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The neurophysin vasopressin is thought to play an important role in emotional behavior and aspects of cognition in the rat, and the

pathophysiology of this system has been implicated in two neurodevelopmental disorders, namely autism and schizophrenia. Genetic

deficiency of vasopressin in rats, resulting from a null mutation of the vasopressin gene, causes alterations of brain development with

resulting behavioral and neurochemical phenotypes in adulthood. We previously demonstrated that partial vasopressin deficiency (rats

heterozygous for the null mutation) produces enhanced visuospatial attention and motor speeding. Here, the results of studies of

homozygous Brattleboro rats that are fully vasopressin deficient are reported. We trained subjects to perform a lateralized reaction time

task that measures visuospatial divided attention; in task conditions in which the duration of target stimuli was varied from trial to trial,

homozygous Brattleboro rats showed a performance phenotype that consisted of more accurate responding for longer duration, and less

accurate responding for briefer duration, target stimuli. No differences in response times were measured. Further experiments revealed

that two separate processes produced this complex phenotype: a relatively slowed period of attentional engagement (resulting in

compromised detection of fast onset–fast offset stimuli) that only partially masks a generally more accurate pattern of responding. These

results, taken with earlier data, indicate that vasopressin plays a critical role in regulating visual attention and cognition, either directly, or

via early alterations in neurodevelopment.
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INTRODUCTION

Genetic vasopressin deficiency is well characterized as a
model for non-nephrogenic diabetes inspidus (Grant, 2000;
Jirikowski et al, 1992), but substantial evidence indicates
that altered neurodevelopment and behavioral abnormal-
ities are consequences of genetic vasopressin dysfunction as
well (Boer, 1985). Much of what is known about the
biological effects of vasopressin has been learned by
studying the ‘Brattleboro’ rat, a variety of the Long-Evans
strain that possesses a single nucleotide deletion in the
second exon of the arginine-vasopressin gene (Grant, 2000;
Schmale and Richter, 1984). The resulting frameshift causes
synthesis of an altered protein that does not enter the
normal secretory pathway. Rats that are homozygous (di/di)

for the mutation have no detectable circulating vasopressin
concentration, exhibit symptoms consistent with diabetes
insipidus, and display a variety of behavioral, neuroanato-
mical and neurochemical changes, relative to homozygous
wild-type rats (Boer, 1985; Grant, 2000; Insel et al, 1999;
Schmale and Richter, 1984).
A number of studies have indicated that di/di Brattleboro

rats exhibit deficits of Pavlovian fear conditioning (Stoehr
et al, 1993), spatial working memory (Colombo et al, 1992),
and prepulse inhibition (Feifel and Priebe, 2001), with
heterozygous (di/+) rats generally showing a partial
phenotype. Although these data have been interpreted as
evidence that vasopressin plays an important and permis-
sive role in the regulation of cognition, this hypothesis is
qualified by our recent observation that di/+ Brattleboro
rats exhibit superior visuospatial attention and motor
speeding, as assessed by a lateralized reaction time task
(Jentsch, 2003). Overall, data indicate that the involvement
of vasopressin, and the associated neurodevelopmental
consequences of early vasopressin deficiency, is more
complex than originally thought.
Vasopressin replacement in adult di/di Brattleboro rats

does not restore all aspects of the behavioral, neurochem-
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ical, and neuroanatomical phenotype (Boer et al, 1995, 1984;
Feenstra et al, 1990). This has led Boer and colleagues to
conclude that vasopressin deficiency during the pre- and
early postnatal periods contributes to the establishment of a
set of brain abnormalities that persist into adulthood and
that are the principle substrates of the behavioral phenotype
(Boer, 1985). However, evidence for a role for vasopressin in
cognition in adulthood is supported by pharmacological
studies; impairments or improvements of attention, mem-
ory, and learning can be produced by vasopressin admin-
istration to normal adult subjects (Dietrich et al, 2001;
Sahgal 1987, 1988; Strupp and Levitsky, 1985). Therefore, it
seems that vasopressin influences the development and
expression of cognitive functions via actions during the pre-,
peri-, and postnatal periods.
Here, we extended upon our earlier studies of hetero-

zygous Brattleboro rats (Jentsch, 2003) by evaluating the
acquisition and performance by homozygous Brattleboro
and wild-type rats of a lateralized reaction time task that
measures visuospatial attention and motor initiation
(Brown and Robbins, 1989; Carli et al, 1985, 1989). In the
task employed, animals engage in an observing response
while waiting for the presentation of a visual target stimulus
at one of the two possible spatial locations; subjects report
stimulus detection by making a response towards the
location of the target. This task therefore taxes the
monitoring aspect of divided attention, while minimizing
the vigilance component. These studies were designed to
evaluate whether di/+ rats show a partial phenotype, as
compared with di/di rats, or whether the pattern of
behavioral changes are qualitatively different.

