus monkeys (Macaca
mulatta) were used in the present study. All monkeys had been used in
previous behavioral pharmacological studies. Monkeys were housed in-
dividually under standard laboratory conditions and maintained on a 12
hr light—dark cycle. Animals were always tested at the same time of day
immediately before feeding. Highly palatable food items (e.g., peanuts,
raisins, or chocolate chips) were used as rewards during testing to
minimize the need for dietary restriction.

Cognitive testing

Delayed alternation testing (rats). Animals were assigned to one trained
investigator and tested 5 d a week at the same time in a room devoted to
these studies. White noise was broadcast in the room to minimize audi-
tory distractions. Rats were habituated to a T-maze (total dimensions 90
cm X 65 cm) for 2 consecutive days. During habituation, animals were
allowed to explore the maze freely; food rewards were available in both
maze arms. On the third day, animals began training on the delayed
alternation task. On the first trial of delayed alternation, animals were
rewarded for entering either arm. Thereafter, for a total of 10 trials per
session, rats were rewarded only if they entered the maze arm which was
not chosen previously. Between trials, the choice point was wiped with
alcohol to remove potential olfactory cues. The intertrial delay was
adjusted until a rat’s performance stabilized at ~80% correct responses.
This level of baseline performance allowed for detection of either im-
provement or impairment during drug administration.

Delayed response testing (monkeys). Animals were assigned to one
trained investigator and were tested twice weekly in a Wisconsin General
Test Apparatus situated in a sound-attenuating room. Background mask-
ing noise was used to minimize auditory distractions. The monkeys had
been trained previously on a two well delayed response task. During
delayed response, the animal watches as the experimenter baits one of
two food wells. The food wells then are covered with identical cardboard
plaques, and an opaque screen is lowered between the animal and the test
tray for a specified delay period. At the end of this period, the screen is
raised and the animal is allowed to choose a plaque. The reward is
distributed evenly between the left and right wells over the 30 trials that
make up a daily test session. To observe the effects of drugs on working
memory capacity, animals were trained on a variable delayed response
task. Delays varied between <1 sec (“0” sec) and the delay period that
yielded chance (50% correct) performance for each animal. Five different
delay intervals were distributed over the 30 trials that made up a single
test session. Delays were adjusted until an individual monkey performed
at ~83% correct responses to allow for the detection of either improve-
ment or impairment.

Pharmacological treatments

The person conducting cognitive testing in both rats and monkeys was
always blind to drug conditions. For rodents, all injections were given
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intraperitoneally. Initially, small amounts of saline were injected to facil-
itate habituation to intraperitoneal injections and thereby minimize the
stress associated with injections. All drugs were given to monkeys intra-
muscularly. Monkeys had been habituated previously to intramuscular
injections and were injected before every session with either drug or
vehicle.

FG7142 was purchased from RBI (Natick, MA). As FG7142 is virtually
insoluble in saline, great care was taken to maintain the compound in
suspension. For rats, FG7142 was suspended in a vehicle consisting of
0.05 ml of ethanol, 0.15 ml of low pH saline (pH ~3.4), and 0.8 ml of an
HBC-Tween solution [1.5 gm hydroxy-B-cyclodextrin (RBI), 1 ml of
Tween-80 (Sigma, St. Louis, MO), and 7.5 ml of sterile, buffered saline].
FG7142 was sonicated in the vehicle, and the syringe was shaken imme-
diately before injection. A difference in color, crystal size, solubility, and
biochemical potency was noted for different lots of FG7142. For this
reason, when a change in drug lots of FG7142 was necessary, a dose was
chosen that produced an increase in prefrontal cortical dopamine turn-
over of approximately the same magnitude as the original lot. For rats, a
dose of 20 mg/kg (Lot AL-III-47) or 30 mg/kg (lot QNL-295A) was
administered intraperitoneally in a volume of 2 ml/kg 25 min before
testing. FG7142 treatments were repeated throughout the study to ensure
that animals did not sensitize or habituate to the effects of repeated
FG7142 treatment. Although no changes were seen in cognitive or motor
performance with repeated FG7142 injections, a small number of rats
developed seizures (4 of 48). Rats experiencing seizures were removed
immediately from the maze, and any data from that session were
discarded.

