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Although previous research has emphasized the beneficial ef-
fects of dopamine (DA) on functions of the prefrontal cortex
(PFC), recent studies of animals exposed to mild stress indicate
that excessive DA receptor stimulation may be detrimental to
the spatial working memory functions of the PFC (Arnsten and
Goldman-Rakic, 1990; Murphy et al., 1994, 1996a,b, 1997). In
particular, these studies have suggested that supranormal stim-
ulation of D1 receptors may contribute to the detrimental ac-
tions of DA in the PFC (Murphy et al., 1994, 1996a). The current
study directly tested this hypothesis by examining the effects of
infusing a full D1 receptor agonist, SKF 81297, into the PFC of
rats performing a spatial working memory task, delayed alter-
nation. SKF 81297 produced a dose-related impairment in
delayed-alternation performance. The impairment was re-
versed by pretreatment with a D1 receptor antagonist, SCH
23390, consistent with drug actions at D1 receptors. SCH
23390 by itself had no effect on performance, although slightly

higher doses impaired performance (Murphy et al., 1994,
1996a). There was a significant relationship between infusion
location and drug efficacy; animals with cannulae anterior to the
PFC were not impaired by SKF 81297 infusions. Taken together,
these results demonstrate that supranormal D1 receptor stim-
ulation in the PFC is sufficient to impair PFC working memory
function. These cognitive data are consistent with recent elec-
trophysiological studies of D1 receptor mechanisms affecting
the PFC (Williams and Goldman-Rakic, 1995; Yang and Sea-
mans, 1996). Increased D1 receptor stimulation during stress
may serve to take the PFC “off-line” to allow posterior cortical
and subcortical structures to regulate behavior, but may con-
tribute to the vulnerability of the PFC in many neuropsychiatric
disorders.
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For many years it has been appreciated that dopamine (DA) has
a powerful beneficial influence on the spatial working memory
functions of the prefrontal cortex (PFC) in monkeys (Brozoski et
al., 1979) and rats (Simon, 1981; Bubser and Schmidt, 1990).
Later studies identified the importance of D1 DA receptor mech-
anisms in this response. Infusions of the D1 receptor antagonists
SCH 23390 or SCH 39166 into the PFC of monkeys (Sawaguchi
and Goldman-Rakic, 1991) or rats (Seamans et al., 1995) pro-
duced a delay-related impairment in spatial working memory
performance, whereas comparable infusions of D2 DA receptor
antagonists were without effect. A similar pattern of response was
observed after systemic administration of the D1 receptor antag-
onist SCH 23390 in young adult monkeys (Arnsten et al., 1994),
indicating that the impairments after intracortical infusions were
not simply the result of local anesthetic actions but rather drug
actions at D1 receptors. The importance of D1 receptor mecha-
nisms has been corroborated by electrophysiological studies of
PFC pyramidal cells in monkeys (Sawaguchi et al., 1988; Sawagu-
chi and Kubota, 1996) and rats (Yang and Seamans, 1996). This
basic research has had a major impact on theories of PFC dys-
function in schizophrenia and other disorders that may involve
altered DA transmission (Daniel et al., 1991; Davis et al., 1991;
Grace, 1993).

Although there is a body of work upholding the beneficial

influence of D1 receptor mechanisms in the PFC, more recent
studies suggest an inverted “U” relationship whereby excessive as
well as insufficient D1 DA receptor stimulation impairs PFC
cognitive function (Arnsten and Goldman-Rakic, 1986, 1990;
Arnsten et al., 1994; Murphy et al., 1994, 1996a,b, 1997; Williams
and Goldman-Rakic, 1995; Verma and Moghaddam, 1996). Bio-
chemical studies in rodents have shown that mild stressors pref-
erentially increase DA turnover in the PFC compared with other
DA terminal fields (Thierry et al., 1976; for review, see Deutch
and Roth, 1990). Mild stress exposure in monkeys or rats pro-
duced working memory deficits that could be blocked by agents
that prevent the rise in DA turnover in rodents (Arnsten and
Goldman-Rakic, 1986; Murphy et al., 1996b) or that block DA
receptors (i.e., haloperidol, SCH 23390, or clozapine; Arnsten
and Goldman-Rakic, 1990; Murphy et al., 1994, 1996a, 1997).
Cognitive impairment in rodents correlated with increased DA
turnover in the PFC (Murphy et al., 1994, 1996a), consistent with
a hyperdopaminergic mechanism. The efficacy of the selective D1

receptor antagonist SCH 23390 in this paradigm suggests that
excessive D1 DA receptor stimulation may underlie the PFC
deficits induced by stress. Consistent with this hypothesis, sys-
temic administration of D1 receptor agonists (dihydrexidine, SKF
81297, and A 77636) to aged monkeys produces inverted U-
shaped dose–response curves, with higher doses impairing
delayed-response performance through a D1 receptor mechanism
(Arnsten et al., 1994; Cai and Arnsten, 1997).