MATERIALS AND METHODS

Subjects

The subjects were 60-day-old male rats (homozygous (di/di)
Brattleboro or wild-type Long-Evans rats) purchased from
Harlan (Indianapolis, IN) and were housed in genotype-
specific groups on a 06.30–20.00 h light cycle; all behavioral
testing was conducted during the light phase. The subjects
were initially food deprived to 90% of their free-feeding
weights and subsequently fed 15 g of rat chow/day in their
home cages (1 h after testing). Water was continuously
available except during the testing period; homozygous rats
always had two bottles of water available to ensure that their
higher demand for water was satisfied. The experimental
protocols employed were consistent with the NIH ‘Guide for
the Care and Use of Laboratory Animals’ and were
approved by the Chancellor’s Animal Research Committee
at UCLA.

Behavioral Testing Apparatus

Standard extra-tall aluminum and Plexiglas operant cham-
bers with a curved panel with 5 nose poke apertures on one
side and a photocell-equipped pellet receptacle on the other
side (Med Associates, Mt Vernon, VT) were used. The boxes
were housed inside of a sound-attenuating cubicle with
ambient white noise (85 dB) broadcast to mask external
noise; the environment was illuminated with a house light (a

light diffuser that was located outside of the operant
chamber but within the cubicle).

Pretraining

All rats were first trained in a single session in which the
house light was continuously illuminated and single pellets
were delivered into an illuminated magazine on a fixed-time
20-s schedule over a 45-min period. At 1 day after this
session, the rats were trained to make a sustained nose poke
at the center aperture in three consecutive daily sessions.
On the first day, the session began with illumination of the
house light; a variable duration nose poke of 10, 200, 400, or
600ms was required in the illuminated center aperture in
order to trigger a pellet to be dispensed within the head
entry magazine on the back wall (the nose poke duration
requirements were varied randomly from trial to trial).
When the rat successfully responded for the duration of the
hold period, the head entry magazine was illuminated and a
pellet was dispensed. After the rat retrieved the pellet, the
magazine light was extinguished, and 3 s later, the center
aperture was illuminated to signal the initiation of another
trial. The session terminated after 60min passed or the rat
earned 100 pellets, whichever occurred first. On the second
and third days, the procedure was identical except that the
rat was required to sustain 10, 200, 500, or 700ms nose
pokes on the second day and 200, 500, 700, or 1000ms nose
pokes on the third day.

Acquisition of the Lateralized Reaction Time Task

After being trained to make the sustained nose poke, rats
began daily testing on the lateralized reaction time task
(Brown and Robbins, 1989; Carli et al, 1985; Jentsch, 2003);
in the first four sessions, a target stimulus of fixed duration
was presented for all trials in a session (which terminated
after 60min or 128 trials, whichever came first). The task
began with the illumination of the house light and the rats
retrieving a single pellet from the magazine. The center
aperture on the opposite wall was illuminated 3-s later. The
rat was then required to make a sustained, variable duration
nose poke (200, 500, 700, or 1000ms) in the center aperture.
After the sustained nose poke (the ‘observing response’)
was completed, the far left or far right aperture was
illuminated for a fixed period (30, 5, 2.5, or 1 s on days 1, 2,
3, or 4 of training, respectively). During target presentation,
a nose poke response at that aperture resulted in a pellet
being delivered at the magazine, and a ‘correct’ choice was
scored. A limited hold period also applied on days 3 and 4; a
response within 5 s of onset of target illumination was
reinforced. At 3 s after the pellet was retrieved, the center
aperture was illuminated to signal the onset of another trial.
When a rat responded at a location that was not that of

the target during target presentation or within the limited
hold period, all lights in the box were extinguished, and the
rat was given a 3-s ‘time-out’ period in complete darkness;
in this case, an ‘incorrect choice’ was scored. Additionally, if
the rat made no response within target presentation or the
limited hold period, the rat received a 3-s ‘time-out’ in
darkness and an ‘omission’ was recorded. In both cases, the
time-out period was immediately followed by illumination
of the house light diffuser and the onset of another trial.