For monkey treatments, FG7142 (lot AL-I1I-47) was suspended in a
vehicle consisting of 0.2 ml of ethanol and 0.8 ml of HBC-Tween solution.
FG7142 was sonicated in the vehicle, and the syringe was shaken imme-
diately before injection. A dose of 0.2 mg/kg was administered at 0.2
ml/kg. Testing sessions were scheduled so that testing began 30—-37 min
after FG7142 injection.

Clonidine (RBI) for both monkeys and rats was dissolved in sterile
saline, and 0.1 mg/kg (rats) or 0.04 mg/kg (monkeys) was injected 45 min
before testing. (+)HA-966 was provided through the National Institute of
Mental Health synthesis program (courtesy of RBI). For monkeys,
(+)HA-966 (0.2 mg/kg) was dissolved in sterile saline, and 0.1 ml/kg was
given 15 min before FG7142 or vehicle injections. For rat systemic
injections, (+)HA-966 was dissolved in sterile saline and administered in
a dose of 20 mg/kg in 1 ml/kg 15 min before FG7142 or vehicle admin-
istration. For direct infusion studies in rodents, (+)HA-966 was dissolved
in artificial cerebrospinal fluid (CSF; 145 mm Na™, 1.0 mm Mg™*, 2.7 mm
K", 150 mm Cl7, and 1.2 mm Ca*). (+)HA966 (15 pg) was dissolved in
1 wl of artificial CSF and infused into the VTA over 1 min, 15 min before
systemic FG7142 or vehicle treatment. D-cycloserine (RBI) was dissolved
in sterile saline (3 mg/kg) and administered to rats 15 min before injection
with FG7142 or vehicle.

Direct infusion

Rats were anesthetised with a chloral hydrate and sodium pentobarbital
mixture (0.0166 gm/kg chloral hydrate, 0.0316 gm/kg sodium pentobar-
bital, with 0.39 ml of propylene glycol and 0.10 ml of ethanol/ml) and
placed into a stereotaxic apparatus. Supplemental anesthesia was pro-
vided as needed. A 23 gauge guide cannula was implanted 1 mm above
the VTA (5.8 mm posterior, 2.0 mm lateral from bregma, 6.5 mm vertical
from brain surface at a 5° angle toward midline). The cannula was affixed
to the skull with stainless steel screws and dental cement. A 30 gauge
stylette was placed in the guide cannula to maintain patency.

After surgery, rats were housed individually for 14 d. Immediately after
recovery from anesthesia, rats were treated orally with Tylenol elixer, and
water bottles containing Tylenol elixer (4 mg/ml) were placed on cages for
2 d after surgery (with an estimated daily consumption of 20 ml of water)
Stylettes were changed on alternate days, and the surgical area was
treated with an antibiotic powder daily. Rats were handled daily and
habituated to brief hand-held restraint. During infusions, the stylette was
replaced with a 30 gauge cannula, which extended 1 mm beyond the guide
cannula. Polyethylene tubing (Clay Adams, Parsippany, NJ) ran from
syringes in an infusion pump (Harvard Apparatus, South Natick, MA) to
the infusion cannula.

Biochemistry

Rats were killed by decapitation 30 min after intraperitoneal FG7142 or
vehicle administration. The brains were removed quickly, and brain
regions were dissected out on a chilled platform according to Tam and
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Figure 1. The location of the injection cannula for infusions of
(+)HA966 shown in Figure 3. The locations of the tips of the injection
cannula are indicated by black dots. Brain drawings are taken from Paxinos
and Watson (1982) with the location posterior to bregma in mm, as
indicated.

Roth (1990). Immediately after dissection, brain samples were frozen on
dry ice until stored at —70°C. Tissue samples were prepared using
alumina extraction, with dihydroxybenzylamine as an internal standard
based on the methods of Elsworth et al. (1989). Analysis of DOPAC
(dihydroxyphenylacetic acid), dopamine, and norepinephrine levels was
conducted on an HPLC system using an electrochemical transducer with
a glassy carbon electrode at 0.7 V (BAS, West Lafayette, IN) and a
reversed-phase column (3 wm C18 beads, 100A diameter; Rainin Instru-
ment, Woburn, MA). The mobile phase was optimized for the system on
the basis of the mobile phase of Elsworth et al. (1989). Analysis of total
MHPG (3-methoxy-4-dydroxyphenyletheleneglycol) levels (free and con-
jugated) was conducted by GC-mass spectrometry, following the methods
of Elsworth et al. (1983).

