BASAL FOREBRAIN ADENOSINE AND PVT PERFORMANCE

Microdialysis Elevation of Adenosine in the Basal Forebrain Produces Vigilance
Impairments in the Rat Psychomotor Vigilance Task
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Study Objective: The inhibitory neuromodulator adenosine has been
proposed as a homeostatic sleep factor that acts potently in the basal
forebrain (BF) to increase sleepiness. Here 300 uM of adenosine was
dialyzed in the BF of rats, and the effect on vigilance was determined in
the rat Psychomotor Vigilance Task (rPVT).

Design: Rats experienced all experimental conditions in a repeated-
measures, cross-over design.

Patients or Participants: Twelve young adult male Fischer-Norway
rats.

Interventions: Sustained attention performance in the rPVT was evalu-
ated following 2 hours of bilateral microdialysis perfusion of vehicle,
adenosine (300 uM), or codialysis of 300 uM of adenosine with the A,
receptor antagonist 8-cyclopentyltheophylline.

Measurements and Results: During rPVT performance, response la-
tencies and performance lapses increased significantly after adenosine
dialysis when compared with baseline (no dialysis) or vehicle dialysis

sessions. The codialysis of 8-cyclopentyltheophylline with adenosine
completely blocked the effects produced by adenosine alone, resulting
in performance equivalent to that of the vehicle sessions.
Conclusions: Pharmacologic elevation of BF adenosine in rats pro-
duced vigilance impairments resembling the effect of sleep deprivation
on vigilance performance in both man and rats. This effect of exogenous
adenosine was completely blocked by codialysis with an adenosine A,
receptor antagonist. The results are consistent with the hypothesis that
sleep loss induces elevations of BF adenosine that, acting via A, recep-
tors, lead to increased sleepiness and impaired vigilance.
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THE ACTIVATION OF CORTICALLY PROJECTING BAS-
AL FOREBRAIN (BF) NEURONS HAS LONG BEEN AS-
SOCIATED WITH CORTICAL ACTIVATION, AROUSAL,
and attention/vigilance.'* Although the cholinergic population
of these BF neurons has been the most widely studied, at least
2 other populations of BF neurons (ie, GABAergic, and puta-
tively glutamatergic neurons) also play a role in this cortical
activation.*> An inhibition of these BF neurons leads to reduced
arousal and vigilance; hence, recent work has attempted to iden-
tify the biologic processes that inhibit the BF neurons during
periods of sleepiness and reduced vigilance.®” Adenosine, an in-
hibitory neuromodulator and putative sleep factor, has emerged
as a leading neurochemical candidate mediating the inhibition
of these wakefulness/vigilance-promoting BF neurons.®’
Adenosine, a byproduct of energy metabolism (adenosine is
the “A” in ATP), has been shown to accumulate in the BF dur-
ing periods of prolonged wakefulness (ie, when energy demands
are high) and to decline during periods of sleep.®™'® Caffeine and
theophylline are potent adenosine receptor antagonists, explain-
ing the potent stimulant effects of coffee and tea.!' The application
of a similar adenosine antagonist directly into the BF increases
wakefulness, whereas increasing BF adenosine levels via drug
application directly into the BF reduces wakefulness.” These,
and additional findings, have led to the hypothesis that an eleva-
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tion of adenosine in the BF is a neurochemical correlate of the
sleepiness associated with prolonged wakefulness, and, as such,
adenosine may be a mediator of the homeostatic sleep drive."?
In the present study, we used this foundation of knowledge to
test the prediction that microdialysis application of exogenous
adenosine in the rat BF will produce a decrease in vigilance per-
formance in the rat Psychomotor Vigilance Task (rPVT).