Vasopressin deficiency and attention
J David Jentsch et al

1598

Neuropsychopharmacology



An additional contingency was in place to discourage
premature responses. If a rat responded to either of the
possible target locations before completing the sustained
nose poke (and before the target presentation), a 3-s time-
out was given (as above), and an ‘anticipatory response’ was
scored.
Dependent measures for this task included: (1) rate of

both correct and incorrect choices (percentage of total
trials), (2) omission rate (percentage of total trials), (3) total
anticipatory responses, (4) total trials initiated, (5) mean
initiation latency/trial (the average interval between illumi-
nation of the center nose poke aperture and the initiation of
the observing response), (6) pellet retrieval time (the
average interval between pellet delivery and head entry
into the magazine), (7) correct response times (the period
between target stimulus onset and a nose poke at the
response location), and (8) receptacle approaches to the
pellet magazine when no pellet was available. Analysis of
variance (factor: genotype) was used to test for group
differences for all dependent measures.

Variable Target Stimulus Duration Condition

After the acquisition period, rats were tested in sessions in
which the duration of the target stimuli was varied
randomly from trial to trial within the session, with the
stimulus brightness being held constant. In some initial test
sessions, target stimulus durations ranged between 0.5 and
4.0 s, and a correct response within 4.0 s of target onset was
reinforced. In subsequent test sessions, target stimulus
durations ranged between 0.2 and 2.0 s, and a correct
response within 3.0 s of target onset was reinforced. The
session ended after 60min or 160 trials, whichever came
first. All the other task details were identical to those
described above, and the dependent measures were the
same. In these sessions, rates of correct and incorrect
choices, response times and omission rate were analyzed
with reference to stimulus duration (repeated measures of
analysis of variance). Other measures were not dependent
upon stimulus duration and were analyzed independently
by one-way analysis of variance.

Variable Target Stimulus Brightness Condition

Subjects were also tested in sessions in which stimulus
duration was held constant (1.0 or 0.5 s), while target
brightness was varied, between 20 and 80% of full intensity,
from trial to trial. A correct response within 3.0 s of target
onset was reinforced. The session ended after 60min or 160
trials, whichever came first. All the other task details were
identical to those described above, and the dependent
measures were the same. In these sessions, rates of correct
and incorrect choices, response times and omission rate
were analyzed with reference to stimulus brightness
(repeated measures of analysis of variance). Other measures
were not dependent upon stimulus brightness and were
analyzed independently by one-way analysis of variance.

Variable Observing Response Duration Conditions

Animals were also tested in sessions in which the duration
of the observing response required to trigger target delivery

was not varied from trial to trial (as above) but held
constant at either 0.2 or 1.0 s across all trials in the daily
session. All subjects were tested in two conditions across
two consecutive daily sessions; the order of these conditions
was counterbalanced across all subjects to ensure that there
were no main effects of order of delivery of conditions. For
these conditions, we conducted 2� 2 analyses of variance
(factors: observing response duration and genotype) with
repeated measures (target stimulus duration) where appro-
priate.

RESULTS

Acquisition of the Lateralized Reaction Time Task

There were few effects of genotype during the acquisition
period, indicating that di/di and wild-type rats acquired the
conditional rules of the task with roughly the same
efficiency (Table 1). On the first day of training on the
lateralized reaction time task, when the target stimulus
duration was 30 s, di/di made fewer omissions (F(1,14)¼ 7.1,
p¼ 0.02) and showed faster response times (F(1,14)¼ 9.7,
p¼ 0.008), with no other performance measures being
significantly affected by genotype. There were no main
effects of genotype on day 2 of training, when the stimulus
duration was 5 s. Brattleboro rats also exhibited slightly
longer mean trial initiation latencies on the 2.5 s target
condition (F(1,14)¼ 5.5, p¼ 0.03). On day 4, when the target
stimulus duration was 1.0 s, only anticipatory responses
were affected by genotype (F(1,14)¼ 4.7, p¼ 0.04), with di/di
rats producing more impulsive responses than did wild-type
subjects. Overall, these results indicate no robust pheno-
typic differences in di/di and wild-type rats during
acquisition.