Although these studies suggest that excessive DA D1 receptor
stimulation impairs PFC cognitive function, the results are not
conclusive. For example, studies of D1 agonists in monkeys (Arn-
sten et al., 1994; Cai and Arnsten, 1997) used systemic adminis-
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tration, and thus conclusions cannot be drawn regarding actions
in the PFC. Stress has widespread effects in the nervous system
and, even within the PFC, alters the release of many neurotrans-
mitters (e.g., norepinephrine) in addition to DA (e.g., Goldstein
et al., 1996). Thus it is not known whether increased DA receptor
stimulation in the PFC is sufficient to produce PFC cognitive
deficits. In particular, a role for D1 receptor mechanisms was not
supported in a recent study that used the noncompetitive NMDA
receptor antagonist ketamine to increase DA release in the PFC
in rats (Verma and Moghaddam, 1996). Ketamine induced
delayed-alternation deficits that were reversed by D2, but not D1,
receptor antagonists (Verma and Moghaddam, 1996).

The current study directly tested the hypothesis that supranor-
mal D1 receptor stimulation in the PFC is sufficient to impair the
spatial working memory functions of the PFC. These experiments
used SKF 81297, a full D1 receptor agonist (activity comparable
with DA itself; Andersen and Jansen, 1990). Rats were tested on
the delayed-alternation task, the test of spatial working memory
most associated with the PFC in rodents (Larsen and Divac, 1978;
van Haaren et al., 1985). Experiment 1 examined the effects of
intra-PFC infusions of SKF 81297 on delayed-alternation perfor-
mance. In experiment 2, the role of D1 receptor mechanisms was
confirmed by blocking the SKF 81297 response with the D1

receptor antagonist SCH 23390. Finally, the efficacy of the SKF
81297 response was related to anatomical localization of the
cannulae and to the delay intervals used during delayed-
alternation testing.

MATERIALS AND METHODS
Subjects. Male Sprague Dawley CAMM rats (n 5 6 per experiment)
weighing 240–280 gm were paired and housed in filter frame cages. The
rats were kept on a 12 hr light /dark cycle, and the experiments were
conducted during the light phase. The animals were fed a diet of auto-
claved Purina rat chow (17 gm/rat per day) immediately after behavioral
testing. Water was available ad libitum. Rats were weighed weekly, and
weights were maintained at ;400–450 gm. Food rewards during cogni-
tive testing were highly palatable miniature chocolate chips, thus mini-
mizing the need for dietary regulation. Rats were assigned a single
experimenter who handled them extensively before behavioral testing.
The experimenter testing the animal was blind to the drug treatment
conditions.

Delayed alternation. The delayed-alternation task was selected for
comparison with previous studies of (1) PFC DA depletion and (2) stress,
which similarly used this paradigm. The delayed-alternation task uses a
number of processes associated with PFC function: (1) spatial working
memory (Goldman-Rakic, 1987), (2) egocentric spatial processing
(Kesner et al., 1989), and (3) inhibition of proactive interference and
inappropriate motor responses (Mishkin, 1964; Kolb, 1990), and is thus
a good task for detecting altered PFC function. Cognitive testing meth-
ods were similar to those developed previously in this laboratory by
Murphy and Arnsten to examine the effects of stress on spatial working
memory in rats (Murphy et al., 1994, 1996a,b). Rats were initially habit-
uated to a T-maze (dimensions, 90 3 65 cm) for 5 d until they were
readily eating chocolate chips placed in the food wells at the end of each
arm. After habituation, rats were trained on the delayed-alternation task.
On the first trial, animals were rewarded for entering either arm. There-
after, for a total of 10 trials per session, rats were rewarded only if they
entered the maze arm that was not chosen previously. Between trials, the
choice point was wiped with alcohol to remove any olfactory clues. The
delay between trials was “0” sec during initial training. After approxi-
mately five training sessions, animals underwent surgery to implant
indwelling guide cannulae directed at the PFC. Testing on the delayed-
alternation task was reinstated only after the implant had healed com-
pletely, ;2 weeks after surgery. For each animal, delays were adjusted to
produce performance levels stabilized at ;80% correct. Delays averaged
12.2 6 3.1 (range, 5–30) sec. This baseline level of performance allowed
for the detection of either improvement or impairment with drug
administration.

The response to SKF 81297 was characterized further by analyzing the

pattern of errors on the delayed-alternation task. A perseverative pattern
of response is consistent with dysfunction of the PFC (Kolb, 1990).
Perseverative responding was assessed using two methods: (1) the abso-
lute difference between left and right arm responses, and (2) the greatest
number of consecutive entries into a single arm. Run times were mea-
sured to detect any changes in motor performance, and rats were ob-
served for any gross changes in behavior.

Behavioral ratings. Special attention was paid to anxiety-related behav-
iors (e.g., piloerection, freezing, urination, and defecation) that had been
observed previously after pharmacological stress. Rats were rated on a
four point scale whereby 0 5 normal behavior and 1 5 slight, 2 5
moderate, and 3 5 severe evidence of anxiety-related behaviors.