The Psychomotor Vigilance Task (PVT) has been widely
used in human studies to detect the sustained attention impair-
ments associated with different types of sleep loss, including
chronic sleep restriction,'*!* sleep deprivation,'>'® sleep disor-
dered breathing,'" and insomnia.>*> However, only recently
has a rat version of the PVT been described that lends itself to
invasive investigations of the role of adenosine and the BF in
the control of behavior state and sustained attention.”* Although
previous studies have demonstrated that pharmacologic eleva-
tion of adenosine, or adenosine agonists, directly in the BF de-
creases the time animals spend in wakefulness, 0232829 reviewed in 6
&7 it is unknown how this manipulation alters performance in
a sustained attention task such as the rPVT. We here report that
increasing BF adenosine levels produce impairments in rPVT
sustained-attention performance that resemble those seen in
rats**?® and humans'*-? after various forms of sleep deprivation
or disruption.

METHODS
Animals
Twelve adult Fischer-Norway rats (Charles River Breeding

Laboratories, Wilmington, MA), weighing between 300 and
350 grams, were housed under constant temperature (23°C =+
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1°C) and a 12:12 light-dark cycle (lights on at 07:00.) with
food available ad libitum. To encourage responding for water
reinforcement in the operant task rats had restricted access to
water in their home cage. Rats were introduced to the water-
restriction schedule over several days by reducing the amount
of time each day that water was available in the home cage.
After entering the rPVT training protocol, rats received water
as a reward for task performance (20 pL/reinforcement). Ad-
ditional home-cage access to free water was available for 5 or
10 minutes immediately after each rPVT session. Rats on this
water-restriction procedure remain active and very healthy; for
example the rats maintained or gained body weight. All animals
were treated in accordance with Association for Assessment
and Accreditation of Laboratory Animal Care’s policy on care
and use of laboratory animals. All experiments conformed to
U.S. Department of Veterans Affairs, Harvard University, and
U.S. National Institutes of Health guidelines on the ethical use
of animals.

rPVT Apparatus

The rPVT was performed in a MED-Associates (Burling-
ton, VT) operant chamber, with infrared head-detection beams
across the front of the water-delivery port to record nose pokes.
The target stimulus was a centrally mounted light directly
above the water-delivery port. A nose poke into the water-de-
livery port during stimulus illumination (0.5 seconds), or dur-
ing the 2.5-second limited hold period after the stimulus was
extinguished, was rewarded with 20 pL of water delivered by
automatic dipper.

The rPVT

As previously described,* rats were trained daily (at 13:00)
to nose poke in response to the illumination of the central
stimulus light. The performance criterion for rats to enter the
experimental arm of the study was a minimum of 120 rein-
forced responses within a 30-minute session for 3 consecutive
sessions with the stimulus duration set at 0.5 seconds. Intertrial
intervals varied from 3 to 7 seconds in 1-second increments in
a quasi-random fashion (equal density of intervals throughout
session) to prevent predictable stimulus onset. Responding
during the intertrial interval (a “premature response”) or fail-
ing to respond at all (an omission) were treated as errors and
resulted in a 10-second “time out” (house light extinguished
and absence of trials). At the end of the 10-second time-out,
the house light was reilluminated and a new intertrial interval
started. The primary measures of performance in the rPVT
were response latencies and lapses. Response latencies were
calculated from the onset of the light until the rat nose poked
the water-delivery port, excluding lapses and omissions (de-
fined next). Parametric analysis of pilot datarevealed that the
variability of rat response latencies in the rPVT was much
greater than that typical of human responses in the PVT.
Hence, lapses were individually defined, posthoc, as those tri-
als in which response latencies were greater than 2 times the
average basal response latency for each rat. This definition of
lapses did not skew the distribution of the remaining response
latencies and provided a sensitive measure of performance. In
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the analysis, lapses also included omissions. Omissions were
defined as a failure to respond within the 3-second window of
opportunity and were used as an indication that rats did sim-
ply stop responding. Sessions in which rats made more than
50 omissions were not included in the final analysis, although
large blocks of omissions of this type were very rare. As is
typical of human PVT studies, omissions were not analyzed
independent of lapses. Premature errors were any response
during the intertrial interval. Premature response errors and
the overall number of responses were recorded and analyzed
as secondary measures of performance. The number of re-
sponses per session functioned as both a secondary measure
of performance and a rudimentary measure of motivation.