Variable Duration Task Conditions

We subsequently tested the subjects in two consecutive test
sessions (sessions 1 and 2; Figure 1) in which the durations
of the target stimuli were varied randomly from trial to trial
(durations were 0.5, 1.0, 2.0, or 4.0 s). In session 1, correct
choices were affected by target stimulus duration
(F(1,14)¼ 47.7, po0.0001); as predicted, all subjects were
more accurate at responding towards the longer as opposed
to briefer stimuli (Figure 1). A significant genoty-
pe� stimulus duration interaction (F(3,42)¼ 3.0, p¼ 0.04)
in the absence of a main effect of genotype (F(1,14)¼ 1.6,
p¼ 0.3), resulted from a facilitation of choice accuracy in
di/di rats only at 2.0 s condition (p¼ 0.03). A genoty-
pe� stimulus duration interaction for incorrect choices
(F(3,42)¼ 7.4, p¼ 0.0005) resulted from higher numbers of
incorrect choices in di/di rats only at the 0.5 s condition
(p¼ 0.001); there was no significant main effect of genotype
for omissions (F(1,14)¼ 4.1, p¼ 0.06). No other performance
measures were affected by genotype.
Accuracy of responding in both groups was superior,

overall, in session 2 compared to session 1 (this represents a
practice effect), but the pattern of performance differences
was unaltered (Figure 1). As in session 1, a main effect of
target stimulus duration was found for correct choices
(F(3,42)¼ 35.7, po0.0001); all subjects showed monotoni-
cally decreasing choice accuracy with decreasing stimulus
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duration. There was no main effect of genotype for correct
choices (F(1,14)¼ 0.53, p¼ 0.48); however, a genoty-
pe� stimulus duration interaction (F(3,42)¼ 3.9, p¼ 0.02)
pointed to relatively better performance only at the 2.0 s
condition (p¼ 0.01). The alterations in choice accuracy
were not because of altered rates of omissions in di/di rats;
there was no main effect of genotype for omissions
(F(1,14)¼ 1.9, p¼ 0.19), nor any genotype� stimulus dura-
tion interaction (F(3,42)¼ 0.8, p¼ 0.51). By contrast, there
was a strong genotype� stimulus duration interaction for
incorrect choices (F(3,42)¼ 11.8, po0.0001), indicating that
di/di made more incorrect choices at the 0.5 s condition
(p¼ 0.01) and fewer incorrect choices for target stimuli of
2.0–4.0 s duration (p¼ 0.004, p¼ 0.03, respectively). There
was no main effect of genotype or genotype� stimulus
duration interaction for response times. Again, neither
anticipatory responses, perseverative responses, mean trial
initiation latencies nor pellet retrieval latencies were
affected by genotype. These results indicated that di/di rats
showed a more accurate pattern of responding that was
eliminated when target stimulus onset and offset was
sufficiently quick. This raised the possibility that reducing
target stimulus durations even further would reveal a
greater impairment in di/di animals.
To address this possibility, we then tested animals in a

third session in which target durations were briefer: 0.2, 0.5,
1.0, or 2.0 s (see Figure 2). The results from this session
confirmed our speculation. For correct choices, a strong
genotype� stimulus duration interaction (F(3,42)¼ 10.7,
po0.001), in the absence of a main effect of genotype,
was found. This interaction was because of poorer
performance at the 0.2 s condition (p¼ 0.04) with better
performance at the 2.0 s condition (p¼ 0.004). There was no
main effect of genotype for omissions (F(1,14)¼ 3.6,
p¼ 0.07). The duration-dependent changes in choice
accuracy seemed to be driven mostly by altered rates of
incorrect choices because a main effect of genotype
(F(1,14)¼ 16.0, p¼ 0.001) and a genotype� stimulus dura-
tion interaction (F(3,42)¼ 26.3, po0.001) were found for
incorrect choices. Brattleboro rats made more incorrect
choices at the 0.2 and 0.5 s conditions (po0.0001 and
p¼ 0.0003, respectively) and fewer incorrect choices at the
2.0 s condition (p¼ 0.01). Once again, no other performance
measure, including response times, anticipatory responses,
perseverative responses, mean trial initiation latencies, or
pellet retrieval times, was affected by genotype.