Cannula implantation. After training on the delayed-alternation task,
rats underwent stereotaxic implantation of chronic guide cannulae. Sur-
gery was performed under Equithesin (pentobarbital plus chloral hy-
drate, 4.32 mg/kg) anesthesia using aseptic methods. Guide cannulae
consisted of 9.0 mm of 23 ga stainless steel directed immediately dorsal
to the medial PFC [prelimbic (PL) PFC; stereotaxic coordinates: antero-
posterior, 13.2 mm; mediolateral, 60.75 mm; dorsoventral, 23.0 mm].
Cannulae (Plastics Products) were affixed to the skull using dental
cement secured with sterile stainless steel screws. A sterile stylette was
screwed into place in each guide cannula to prevent occlusion. Stylets
were changed on a regular basis to maintain patency.

Great care was taken to minimize pain and infection after the opera-
tion to decrease stress to the animal. Rats were monitored on a daily basis
for signs of distress or infection and were initially treated with Buprenex
(0.01 mg/kg) to decrease pain. Rats were housed singly during the period
after the operation and were returned to paired housing after the implant
had healed.

Infusion procedure. Animals were initially adapted to a mock infusion
protocol to minimize any stress associated with the procedure. Rats were
gently restrained while the stylets were removed and replaced with 30 ga
sterile infusion needles that extended 1 mm below the guide cannulae.
The rats received bilateral infusions of SKF 81297 at a concentration of
either 0 (vehicle), 0.01, or 0.1 mg in 0.5 ml sterile saline. Infusions were
driven by a Harvard Apparatus syringe pump set at a flow rate of 0.225
ml /min using 25 ml Hamilton syringes for an infusion time of 2 min and
13 sec. Needles remained in place for 2 min after the completion of the
infusion. Stylettes were inserted back into the cannulae, and behavioral
testing began immediately after the infusion procedure. SKF 81297
hydrobromide was purchased from Research Biochemicals (Natick, MA).

Injection procedure. Rats in experiment 2 were initially adapted to
intraperitoneal injections of saline to minimize the stress of injections.
Before the infusion study, animals were tested with SCH 23390 (0.035,
0.03, and 0.01 mg/kg) to identify the highest dose that did not induce
cognitive or motor impairment. The 0.035 mg/kg dose had been used in
previous studies from this laboratory (Murphy et al., 1994, 1996a). This
dose produced a small but significant impairment in delayed-alternation
performance (Murphy et al., 1994, 1996a; see Fig. 6). During test days,
rats received intraperitoneal injections of sterile saline or SCH 23390
(0.01 or 0.03 mg/kg) 1 hr before intra-PFC infusions. SCH 23390 was
diluted in sterile saline and injected in a concentration of 0.01 mg/ml.
SCH 23390 HCL was purchased from Research Biochemicals.

Histology. At the completion of the experiment, rats were killed by
overdose with barbiturate. Dye was infused into the cannulae premortem
in a subset of animals to aid visualization of cannula placement. Brains
were stored in formalin, sectioned, and analyzed for histological verifi-
cation of cannula placement. Only rats with correctly placed cannulae
were used in the data analysis.

Data analysis. Because of within-subjects comparisons, the data were
analyzed with repeated-measures designs. In experiment 1, the effects of
increasing the dose of SKF 81297 were evaluated using a one-way
repeated-measures ANOVA (1-ANOVA-R) with planned comparisons
(test of effects; Systat). In experiment 2, the effects of SCH 23390
pretreatment on the SKF 81297 response were evaluated using a two-way
repeated analysis (2-ANOVA-R) with planned comparisons (test of
effects; Systat). Paired comparisons were evaluated using a paired t test,
T-dependent (Tdep). Nonparametric tests were used to assess behavioral
ratings. A paired nonparametric Wilcoxon analysis was used for compar-
ing the effects of saline versus SKF 81297 on behavioral ratings, whereas
a Spearman correlation test was used to examine possible relationships
between cognitive impairment and behavioral ratings. The Pearson test
was used to examine the correlation between drug efficacy and either
cannula placement or delay interval. Statistical analyses were performed
on a Macintosh LC computer using Systat software.
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RESULTS
Figure 1 shows the position of the cannula tips immediately dorsal
to the rat PFC (PL region). All animals had cannulae within the
appropriate area of the PFC with the exception of two animals
(one from experiment 1 and the other from experiment 2), with
cannulae placed 1 mm anterior to the targeted region at 14.2 mm.
The data from these two animals were excluded from analysis,
thus reducing the number of animals to n 5 5 for experiments 1
and 2. However, these two animals were included in the final
correlation between drug efficacy and cannula placement (Cor-
relation of cannula position or delay interval with drug efficacy
below).