Slides/Probe Placement. Whole brains posterior to the striatum were
placed in formalin for storage after regional brain dissection. Brains were
frozen, and 120 wm thin slices were made on a microtome (American
Optical, Buffalo, NY) with a cooling stage (Bailey Instruments, Saddle-
brook, NJ) and placed on gel-coated slides. Histologically prepared
sections were examined to verify probe placement (Fig. 1).

Data analysis. Within-subjects comparisons were used for rats and
monkey cognitive testing [paired ¢ test (-dep)], because animals were
used as their own controls in both delayed alternation and delayed
response experiments. Analysis of biochemical experiments in rats used
between-subjects comparisons [unpaired ¢ test (z-ind)]. Statistical analyses
were performed with Statworks (Version 1.2, Cricket Software, Philadel-
phia, PA) on a Macintosh computer.

RESULTS

The effects of FG7142 and clonidine on dopamine and
norepinephrine turnover

The effects of systemic FG7142 and clonidine administration on
dopamine metabolism in dopamine terminal field areas were
examined by measuring DOPAC and dopamine levels in the
prefrontal cortex, nucleus accumbens, and striatum of rats (Table
1). Postmortem measures of the DOPAC/dopamine ratios were
used as a measure of dopamine turnover and indicated that the
administration of FG7142 significantly increased dopamine use in
the prefrontal cortex to 133% of vehicle levels (Fig. 2; VEH vs
FG:t = 4.07, df = 15, p = 0.001). Pretreatment with clonidine
prevented the FG7142-induced increase in prefrontal cortical
dopamine turnover but had no effect when given alone. In con-
trast to the prefrontal cortex, FG7142 had no significant effect on
measures of dopamine turnover in the nucleus accumbens or
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striatum. The administration of clonidine had no significant effect
on dopamine turnover in the nucleus accumbens, but it did
produce a small but significant decrease in dopamine turnover in
the striatum when given alone (VEH vs CLON: ¢ = 4.86, df = 13,
p < 0.001) or in combination with FG7142 (VEH vs CLON/FG:
t = 6.95,df = 12, p < 0.001).

The effect of systemic FG7142 administration on norepineph-
rine metabolism in the rodent prefrontal cortex was also exam-
ined. Postmortem tissue measures demonstrated that neither the
administration of FG7142 30 min before sacrifice nor the admin-
istration of clonidine 45 min before killing had a significant effect
on norepinephrine turnover in the rodent prefrontal cortex as
measured by the MHPG-to-norepinephrine ratio.

The effects of FG7142 and (+)HA966 on

dopamine turnover

The effects of systemic FG7142 and (+)HA966 administration on
dopamine metabolism in dopamine terminal field areas were
examined in the prefrontal cortex, nucleus accumbens, and stria-
tum of rats (Table 1). The systemic injection of FG7142 increased
dopamine turnover levels to 150% of vehicle levels in the rodent
prefrontal cortex (Fig. 3; VEH vs FG: ¢t = 247, df = 22, p =
0.022). The systemic injection of (+)HA966 prevented the in-
crease in the DOPAC/dopamine ratio in the prefrontal cortex but
had no effect on dopamine turnover when given alone. In contrast
to the prefrontal cortex, there was no significant effect of FG7142
and/or (+)HA966 in the nucleus accumbens or striatum.

The systemic injection of FG7142 with the infusion of vehicle
(artificial CSF) directly into the VTA increased the DOPAC-to-
dopamine ratio to 168% of vehicle levels in the prefrontal cortex
(Fig. 3; VEH vs FG: ¢t = 9.19, df = 8, p < 0.001). The infusion of
(+)HA966 into the VTA prevented the effects of a systemic
FG7142-induced increase in dopamine turnover in the prefrontal
cortex. In contrast, the infusion of (+)HA966 with the systemic
injection of vehicle had no significant effect on the DOPAC/
dopamine ratio in the prefrontal cortex.