Variable Brightness Conditions

All subjects were evaluated in two additional sessions in
which the brightness of the target stimuli was varied from
trial to trial (20, 40, 60, or 80% of full intensity), while target
duration was held constant (1.0 s). Evaluating performance
of subjects in this condition allows for an examination of
the behavioral effects of manipulations of the ‘detectability’
but not temporal nature of target stimuli. The results from
these two sessions were identical, so we only present
analysis from the second of these two sessions. The data are
summarized in Figure 3.
Analysis of variance revealed a main effect of genotype for

both correct choices (F(1,14)¼ 5.3, p¼ 0.04) and omissions
(F(1,14)¼ 5.6, p¼ 0.04), but not incorrect choicesT
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(F(1,14)¼ 0.17, p¼ 0.69) or response times (F(1,14)¼ 0.14,
p¼ 0.71). These main effects were driven by a more
accurate performance and fewer omissions in di/di relative
to wild-type rats (roughly consistent with a slightly more
accurate performance in di/di rats under the 1.0 s condition
in the variable duration task). Neither of the main effects
interacted with stimulus brightness, indicating stimulus
salience did not dramatically affect the choice accuracy
facilitation or decreased omissions exhibited by di/di rats
under these conditions. As in the variable duration test
sessions, anticipatory responses, perseverative responses,
mean initiation latencies, and pellet retrieval times were
unaffected by genotype.

Variable Observing Response Duration Periods

We hypothesized that the unique pattern of performance
exhibited by di/di rats may be because of an interaction of
two separate phenomena. We theorized that the relatively
poorer ability of Brattleboro rats to detect the briefest
stimuli may be because of a compromised speed of engaging
attention when a trial is initiated. That is to say, when the
duration of a stimulus is brief, its offset may occur more
quickly than the ability of the Brattleboro rats to engage

attention to the two locations that they must monitor.
However, the performance deficit produced by the slowing
of attentional engagement would be mitigated when the
stimuli are longer in duration. Indeed, much like hetero-
zygous Brattleboro animals (Jentsch, 2003), di/di rats show
superior detection of longer duration target stimuli,
possibly suggesting that they exhibit a more efficient
response strategy or superior visual attention.
To address the first hypothesis, we tested rats in sessions

in which the duration of the observing response which
triggered target delivery was not varied randomly from trial
to trial (as above), but fixed at either 0.2 or 1.0 s across all
trials (all subjects were tested on both conditions in a
counterbalanced design). If di/di rats exhibit relatively
slower engagement times, we hypothesized that the
requirement of a 0.2 s observing response period should
exacerbate their deficit (by globally reducing the time
between trial initiation and target onset), while requiring a
1.0 s observing response period should alleviate their deficit
(by providing the subjects more time to engage their
attention to the two possible target locations).
Considering correct choices, two-way analysis of variance

revealed no main effects of either genotype (F(1,28)¼ 0.4,
p¼ 0.56) or observing response duration (F(1,28)¼ 3.3,
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Figure 1 Performance of wild-type and di/di vasopressin-deficient rats in two identical daily sessions in which the duration of a visual target stimulus was
varied across trials (0.5–4.0 s). Vasopressin-deficient rats made more correct choices for longer stimuli (2.0 s) and more incorrect choices when stimulus
durations were brief (0.5 s). No other aspects of performance were significantly affected by genotype in either session. *po0.05, **po0.01, ***po0.001 vs
wild-type performance. N¼ 7 wild-type and N¼ 9 di/di rats.
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p¼ 0.08) but a significant genotype� observing response
duration interaction (F(1,28)¼ 5.6, p¼ 0.02). Figure 4 shows
that wild-type animals are not sensitive to the observing
response duration; control animals showed equivalent
numbers of correct choices, irrespective of the required
duration. By contrast, di/di subjects were affected by the
observing response duration; post hoc tests revealed that
Brattleboro rats showed a higher percentage of correct
choices, overall, than wild-type rats when the observing
response duration was 1.0 s (p¼ 0.006), but this difference
was reversed when the observing response was 0.2 s.
The genotype� observing response duration interaction

for correct choices was mostly driven by a parallel change in

incorrect choices, rather than omissions. Analysis of
variance detected the main effects of genotype
(F(1,28)¼ 10.8, p¼ 0.003) and observing response duration
(F(1,28)¼ 6.4, p¼ 0.02) and a genotype� observing response
duration interaction (F(1,28)¼ 10.7, p¼ 0.003) for incorrect
choices. As with correct choices, incorrect choices in wild-
type rats were unaffected by observing response duration
(p¼ 0.3); however, di/di rats made significantly more
incorrect choices when the observing response duration
was 0.2 s as opposed to 1.0 s (p¼ 0.001).
Considering the response times, there was no significant