Surgery

Guide cannula surgery was carried out under general an-
esthesia (1% isoflurane). The coordinates for guide cannula
placement were; A/P -0.04, M/L 2.2, D/V -6.6 (microdialysis
probe tip extended to DV -8.6). Rats were given 1 week on
free water for postsurgical recovery before being reintroduced
to water restriction over a 3-day period before resuming daily
rPVT testing. Each rat entered the experimental phase only af-
ter achieving 3 consecutive days of rPVT performance at the
presurgery criterion.

BF Dialysis and rPVT

After postsurgical recovery, rats were habituated to being
connected to the dialysis cable and dialysis lines for at least
3 days prior to dialysis. Microdialysis probes (CMA Stock-
holm, Sweden, model CMA 11, 2-mm membrane length)
were inserted between 18 and 24 hours prior to dialysis. On
adenosine-only dialysis days, vehicle (artificial cerebrospinal
fluid; aCSF) dialysis started at 09:00 and continued until 11:00
when the 2 hours of adenosine dialysis was started (without
handling the rats), running from 11:00 to 13:00. On control
dialysis days, aCSF was continuously dialyzed from 09:00 to
13:00. During all dialysis (and baseline) sessions, rats were
disconnected from the dialysis equipment at 13:00 and imme-
diately placed in the operant chambers for a 30-minute rPVT
session.

Cyclopentyltheophyline + Adenosine Codialysis

Five of the rats underwent a single dialysis session with ad-
enosine and 8-cyclopentyltheophyline (CPT), an A, receptor
antagonist. rPVT performance was assessed immediately after
the completion of dialysis. During adenosine and CPT codialy-
sis sessions, aCSF dialysis was discontinued at 10:30, at which
point 1-uM CPT-alone dialysis began and lasted for 30 minutes
until 11:00, at which point codialysis of CPT with 300 uM of
adenosine began and lasted until 13:00. The choice of 300 uM
of adenosine concentration was based on previous work show-
ing that 300 uM effectively decreased the amount of time spent
in wakefulness.** Previous work indicates that the concentra-
tion of pharmacologic agents outside the membrane is about
1/10™ of the inside concentration.?
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Figure 1—Rat Psychomotor Vigilance Task. Response latencies are slowed (Panel A), and the mean number of lapses, including omissions, in-
creased significantly (Panel B) after a 300-uM adenosine (AD) infusion into the basal forebrain (BF), compared with baseline and artificial cere-
brospinal fluid (aCSF) controls. These behavior effects are reversed by codialysis of 300 uM of adenosine with 1 uM of 8-cyclopentyltheophyline
(CPT, an adenosine A receptor antagonist) in comparison with the 300-uM adenosine-only condition (Panels A & B). The number of premature
errors per session decreased after the 300-uM adenosine infusion into the CBF, compared with baseline and aCSF control, but this reduction was
reversed after codialysis of 300 uM of adenosine with 1 uM of CPT (Panel C). *P < 0.05, **P < 0.025, ***P < 0.01, ****P < (.005. Base refers

Histology

After completion of experiments, rats were euthanized with
sodium pentobarbital. Rats were perfused transcardially, first with
0.1 M of phosphate buffer and then with 4% buffered paraformal-
dehyde. Brains were placed in 4% paraformaldehyde overnight,
followed by transfer to 30% sucrose-0.1 M phosphate buffer un-
til the tissue block sank. Fifty-micrometer coronal sections were
cut on a freezing microtome, and a series of 1-in-6 sections was
processed with 0.5% cresyl violet to verify the dialysis site. For
the purposes of this experiment, the BF was defined as consisting
of the horizontal diagonal band, substantial innominata, magno-
cellular preoptic nucleus, and the immediately adjacent ventral
region with large cholinergic neurons.