There was no effect of treatment with FG7142 and the infusion
of (+)HA966 on dopamine turnover in the nucleus accumbens. In
the striatum, there was no effect of FG7142 or of FG7142 with the
direct infusion of (+)HA966. When infused alone, (+)HA966
produced a small but significant decrease in the DOPAC/dopa-
mine ratio in the striatum (VEH vs (+)HA: r = 2.38, df = 11;
p = 0.036).

The effects of FG7142, clonidine, and propranolol on
spatial working memory

Cognitive performance in rats performing delayed alternation
after FG7142 administration was significantly impaired when
compared with performance on vehicle (Fig. 4; VEH vs FG: t =
7.27, df = 8, p < 0.0001). Pretreatment with clonidine at a dose
shown to prevent the FG7142 increase in dopamine turnover
prevented FG7142-induced impairment of delayed alternation
(FG vs CLON/FG: t = 4.35, df = 7, p = 0.003). However, the
administration of clonidine alone had no significant effect on
spatial working memory.

As in the rat, FG7142 significantly impaired delayed response
performance in monkeys (Fig. 4; VEH vs FG: t = 4.40,df = 3,p =
0.02). Although clonidine had no effect on spatial working mem-
ory when given alone, pretreatment with clonidine in the monkey
prevented FG7142-associated deficits of delayed response perfor-
mance (FG vs CLON/FG: ¢t = 4.71, df = 2, p = 0.04).

The administration of propranolol had no significant effect on
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Table 1. The effect of FG7142, (+)HA966, and clonidine on DOPAC/dopamine ratios in the prefrontal cortex, nucleus accumbens, and striatum and
of FG7142 and clonidine on MHPG/norepinephrine ratios in the prefrontal cortex

DOPAC/DA
Vehicle FG7142 (+)HA966 FG7142/(+)HA966
Systemic PFC 0.26 = 0.04 0.39 = 0.03¢ 0.29 = 0.06 0.28 = 0.03
(n=13) (n=11) (n=19) (n = 18)
NAC 0.19 = 0.02 0.17 = 0.02 0.18 = 0.02 0.17 = 0.01
n="17 n="17 n="17 n="17
STR 0.07 = 0.005 0.07 = 0.004 0.06 + 0.004 0.06 + 0.003
n=17 n=17 (n=28) n="17
Infusion PFC 0.19 = 0.01 0.32 = 0.01¢ 0.22 = 0.02 0.23 = 0.01
(n=25) (n=25) n=23) n="17
NAC 0.19 = 0.03 0.15 = 0.01 0.18 = 0.01 0.15 = 0.01
(n=Y5) (n=25) (n=23) n="17
STR 0.07 = 0.003 0.07 = 0.004 0.06 + 0.003 0.07 = 0.002
(n=Y5) (n=Y5) (n=28) (n =06)
Vehicle FG7142 Clonidine FG7142/Clonidine
PFC 0.30 = 0.01 0.40 = 0.02¢ 0.30 = 0.01 0.27 = 0.02
n="17 (n = 10) n="17 n="17
NAC 0.18 £ 0.01 0.18 = 0.01 0.15 = 0.004 0.16 = 0.02
(n =06) n=29) (n=238) (n=23)
STR 0.07 = 0.003 0.07 = 0.003 0.05 = 0.004¢ 0.05 = 0.002¢
n="17 n=29) (n=238) n="17
MHPG/NE
Vehicle FG7142 Clonidine FG7142/Clonidine
PFC 0.32 = 0.02 0.35 = 0.03 0.28 = 0.03 0.30 = 0.02
(n =06) (n=23) (n=28) (n=23)

The ratio of DOPAC to dopamine (DA) in the prefrontal cortex (PFC), nucleus accumbens (NAC), and striatum (STR) for the following drug combinations: FG7142
(20 mg/kg) and systemic (+)HA966 (20 mg/kg), FG7142 (20 mg/kg) and the infusion of (+)HA966 (15 ug) into the ventral tegmental area, and FG7142 (30 mg/kg) and
clonidine (0.1 mg/kg). Data are expressed as the mean = SEM with the number of animals in each category, as indicated.