main effect of genotype (F(1,28)¼ 1.8, p¼ 0.19), but there
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Figure 2 Performance of wild-type and di/di vasopressin-deficient rats in
a session in which the duration of a visual target stimulus was varied across
trials (0.2–2.0 s). Di/di subjects were impaired at responding correctly to
very brief stimuli (0.2 s), but showed facilitated detection of longer stimuli
(2.0 s). No other aspects of performance were significantly affected by
genotype in either session. *po0.05, **po0.01, ***po0.001 vs wild-type
performance. N¼ 7 wild-type and N¼ 9 di/di rats.
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Figure 3 Performance of wild-type and di/di vasopressin-deficient rats in
a session in which the brightness of a visual target stimulus was varied
across trials (20–80% of full intensity; duration set at 1.0 s). Di/di rats
showed a generally more accurate pattern of responding that was not
affected by stimulus brightness. No other aspects of performance were
significantly affected by genotype in either session. N¼ 7 wild-type and
N¼ 9 di/di rats.
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was a significant main effect of observing response duration
(F(1,28)¼ 18.2, p¼ 0.0002), and the genotype� observing
response duration interaction nearly reached significance
(F(1,28)¼ 4.2, p¼ 0.05). Overall, the main effect of observing
response duration was produced by faster responding when
the 1.0 s fixation duration was in place vs the 0.2 s duration
fixation response; this difference was highly significant in
di/di rats (po0.0001) and wild-type rats (p¼ 0.0039).
Anticipatory responses were elevated in both wild-type

and di/di rats when the observing response duration was 1.0
vs 0.2 s, as revealed by a significant main effect of observing
response duration (F(1,28)¼ 8.4, p¼ 0.007) with no main

effect of genotype (F(1,28)¼ 0.5, p¼ 0.5) and no genoty-
pe� observing response duration interaction
(F(1,28)¼ 0.003, p¼ 0.9). No other measures were affected
by genotype or observing response duration.

DISCUSSION

Rats that are homozygous for a null mutation of the
arginine-vasopressin gene exhibit robust and stable altera-
tions of performance as assessed with a lateralized reaction
time task. In this test, animals engage in an observing
response (a nose poke into an aperture, the duration of
which is randomly varied from trial to trial) to initiate a
visual target stimulus at one of the two possible lateral
locations. Subjects then respond to the correct location to
obtain reinforcement. Vasopressin-deficient (di/di) rats
exhibited more accurate responding to relatively longer
duration target stimuli and less accurate responding to
relatively briefer duration stimuli in the task. Generally, di/
di rats did not show consistently higher rates of impulsive
responses or speeded response times, unlike rats that are
heterozygous for the mutation (Jentsch, 2003). We hy-
pothesize that these data indicate that di/di rats have a
generally more accurate pattern of responding to visual
stimuli coupled to a slowing of attentional engagement.
Subsequent studies in which the duration of the required

observing response was held constant (rather than varied
randomly from trial to trial) confirmed the hypothesis that
the decrement of detection of the briefest stimuli in di/di
rats most likely reflects a slowing of attentional engagement.
In theory, when an animal initiates the observing response,
it must divide and engage attention to both possible lateral
locations in order to monitor those positions for target
presentation. Wild-type rats appear to be able to engage
attention quite rapidly: their accuracy of responding
towards visual targets was identical whether the observing
response duration was 0.2 or 1.0 s, indicating that they are
capable of initiating monitoring of the target locations
within that time period. These data also generally validate
the usage of a variable duration observing response in wild-
type rats, as altering this period does not affect choice
accuracy in normal subjects.
By contrast, decreasing the duration of the observing

response period (and thereby reducing the time available to
engage attention prior to target delivery) exacerbated
performance deficits of the di/di rats at the briefest target
durations, while increasing the duration of the observing
response period had the opposite effect. These results
indicate that di/di rats have a relatively slowed speed of
attentional engagement but that, once monitoring has been
successfully initiated, they exhibit a more accurate pattern
of responding.