Experiment 1: effects of intra-PFC infusions of SKF
81297 on delayed-alternation performance
In this experiment, 0.5 ml of saline or 0.01 or 0.1 mg of SKF 81297
in 0.5 ml of saline was infused into the PFC in counterbalanced

order. Saline infusions had no significant effect on performance
compared with the baseline performance without infusions
(Tdep 5 2.24; df 5 4; p 5 0.09). SKF 81297 infusion into the PFC
produced a dose-related reduction in delayed-alternation perfor-
mance (1-ANOVA-R: significant effect of SKF 81297 dose [F(2,8)

5 4.93; p 5 0.04]). Tests of effects showed that infusion of 0.1 mg
[F(1,4) 5 13.44; p 5 0.02], but not of 0.01 mg [F(1,4) 5 0.63; p 5
0.47], significantly impaired performance compared with saline
infusion (Fig. 2). Impairment in performance induced by SKF
81297 was temporary; performance returned to normal levels of
responding by the next testing session, with a mean of 87.5%
correct for the four animals tested the day after infusion of 0.1 mg
of SKF 81297 (not significantly different from baseline perfor-
mance; Tdep 5 1.21; df 5 3; p 5 0.31).

The SKF 81297 data were further analyzed for qualitative
changes in response. Analysis of the errors after infusion of 0.1
mg of SKF 81297 showed a perseverative pattern of response (Fig.
3A). Thus, SKF 81297 significantly increased the absolute differ-
ence between left and right arm responses (saline, 1.6 6 0.8; SKF,
3.6 6 0.8; Tdep 5 3.16; df 5 4; p 5 0.034) and the greatest
number of consecutive entries to a single arm (saline, 1.2 6 0.22;
SKF, 3.2 6 0.89; Tdep 5 2.83; df 5 4; p 5 0.047; Fig. 3A).
Response (run) times were not affected by infusion of 0.1 mg of
SKF 81297. As can be seen in Figure 3B, there was no significant
difference between response times when animals were infused
with saline versus 0.1 mg of SKF 81297 (Tdep 5 0.45; df 5 4; p 5
0.68). Thus, gross motor function seemed unaffected by drug
treatment. There were also no significant changes in anxiety-
related behavioral ratings after infusion of 0.1 mg of SKF 81297
into the PFC [median score saline, 0 (all scores, 0); median score
SKF 81297, 0 (range, 0–2); Wilcoxon p 5 0.18). Drug-induced
changes in behavioral ratings did not correlate with changes in
performance on the delayed-alternation task (Spearman 5 0.574;
p . 0.1). Thus, the impairment in delayed-alternation perfor-
mance occurred independently of gross changes in locomotor or
affective responses. There were no significant changes in any of
these measures for the 0.01 mg dosage (all p . 0.14).

Experiment 2: reversal of the SKF 81297 response with
a D1 receptor antagonist
The role of D1 DA receptors in the response of 0.1 mg of SKF
81297 was tested in a second group of animals by challenging SKF
81297 with D1 receptor antagonist pretreatment. These animals
received four drug treatments in counterbalanced order: (1) sys-

Figure 1. Location of the ventral tips (stars) of the guide cannulae in the
rat brains used in this study. Sections indicate millimeters anterior to
bregma.

Figure 2. The effects of bilateral intra-PFC infusions of the D1 DA full
agonist SKF 81297 (0, 0.01, and 0.1 mg/0.5 ml) on accuracy of perfor-
mance on the delayed-alternation task. Results represent mean percent
correct 6 SEM; n 5 5 rats in experiment 1; *significantly different from
saline (0 mg) infusion performance.
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temic saline plus intra-PFC saline infusion, (2) systemic saline
plus intra-PFC infusion of 0.1 mg of SKF 81297, (3) systemic SCH
23390 plus intra-PFC saline infusion, or (4) systemic SCH 23390
plus intra-PFC infusion of 0.1 mg of SKF 81297. A dose of SCH
23390 (0.03 mg/kg) was selected that had no effect on delayed-
alternation performance in pilot experiments. However, two an-
imals showed motor deficits with this dose alone; in these animals
the dose was lowered to 0.01 mg/kg.

The data from this experiment can be seen in Figure 4. Again,
performance after saline infusion did not differ from baseline
performance without infusions (Tdep 5 0.3; df 5 4; p 5 0.78).
2-ANOVA-R showed a significant effect of SKF 81297 infusion
[F(1,4) 5 12.86; p 5 0.023], a significant effect of SCH 23390
injection [F(1,4) 5 9.17; p 5 0.039], and a significant interaction
between SKF 81297 and SCH 23390 treatment [F(1,4) 5 26.00;
p 5 0.007]. As in experiment 1, planned comparisons (test of
effects; Systat) revealed that infusion of 0.1 mg of SKF 81297
significantly impaired performance compared with saline infu-
sion when animals were pretreated with saline [VEH VEH vs
VEH SKF: F(1,4) 5 18.00; p 5 0.013]. Pretreatment with SCH
23390 significantly blocked the response to SKF 81297 infusions

[VEH SKF vs SCH SKF: F(1,4) 5 23.06; p 5 0.009]. SCH 23390
pretreatment alone had no effect in saline-infused animals [VEH
VEH vs SCH VEH: F(1,4) 5 0.29; p 5 0.62]. These findings are
consistent with SKF 81297 impairing delayed-alternation perfor-
mance through actions at D1 DA receptors. As seen in experi-
ment 1, impairment in performance induced by SKF 81297 was
temporary; performance returned to normal levels of responding
by the next testing session, with a mean of 75.0% correct for the
four animals tested the day after infusion of 0.1 mg of SKF 81297
(not significantly different from baseline performance; Tdep 5
0.52; df 5 3; p 5 0.64).