“Significantly different from vehicle (unpaired ¢ test; p < 0.05).

spatial working memory performance in the rat (Table 2). When
given as a pretreatment, propranolol did not improve FG7142-
impaired performance. At a higher dose (10 mg/kg), propranolol
produced marked sedation and reduced performance accuracy.
This dose did not improve FG7142-impaired delayed alternation
performance (data not shown).

The effects of FG7142, (+)HA966, and p-cycloserine on
spatial working memory

When FG7142 was administered to rats before delayed alterna-
tion testing, cognitive performance was impaired significantly
when compared with performance on vehicle (Fig. 5; VEH vs FG:
t =17.12,df = 10, p = < 0.001). Pretreatment with (+)HA966 at
a dose shown to prevent FG7142-induced increases in prefrontal
cortical dopamine turnover prevented the effects of FG7142 on
delayed alternation performance (FG vs (+)HA/FG: ¢t = 7.31,
df =7, p <0.001). The administration of (+)HA966 alone had no
effect on spatial working memory.

As in the rat, FG7142 significantly impaired delayed re-
sponse performance in monkeys (Fig. 5; VEH vs FG: ¢ = 4.40,
df = 3, p = 0.02). Pretreatment with (+)HA966 in the monkey
prevented FG7142-associated deficits of delayed response (Fig.
5; FG vs (+)HA/FG: t = 4.13, df = 2, p = 0.05) but had no
effect when administered alone. Interestingly, performance af-
ter (+)HA966+FG7142 was significantly better than vehicle
performance in the monkey (T = 5.44, df = 2, p = 0.032).

D-Cycloserine, a glycine site agonist, was also studied to deter-
mine whether it would exacerbate or ameliorate FG7142-
associated impairments (Table 2). Because of concerns that ago-
nists at the glycine/NMDA receptor might potentiate the
possibility of FG7142-induced seizures (Turski et al., 1990),
D-cycloserine was used as a pretreatment in only a few rats and no
monkeys. Pretreatment with D-cycloserine in a small number of
rats did not improve FG7142-altered performance and produced
a trend toward further impairment. This dose of D-cycloserine had
no notable effects when administered alone.

DISCUSSION

FG7142 selectively increases dopamine turnover and release in
the prefrontal cortex (Tam and Roth, 1985, 1990; Bradberry et al.,
1991; Murphy et al., 1994, 1996). This selective increase in pre-
frontal cortical dopamine turnover is associated with impaired
accuracy of performance of prefrontal cortical-dependent, but not
nonprefrontal cortical dependent, tasks in rats and monkeys
(Murphy et al., 1994, 1996). Although the connection between
increased dopamine receptor stimulation and impaired cognition
only recently has been examined systematically, several studies
support our conclusion that increased dopamine release and turn-
over in the prefrontal cortex are associated with impairment of
spatial working memory. Drugs such as A°-tetrahydrocannabinol
(THC; Bowers and Morton, 1994; Jentsch et al., 1996), dizocilpine
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Figure 2. Dopamine turnover as determined by the DOPAC-to-
dopamine (DA) ratio in the prefrontal cortex, nucleus accumbens, and
striatum of rats. Rats were pretreated with either clonidine (CLON; 0.1
mg/kg) or vehicle at 45 min and FG7142 (FG; 30 mg/kg) or vehicle (VEH )
at 30 min before killing. Data are expressed as mean £ SEM. *p < 0.05
versus vehicle.

(Bowers and Morton, 1994; Kashiwa et al., 1995), and ketamine
(Rao et al., 1989; Verma and Moghaddam, 1996) increase mea-
sures of dopamine release and turnover in the prefrontal cortex.
Systemic administration of these drugs, as well as the intracortical
infusion of a dopamine D,-receptor agonist, has been shown to
impair delayed alternation performance (Hauber, 1993; Maurice,
1994; Jentsch et al., 1996; Verma and Moghaddam, 1996; Zahrt et
al., 1996). The idea that increased prefrontal cortical dopamine
turnover is, at least in part, responsible for the FG7142-induced
cognitive dysfunction is supported by findings that the degree of
the deficit correlates with the increase in dopamine turnover and
that the dopamine receptor antagonists clozapine, haloperidol,
SCH 23390, and sulpiride (Murphy et al., 1994, 1996; unpublished
results) prevent FG7142-associated cognitive deficits. These re-
sults are consistent with the effects of iontophoretically applied
dopaminergic drugs on memory-related firing in prefrontal corti-
cal pyramidal neurons (Williams and Goldman-Rakic, 1995).