COMPARISON WITH HETEROZYGOUS BRATTLE-
BORO RATS

A comparison of performance of heterozygous and homo-
zygous animals may serve to determine whether the
Brattleboro phenotype is ‘dose responsive’, that is, whether
a progressively greater phenotype is associated with a
greater extent of vasopressin deficiency. Both heterozygous

Figure 4 Performance of wild-type and di/di vasopressin-deficient rats in
two sessions in which the duration of the observing response required to
trigger target delivery was varied across sessions but not across trials (fixed
at either 0.2 or 1.0 s in the sessions). Di/di rats were impaired at detecting
brief stimuli when the observing response period was brief (0.2 s) but
showed facilitated performance when this period was extended (1.0 s).
N¼ 7 wild-type and N¼ 9 di/di rats.
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and homozygous animals show signs of facilitated choice
accuracy under some conditions in the lateralized reaction
time task. Heterozygous animals showed superior choice
accuracy only when the target stimuli were brief (e.g., 0.5 s),
indicating that their phenotype was evident solely under the
most difficult trial conditions (Jentsch, 2003). Homozygous
animals show a more general pattern of choice accuracy
facilitation, including generally facilitated choice accuracy
when the fixation response duration is long. By contrast,
heterozygous Brattleboro rats show little evidence of the
slowed attentional engagement that homozygotes exhibit.
Therefore, this latter phenotype may be specific for animals
that are completely vasopressin deficient.
The effects of varying degrees of vasopressin deficiency

on visual attention are also in concert with previous work
demonstrating that systemic administration of vasopressin
analogues (that act as vasopressin receptor agonists)
impairs visual attention in the rat (Sahgal, 1988). Taken
together, these results would seem to indicate that greater
vasopressinergic tone exerts a generally negative effect on
the accuracy of response selection in attentional tasks;
clearly further work also needs to be undertaken to
determine whether vasopressin agonists/antagonists affect
attentional engagement.

INTERACTION WITH DEVELOPMENT?

Some of the neuroanatomical and neurochemical changes
found in homozygous Brattleboro rats are not restored by
vasopressin administration during adulthood, leading to the
hypothesis that a portion of the di/di phenotype results
from vasopressin deficiency during neurodevelopment
(Boer, 1985). Regarding the attentional phenotype we have
reported in Brattleboro rats, the relevance of the ontoge-
netic specificity of these effects is unknown. If vasopressin
deficiency in adulthood alone contributes to these effects,
we hypothesize that centrally acting vasopressin receptor
antagonists may have some beneficial effects on attentional,
and possibly other cognitive, functions. If early vasopressin
deficiency is critical, there may be no benefit to these
antagonists given in adulthood alone. The recent develop-
ment of highly selective, nonpeptide vasopressin receptor
antagonists (Serradeil-Le Gal et al, 2002) should allow for
this issue to be addressed directly.

NEURAL CIRCUITRY

The neural mechanisms by which exogenous vasopressin
administration or genetic vasopressin deficiency affect
attention are unclear. The divided and/or sustained aspects
of visual attention are thought to depend upon dorsal
frontal cortical regions and the inputs of these structures to
the striatum (Buchsbaum et al, 1990; Burk and Mair, 2001;
Christakou et al, 2001; Gill et al, 2000; Muir et al, 1996;
Passetti et al, 2000), while the initiation and selection of
appropriate responses depend upon striatal circuitry and its
modulation by dopamine (Brown and Robbins, 1989; Carli
et al, 1985, 1989). In rodents and primates, there is no
vasopressin input to these forebrain regions (Wang et al,
1997; Young et al, 1999), suggesting that the effects of
vasopressin are indirectly mediated by other neuronal

systems, such as monoaminergic and/or cholinergic nuclei
(Boer et al, 1995; Caffe et al, 1985; Feenstra et al, 1990).
However, it should be noted that vasopressin receptors are
present in frontal cortical regions (Young et al, 1999);
vasopressin may therefore reach these receptors after
nonsynaptic, hormonal release, and in this way, a deficiency
of transmission onto these receptors might mediate the
alterations of attention reported here.

CONCLUSIONS

These data indicate that complete vasopressin deficiency
results in relatively slowed attentional engagement and
(under some conditions) greater choice accuracy, as
assessed by a lateralized reaction time task. In principle,
these data raise the possibility that antagonizing central
vasopressin transmission may serve to augment visual
attention. With this in mind, investigations of the effects of
newly developed vasopressin receptor antagonists should
include evaluations of cognitive and attentional functions.
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