A qualitative analysis of the SKF 81297 response replicated the
findings observed in experiment 1. As shown in Table 1, SKF
81297 induced a perseverative pattern of responding as measured
either by the greatest number of consecutive entries into a single
arm or by the absolute difference in responses to the left versus
right arm. These perseverative effects were ameliorated by SCH
23390 pretreatment. Thus, a 2-ANOVA-R of the consecutive
entry data showed a significant effect of SKF 81297 infusion
[F(1,4) 5 12.74; p 5 0.023], no significant effect of SCH 23390
injection [F(1,4) 5 2.31; p 5 0.2], and a significant interaction
between SKF 81297 and SCH 23390 treatment [F(1,4) 5 10.00;
p 5 0.03]. Similar results were observed with the absolute differ-
ence in responses to the left versus right arm, in which there was
a significant effect of SKF 81297 infusion [F(1,4) 5 8.34; p 5
0.045], no significant effect of SCH 23390 injection [F(1,4) 5 2.11;
p 5 0.22], and a significant interaction between SKF 81297 and

Figure 3. Further characterization of the SKF 81297 (0.1 mg) response.
A, The effects of bilateral intra-PFC infusions of the D1 DA full agonist
SKF 81297 (0.1 mg) versus saline on a measure of perseverative respond-
ing: the greatest number of consecutive entries into a single arm during
delayed-alternation performance. Results represent mean number of en-
tries 6 SEM; n 5 5 rats. SKF 81297 significantly increased measures of
perseverative responding, including the absolute difference between en-
tries into the left versus right arm (see Results); *significantly different
from saline infusions. B, The effects of bilateral intra-PFC infusions of the
D1 DA full agonist SKF 81297 (0.1 mg) versus saline on response times
during delayed-alternation performance. Results represent mean re-
sponse time (sec) 6 SEM; n 5 5 rats.

Figure 4. The effects of SCH 23390 pretreatment on the cognitive
deficits induced by bilateral intra-PFC SKF 81297 infusions in experiment
2. Results represent mean percent correct 6 SEM; n 5 5 rats. VEH VEH,
Both systemic and intra-PFC administration of saline vehicle; VEH SKF,
systemic administration of saline vehicle and intra-PFC infusion of 0.1 mg
of SKF 81297; SCH VEH, systemic administration of SCH 23390 and
intra-PFC infusion of saline vehicle; and SCH SKF, systemic administra-
tion of SCH 23390 and intra-PFC infusion of 0.1 mg of SKF 81297.
*Significantly different from VEH VEH performance; †significantly dif-
ferent from VEH SKF performance.

Table 1. Qualitative analysis of the effects of SCH 23390 (SCH) on the
SKF 81297 (SKF) response

VEH 1
VEH

VEH 1
SKF

SCH 1
VEH

SCH 1
SKF

Consecutive entries 2.0 6 0.3 3.8 6 0.7* 2.0 6 0.0 2.2 6 0.2
Absolute difference

in arms
0.8 6 0.5 3.6 6 0.6* 1.2 6 0.5 1.2 6 0.5

Run time (sec) 48.6 6 25.9 51.2 6 15.3 139.0 6 60.9 136.4 6 79.5

VEH 5 saline; mean 6 SEM; n 5 5.
* Significantly different from VEH 1 VEH.
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SCH 23390 treatment [F(1,4) 5 8.34; p 5 0.045]. There was no
significant effect of either drug treatment on run time: no signif-
icant effect of SKF 81297 infusion [F(1,4) 5 0; p 5 1.0], no
significant effect of SCH 23390 injection [F(1,4) 5 2.6; p 5 0.18],
and no significant interaction between SKF 81297 and SCH 23390
treatment [F(1,4) 5 0.01; p 5 0.92]. Some animals showed an
increase in response time with SCH 23390 treatment preceding
either saline or SKF 81297 infusions; however, the large variation
in response did not yield significant effects.

Correlation of cannula position or delay interval with
drug efficacy
The relationship between drug efficacy and cannula position was
examined by correlating the percent change in performance pro-
duced by 0.1 mg of SKF 81297 with the estimated position of the
guide cannulae as drawn in Figure 1. This analysis used the data
from rats in both experiments 1 and 2, including the two animals
with cannulae placed too anterior at 4.2 mm. There was a signif-
icant correlation between location of the cannulae and drug
efficacy (Pearson r 5 0.735; p , 0.02; Fig. 5). Thus, with increas-
ing distance from the targeted site, SKF 81297 infusions became
less efficacious. The two rats with cannulae placed 4.2 mm ante-
rior to bregma showed little or no impairment after SKF 81297
infusion.