To further explore the hypothesis that increased dopamine
release and turnover in the prefrontal cortex is responsible for the
cognitive deficits observed after FG7142 administration, we ex-
amined whether drugs that attenuate the FG7142-associated in-
crease in prefrontal cortical dopamine turnover in rodents would
ameliorate the FG7142-induced spatial working memory deficits
in rats and monkeys. Previous studies have demonstrated that a
strychnine-insensitive glycine site partial agonist/functional
NMDA receptor antagonist (+)HA966 and an «-2 noradrenergic
receptor agonist clonidine can prevent stress-induced increases in
prefrontal cortical dopamine turnover (Tam, 1986; Morrow et al.,
1993; Goldstein et al., 1994) and that clonidine can attenuate the
FG7142-induced increase in prefrontal cortical dopamine metab-
olism. Thus, these two drugs were examined in the present study.
The administration of (+)HA966 and clonidine blocked FG7142-
induced increases in prefrontal cortical dopamine turnover. When
given to rats and monkeys performing spatial working memory

Murphy et al. « Dopamine and Spatial Working Memory

A
0.5
0.4
8
O 031
<
[
Q
[ g2
0.1
0.0 &
w3 = @ s & & & S ® & &
o a8 = 5w & &
TEIIT =&t LI
- =
Efeg SE£EE& EfeRE
=373 "% 3 T3
3 z z
Prefrontal Nucleus Striat
Cortex Accumbens riatum
B
0.5
0.4
5 0.31
&)
=
=) 0.2
=
0.1 «
&8 68 s 5 ¢ o e &
cfé: 1f31 11D
m = < 5 0 < 0o
EEEE 35geg EEEE
E F S Z 3 T g
z 3 x
Prefrontal Nucleus Striatum
Cortex Accumbens

Figure 3. Dopamine turnover as determined by the DOPAC-to-
dopamine (DA) ratio in the prefrontal cortex, nucleus accumbens, and
striatum of rats. 4, Rats were pretreated with systemic injections of either
(+)HA966 [(+)HA; 20 mg/kg] or vehicle at 45 min and FG7142 (FG; 20
mg/kg) or vehicle (VEH') at 30 min before killing. B, Rats were pretreated
with infusions into the ventral tegmental area of either (+)HA966
[(+)HA; 15 pgin 1 pl] or vehicle at 45 min and FG7142 (FG; 20 mg/kg)
or vehicle (VEH ) at 30 min before killing. Data are expressed as mean *
SEM. *p < 0.05 versus vehicle.

tasks, these drugs prevented the FG7142-associated impairments
in performance accuracy. These current findings support our
previous hypothesis that excessive dopamine receptor stimulation
in the prefrontal cortex is associated with an impairment of
prefrontal cortical-dependent cognitive functions.

Although the anatomical site of action of FG7142 in the current
study is undetermined, previous studies have indicated the in-
volvement of benzodiazepine/GABA, receptors in the VTA
(Deutch and Roth, 1990; Tam and Roth, 1990). GABAergic
neurons have been shown to synapse on dopaminergic and non-
dopaminergic neurons in the VTA, and benzodiazepine agonists
delivered directly into the VTA prevent the stress-induced in-
crease in prefrontal cortical dopamine turnover (Kalivas et al.,
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Figure 4. Spatial working memory performance in rats and monkeys.
Data are expressed as percentage correct (mean = SEM) on a delayed
alternation task in rats and a delayed response task in monkeys. Rats were
pretreated with either clonidine (CLON; 0.1 mg/kg) or vehicle at 45 min
and FG7142 (FG; 20 mg/kg) or vehicle (VEH) at 25 min before testing.
Monkeys were pretreated with either clonidine (CLON; 0.04 mg/kg) or
vehicle 45 min and FG7142 (FG; 0.2 mg/kg) or vehicle (VEH ) 30-37 min
before testing. *p < 0.05 versus vehicle. **p < 0.05 versus FG7142.

Table 2. The effect of FG7142, propranolol, and D-cycloserine on
delayed alternation performance

Vehicle FG7142 Propranolol FG7142/Propranolol
80.4 = 2.7 51.6 = 7.0¢ 70.0 = 4.9 56.5*+175

(n=14) (n=11) (n=7) n=7)

Vehicle FG7142 D-Cycloserine FG7142/p-Cycloserine
764 = 4.2 59.9 = 2.7¢ 88.8 43 433+ 133

(n =06) (n=25) (n=4) (n=23)

Performance on delayed alternation in rats after the administration of vehicle,
FG7142 (20 mg/kg), propranolol (5 mg/kg), and p-cycloserine (3 mg/kg). Data are
expressed as percentage correct mean = SEM.

“Significantly different from vehicle (unpaired ¢ test; p < 0.05).

1990). In addition, the administration of a benzodiazepine inverse
agonist DMCM directly into the VTA produces a dose-related
increase in prefrontal cortical dopamine turnover (Deutch and
Roth, 1990). These studies suggest that the VTA is a common site
through which benzodiazepine/GABA , receptors can modulate
prefrontal cortical dopamine and can mediate the FG7142-
associated activation of the mesoprefrontal dopamine neurons.
Dopaminergic cells in the VTA are modulated by a number of
chemically defined afferent inputs (Kalivas, 1993; White, 1996)
and may represent an important regulatory site for the control of
prefrontal cortical dopaminergic activity. The firing pattern of
VTA dopamine cells has been demonstrated to be the major
determinant of the quantity of transmitter released; for a given
frequency of firing, the burst-firing pattern has been shown to
result in increased transmitter release relative to the tonic dis-
charge mode (Gonon, 1988; Grenhoff and Svensson, 1989; Bean
and Roth, 1991). Interestingly, both (+)HA966 and clonidine
have been shown to normalize the firing pattern in midbrain
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Figure 5. Spatial working memory performance in rats and monkeys.
Data are expressed as percentage correct (mean * SEM) on a delayed
alternation task in rats and a delayed response task in monkeys. Rats were
pretreated with either (+)HA966 [(+)HA; 20 mg/kg] or vehicle at 45 min
and FG7142 (FG; 20 mg/kg) or vehicle (VEH) 25 min before testing.
Monkeys were pretreated with either (+)HA966 [(+)HA; 0.4 mg/kg] or
vehicle 45 min and FG7142 (FG; 0.2 mg/kg) or vehicle (VEH ) 30-37 min
before testing. *p < 0.05 versus vehicle. **p < 0.05 versus FG7142.

dopamine neurons and diminish the frequency of bursting (Gren-
hoff and Svensson, 1989; McMillen et al., 1992). By preventing the
incidence of burst firing, clonidine and (+)HA966 may block the
entrance of dopamine neurons into this increased release mode
and thus prevent cortical hyperdopaminergic states produced by
stress or FG7142 administration.

Injection of NMDA directly into the VTA produces an increase
in burst firing of dopamine neurons in the VTA and an increase
in dopamine release (Chergui et al., 1993; Wang et al., 1994), as
well as an increase in dopamine turnover in the prefrontal cortex
(Kalivas et al., 1989). Previous studies in our lab have indicated
that direct infusion of (+)HA966 into the VTA prevents restraint
stress-induced increases in prefrontal cortical dopamine turnover
(Morrow et al., 1993). In the current study, (+)HA966 adminis-
tered both systemically and through microinjection into the VTA
blocked the effects of systemically administered FG7142 on pre-
frontal cortical dopamine turnover.