The relationship between drug efficacy and delay interval used
during delayed-alternation testing was examined in the animals
from experiments 1 and 2. Delays ranged from 5 to 30 sec;
however, there was no relationship between delay interval and
SKF 81297 efficacy (Pearson r 5 0.14, NS). Thus, the drug was
effective irrespective of delays used during testing.

DISCUSSION
Supranormal D1 receptor stimulation in the PFC
impairs delayed-alternation performance
The finding that SKF 81297 infusion into the PFC produces a
dose-related, SCH 23390-reversible impairment in spatial work-

ing memory performance demonstrates that supranormal D1 re-
ceptor stimulation in the PFC is sufficient to induce PFC cogni-
tive dysfunction. SKF 81297 is highly selective for the D1 family
of DA receptors (Andersen and Jansen, 1990). Reversal of the
SKF 81297 response with the D1 receptor antagonist SCH 23390
confirms actions at D1 receptors rather than nonspecific drug
actions. These findings are consistent with previous results show-
ing that SCH 23390 blocked the cognitive impairment induced by
stress exposure in rats and monkeys (Murphy et al., 1994, 1996a)
(A. F. T. Arnsten and P. S. Goldman-Rakic, unpublished obser-
vations). However, the finding that D1 receptor stimulation alone
is sufficient to induce PFC dysfunction does not rule out an
additional role for D2 receptors. Cognitive deficits induced by
either stress exposure (B. L. Murphy, unpublished observations)
or ketamine (Verma and Moghaddam, 1996) can be blocked by
selective D2 receptor antagonists. These findings suggest that
both D1 and D2 receptor families contribute to the detrimental
actions of DA in the PFC and that the two may synergize to take
the PFC “off-line” during stress. In contrast to DA receptor
antagonists, the b-adrenergic receptor antagonist propranolol
(Murphy et al., 1996b), the serotonin reuptake blocker fluoxetine
(Murphy et al., 1996a), and the muscarinic antagonist scopol-
amine (J. D. Jentsch, unpublished observations) have been inef-
fective in reversing the effects of pharmacological stress.

The importance of D1 receptor mechanisms is underscored by
the finding that D1 agonists, including SKF 81297, produce an
inverted U dose–response curve in aged monkeys with naturally
occurring DA depletion. Thus, very low doses (e.g., 0.0001 mg/
kg) improve spatial working memory performance, whereas
higher doses induce delay-related impairments in working mem-
ory performance (Arnsten et al., 1994; Cai and Arnsten, 1997).
Both improvement and impairment were reversed by SCH 23390
pretreatment, consistent with D1 receptor mechanisms (Arnsten
et al., 1994; Cai and Arnsten, 1997). A similar inverted U can be
observed in data from rat experiments. Thus, blocking D1 recep-
tors in the PFC with SCH 23390 locally (Seamans et al., 1995) or
systemically (Murphy et al., 1996a; current study, see Fig. 6)
impairs spatial working memory, whereas excessive D1 receptor
stimulation similarly impairs performance (current study). It is
possible that intra-PFC infusion of a much lower dose of SKF
81297 (e.g., 0.0001 mg) might produce supranormal performance
in rats; alternatively, physiological levels of DA stimulation may
be optimal in these animals, and any further increase in D1

receptor stimulation might be detrimental to performance.
SKF 81297 seems to impair spatial working memory through

actions in the PFC. There was a significant relationship between
cannula location and SKF 81297 efficacy; infusions became de-
creasingly effective as they moved anterior to the targeted site PL
PFC. [Infusions may also have diffused to the infralimbic (IL)
PFC, because this region is situated immediately ventral to the PL
region.] This interpretation is consistent with the previous finding
that cognitive impairment correlated with increased DA turnover
in the same PL/IL PFC region (Murphy et al., 1996a). It is
noteworthy that this region is the most responsive to stress in
biochemical studies (Deutch et al., 1993). Furthermore, the per-
severative pattern of errors produced by SKF 81297 infusions
(current study) and pharmacological stress (Murphy et al., 1996a)
is consistent with PFC dysfunction (for review, see Kolb, 1990).
The finding that SKF 81297 was effective after either short (e.g.,
5 sec) or long (e.g., 30 sec) delays is also consistent with a PFC
mechanism, because PFC circuits are thought to be engaged at
both short and long delays (Goldman-Rakic, 1987), whereas hip-

Figure 5. The correlation between cannula location (millimeters anterior
to bregma) and efficacy of the SKF 81297 response (percent impairment
relative to saline infusion). Data include the animals from experiments 1
and 2 with cannulae 4.2 mm anterior to bregma.
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pocampal and medial temporal cortex circuits are thought to be
needed only after the longer delay lengths (Zola-Morgan et al.,
1989). Future research could dissect the types of PFC processes
affected by SKF 81297 treatment (e.g., behavioral inhibition,
egocentric spatial processing) and determine whether there are
differences between DA agonist versus antagonist treatments.
Interestingly, D1 receptor blockade in the PFC does not seem to
result in a perseverative pattern of response (J. K. Seamans,
unpublished observations), suggesting a qualitative difference
between insufficient and excessive DA D1 receptor stimulation in
the PFC.

The SKF 81297 response seems to have selectively altered
cognitive performance without affecting motor or affective re-
sponses. The absence of drug effects on locomotor performance is
consistent with previous studies showing no effects of FG 7142
pharmacological stress on automated measures of locomotor ac-
tivity (Murphy et al., 1996a) and with previous studies showing
that stress does not alter performance of control tasks with similar
motor and motivational demands that do not depend on the PFC
(Arnsten and Goldman-Rakic, 1990; Murphy et al., 1996a). How-
ever, more sensitive measures of anxiety-related behaviors (e.g.,
plus maze) need to be examined to determine whether increased
DA D1 receptor stimulation in the PFC contributes to the affec-
tive response to stress. This issue is particularly important given

the connections of the medial PFC with limbic and autonomic
structures (for review, see Neafsey, 1990). However, affective
changes do not seem to underlie the changes in delayed-
alternation performance. The majority of animals showed
marked cognitive impairment and no change in behavioral ratings
(score of 0) after SKF 81297 infusions, and one animal that
exhibited anxiety-related behaviors showed only minor cognitive
impairment.

Relationship to electrophysiological studies
The inverted U dose response observed after D1 receptor manip-
ulations in cognitive studies relates well to electrophysiological
studies of PFC pyramidal cells (Fig. 6). Intracellular studies of
rodent PFC slices have demonstrated that DA or D1 receptor
agonists “sharpen” NMDA-mediated and other depolarizing syn-
aptic signals arriving on apical dendrites by attenuating high
threshold calcium spikes that amplify signals that propagate along
the dendrite to reach the soma (Yang and Seamans, 1996; Sea-
mans et al., 1997). This DA mechanism has recently been local-
ized to the apical dendritic stem (C. R. Yang, unpublished ob-
servations), as schematically represented in Figure 6. Yang and
Seamans have proposed that suboptimal levels of D1 receptor
stimulation would result in unfocused signals (schematically rep-
resented in Fig. 6A), whereas optimal levels of D1 receptor

Figure 6. Highly schematized representation of a model describing D1 receptor mechanisms influencing PFC function, based on the electrophysiological
findings of Yang and Seamans (1996) and the cognitive data discussed in the current paper. Yang and Seamans have shown that D1 receptor stimulation
alters signal transfer from apical dendrites to the soma by attenuating the high threshold calcium spikes that propagate signals along the dendrite. These
D1 actions are particularly prominent along the apical dendritic stem (i.e., primary dendritic branch). They have proposed that with insufficient D1
receptor stimulation (A), signals are unfocused temporally and spatially, whereas with optimal levels of D1 receptor stimulation ( B), signals are
sharpened for optimal transfer to the soma [based on Yang and Seamans (1996), their Fig. 9A,B]. However, with increasing levels of D1 receptor
stimulation, signals are oversharpened and would not reach the soma because of abolition of high threshold calcium spikes (C). This inverted U
dose–response curve is also observed at the behavioral level in studies of PFC cognitive function (D; results from current study shown as mean percent
correct). Thus, either insufficient D1 receptor stimulation (0.035 mg/kg SCH 23390, i.p.; SCH ) or excessive D1 receptor stimulation (0.1 mg of SKF 81297
intra-PFC infusion; SKF ) results in impaired delayed-alternation performance, whereas optimal levels of D1 receptor stimulation (saline, SAL; or 0.03
mg/kg SCH 23390 1 0.1 mg of SKF 81297 intra-PFC infusion, SCH1SKF ) result in superior cognitive performance.
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stimulation would focus signals and thus promote signal transfer
from dendrite to soma (Fig. 6B; Yang, unpublished observa-
tions). However, higher concentrations of agonists such as SKF
81297 would abolish high threshold calcium spikes and thus
prevent NMDA-mediated and other depolarizing synaptic signals
from reaching the soma (Fig. 6C). Thus, D1 receptor mechanisms
have a critical modulatory influence on incoming depolarizing
signals. These electrophysiological findings are in accordance
with results from cognitive studies, as summarized in Figure 6D.
Thus, insufficient D1 receptor stimulation (0.035 mg/kg SCH
23390) impairs spatial working memory performance, normal
levels of D1 receptor stimulation (saline or SKF 81297 1 SCH
23390) produce optimal levels of responding, and supranormal D1

receptor stimulation (0.1 mg of SKF 81297) again impairs perfor-
mance. Similar inverted U dose–response curves have been ob-
served when stress exposure was used to increase endogenous
stimulation of D1 receptors (Arnsten and Goldman-Rakic, 1990;
Murphy et al., 1994, 1996a,b; Arnsten and Goldman-Rakic, un-
published observations). This model is also consistent with the
study of Williams and Goldman-Rakic (1995) who found that
iontophoresis of very low concentrations of D1 receptor antago-
nist enhanced delay-related firing in PFC pyramidal cells of
monkeys performing an oculomotor-delayed response task. Pre-
sumably, these animals had excessive DA release in their PFC
because of the challenging nature of the task, and low levels of D1

receptor antagonist restored a more optimal level of D1 receptor
stimulation for signal transfer.