Because afferent inputs have been suggested to regulate the
pattern of firing of select dopaminergic neurons in the VTA, it is
possible that noradrenergic influences could differentially affect
subsets of dopaminergic neurons within the VTA. Several studies
have suggested this possibility. For example, lesions of the nor-
epinephrine projections from the locus ceruleus to the VTA
decrease dopamine turnover in the prefrontal cortex but not in
the nucleus accumbens (Herve et al., 1982). In addition to nor-
malizing the pattern of firing in the VTA (Grenhoff and Svensson,
1989), clonidine has been shown to block the footshock stress and
conditioned fear-induced increase in prefrontal cortical dopamine
turnover (Tam, 1986; Morrow et al., 1996). Consistent with what
has been shown previously (Tam, 1986) and as confirmed in this
study, clonidine also blocks the FG7142-induced increase in pre-
frontal cortical dopamine turnover, perhaps by a similar mecha-
nism. These studies all augur an important role for the VTA in
controlling mesocortical dopamine neurons.
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Both stress and FG7142 have been shown to affect neurotrans-
mitter systems other than dopamine. For example, FG7142 has
been shown to produce significant elevations of extracellular
acetylcholine in the rodent frontal cortex (Moore et al., 1995).
However, recent studies from this laboratory demonstrate that the
administration of scopolamine, a muscarinic cholinergic antago-
nist, fails to attenuate FG7142-associated cognitive impairment
(our unpublished data), arguing against the possibility that in-
creases in prefrontal cortical acetylcholine may account solely for
the cognitive effects of FG714. Numerous studies have suggested
that there is an important relationship between norepinephrine
and stress (Bremner et al., 1996). However, in the current study it
is unlikely that norepinephrine plays the major role in the cogni-
tive impairment observed after FG7142 administration. In this
study, as well as previous studies conducted in our laboratory (Ida
et al., 1991), norepinephrine turnover, as measured by MHPG-
to-norepinephrine ratios, was not significantly elevated in the
prefrontal cortex 30 min after FG7142 administration. Additional
findings from our laboratory also argue against the likelihood that
a change in norepinephrine turnover is the critical component in
the FG7142-induced impairment of prefrontal cortical dependent
cognition. THC produces a significant increase in both dopamine
and norepinephrine turnover in rodent prefrontal cortex and also
impairs spatial working memory. This cognitive impairment can
be ameliorated by HA966, which prevents the THC-induced in-
creased turnover of prefrontal cortical dopamine but not that of
norepinephrine (Jentsch et al., 1996). These findings are consis-
tent with the hypothesis that a critical neurochemical component
of the FG7142-induced cognitive dysfunction is an increase in
dopamine transmission in the prefrontal cortex. These findings
however, do not rule out a possible noradrenergic or cholinergic
contribution to or modulation of this effect.

Prefrontal cortical dysfunction and dysregulation of dopaminer-
gic systems have been suggested to underlie part of the etiology of
several psychiatric disorders, including schizophrenia, attention
deficit disorder, and post-traumatic stress disorder (Barkley et al.,
1979; Weinberger et al., 1986, 1994; Robbins, 1990; Benson, 1991;
Deutch, 1992, 1993; Goldstein and Deutch, 1992; Lewis et al.,
1992; Goldman-Rakic, 1994; Deutch and Young, 1995; Southwick
et al., 1995). Stress is believed to precipitate or exacerbate these
disorders (Breier et al., 1991; Goldman-Rakic, 1991; Bebbington,
1993; American Psychiatric Association, 1994, Arnold and Jensen,
1995) and studies in our labs have shown that noise stress (Arn-
sten and Goldman-Rakic, 1990) or pharmacological stress (Mur-
phy et al., 1994, 1996) produces impairment of prefrontal cortical
dependent tasks. Clonidine ameliorates the B-carboline-induced
anxiety response in monkeys (Crawley, 1985) and the noise stress-
induced cognitive deficits in monkeys (Arnsten and Goldman-
Rakic, 1986). In addition, the current study indicates that
clonidine and (+)HA966 can attenuate the FG7142-induced cog-
nitive deficits in both rats and monkeys. The fact that (+)HA966
and clonidine administration blocks both the stress-induced in-
creases in prefrontal cortical dopamine turnover and the associ-
ated impairments in spatial working memory suggests that these
and related drugs might be a useful therapeutic tool for the
treatment of stress-exacerbated disorders.

The current findings with (+)HA966 and clonidine comple-
ment our previous study showing that the FG7142-associated
cognitive impairments can be blocked by dopamine receptor an-
tagonists. These findings support our original hypothesis that
there is a critical range of dopaminergic activity for optimal
prefrontal cortical-dependent cognitive functioning.
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