The model shown in Figure 6 proposes further that D1-
mediated actions may only be apparent under conditions in which
NMDA signals are activated. Thus, the failure to reverse cogni-
tive deficits with SCH 23390 in the Verma and Moghaddam
(1996) study may have been the result of using the NMDA
receptor antagonist ketamine to increase DA release. Similarly,
electrophysiological studies of PFC cells in anesthetized (Thierry
et al., 1986) or transected (Sesack and Bunney, 1989) rats may
have observed negative results with D1 receptor antagonists,
because there was little or no signal mediation in these prepara-
tions. All of these studies observed D2 receptor actions, suggest-
ing that D2 inhibitory effects on pyramidal cells can occur indi-
rectly, for example, via activation of GABAergic interneurons
(Retaux et al., 1991). High levels of D1 and D2 receptor stimula-
tion during stress may synergize to take the PFC “off-line,” thus
permitting more primary cortical and subcortical structures to
control behavior.

Clinical relevance
The model depicted in Figure 6 may have relevance to a number
of cognitive disorders associated with PFC dysfunction. Exposure
to stress is known to exacerbate or precipitate symptoms in many
neuropsychiatric disorders, for example, schizophrenia (Breier et
al., 1991; Bebbington et al., 1993; Dohrenwend et al., 1995). The
results from the present study suggest that increased D1 receptor
stimulation during stress might contribute to PFC cognitive def-
icits observed in patients. This speculation is supported by the
finding that schizophrenic patients, like the rats in the current
study, exhibit an inverted U dose–response curve to DA treat-
ments when performing a PFC word fluency task (Bilder et al.,
1992). Thus, treatment with either high doses of neuroleptic
medication (insufficient DA receptor stimulation) or methyl-
phenidate (excessive DA receptor stimulation) impaired perfor-
mance, whereas the combined treatment optimized performance
(Bilder et al., 1992). Interestingly, methylphenidate treatment

increased perseverative responding, reminiscent of the persevera-
tive responses observed in the current study with SKF 81297
intra-PFC infusions.

It is appreciated that most theories regarding PFC dysfunction
and schizophrenia speculate that cognitive deficits arise from
insufficient DA receptor stimulation in the PFC (e.g., Daniel et
al., 1991; Davis et al., 1991; Grace, 1993). Although the current
study examined the effects of supranormal D1 receptor stimula-
tion on cognitive functioning, the model depicted in Figure 6
implies that detrimental D1 receptor actions may also be found
under conditions of low DA receptor stimulation, when incoming
signals on apical dendrites are eroded, e.g., because of changes in
dendritic morphology. Thus, the signal “sharpening” associated
with even low levels of D1 receptor stimulation may be detrimen-
tal in individuals in whom incoming signals are attenuated pre-
viously because of loss of dendritic spines or distal dendritic
branches (Arnsten, 1997). This model may explain the seemingly
contradictory finding that DA agonists can often impair cognitive
function in subjects with presumed DA depletion. For example,
aged monkeys have naturally occurring DA depletion from the
PFC, yet they are readily impaired by D1 agonist treatment
(Arnsten et al., 1994). This sensitivity to D1 detrimental actions
may arise from the loss of dendritic spines (Uemura, 1980) and
distal dendritic branches (Cupp and Uemura, 1980) in the mon-
key PFC with normal aging, a phenomenon also observed in aged
human cortex (Schierhorn, 1981).

Interestingly, there have been recent reports of decreased den-
dritic spines in the PFC of schizophrenic brains (Garey et al.,
1995; Glantz and Lewis, 1995). The model proposed in the
current paper suggests that these dendritic changes may render
patients especially vulnerable to the detrimental actions of DA at
D1 receptors, even under conditions of relatively low DA receptor
stimulation. Consistent with this view, recent positron emission
tomography (PET) imaging studies have shown that a low dose of
apomorphine can ameliorate “hypofrontality” in unmedicated
schizophrenic patients (Fletcher et al., 1996). This low dose may
have acted presynaptically to decrease DA release and reduce
detrimental DA actions in the frontal lobe (Fletcher et al., 1996).

In summary, the results from the current study provide the first
definitive evidence that excessive D1 receptor stimulation is suf-
ficient to produce marked PFC dysfunction. These detrimental
DA actions need to be considered in theories regarding DA
mechanisms and neuropsychiatric illness.
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