Statistical Analysis

rPVT behavior measures were averaged within a session to
generate 4 measures from each session (response-latency, num-
ber of responses, number of premature errors, and number of
lapses) for each rat. To account for interindividual differences
behavior measures were analyzed via a mixed-model analysis
of variance (SPSS, SPSS Inc., Chicago, IL). Any significant
analyses were further analyzed with posthoc t-tests, and all re-
ported p-values (original and posthoc) have been adjusted with
a modified (ranked ordered) Bonferroni correction.

RESULTS
Histology

One rat was removed from the study due to an inappropriate-
ly placed dialysis probe. Two other rats were euthanized during
the study due to postsurgical complications, leaving a total of
9 rats with histologically confirmed cannulae placement in the
BF from which data were collected.
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rPVT and 300-uM Adenosine BF Dialysis

Observation of the rats during the 30-minute rPVT sessions
postdialysis (aCSF and adenosine) revealed that the rats did not
sleep during task performance and consistently made a large
number of responses (> 100) before making any short pauses in
their task performance. Performance was not different between
the 2 control conditions (baseline and aCSF) for any measure.

Response Latencies

The mixed-model analysis of variance for the response-la-
tency measure was significant (F,, = 5.6, p < 0.01). Posthoc
analysis revealed that response latencies slowed significantly
in the rPVT sessions performed immediately after 2 hours of
adenosine dialysis, when compared with both nondialysis base-
line and aCSF dialysis (t, = 2.81, p < 0.05, t, = 2.53, p < 0.05,
respectively, see Figure 1A).

Lapses

The number of lapses per session increased significantly after
adenosine dialysis (F,,, = 4.98, p < 0.01). In the rPVT session
immediately after adenosine dialysis, rats made more lapses than
in either the nondialysis baseline or aCSF conditions (t, = 2.23,
p <0.05,t,=2.21, p <0.05, respectively), see Figure 1B.

Premature Errors

The mixed-model analysis of variance for the premature er-
rors measures was also significant (F, ;= 3.85, p <0.05). How-
ever, in this case, premature errors actually decreased in the
session immediately after adenosine dialysis when compared
with aCSF (t, = 2.44, p < 0.05) and approached significance
when compared with nondialysis baseline (t, = 1.85, p=0.053),
see Figure 1C.
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BF Dialysis and rPVT: CPT + Adenosine Codialysis

As predicted, codialysis of the adenosine A | receptor antago-
nist CPT (1 uM) with adenosine blocked the effects of 300 uM
of adenosine alone on the 3 rPVT measures (see Figure 1A, B,
C). Thus, both response latencies and lapses decreased signifi-
cantly immediately after codialysis with CPT compared with
dialysis with adenosine alone (response latencies, t, = 2.89, p
<0.025, see Figure 1A; Lapses, (t, = 4.13, p < 0.01, see Figure
1B). The reduction of premature errors produced by dialysis
with adenosine alone was reversed by codialysis of adenosine
with CPT (t, = 5.56, p < 0.005, see Figure 1C).

Mean Number of Responses

The mean number of responses per 30-minute session aver-
aged 140. The total number of reinforced responses per oper-
ant session did not differ among any experimental condition,
indicating motivation was not affected by dialysis of adenosine
alone or codialysis of adenosine + CPT.

DISCUSSION

Rats that received bilateral dialysis perfusion of 300 uM of
adenosine in the BF immediately prior to performing the rPVT
demonstrated a behavior impairment analogous to that of sleep-
deprived humans'*'%* and rats***®: response latencies slowed
and lapses increased significantly. This effect was blocked by
the codialysis of an A -receptor antagonist, demonstrating that
the performance impairments were due to elevated adenosine
in the BF rather than nonspecific factors. Importantly, however,
the rats did not fall asleep during the rPVT sessions, indicating
that the carefully selected adenosine dose produced sleepiness
and vigilance impairments but did not produce profound sleep
that could grossly interfere with operant task performance.

Abundant evidence now supports the hypothesis that adenos-
ine is an endogenous sleep factor that acts potently in the BF
to reduce cortical activation and wakefulness. In this hypothesis,
elevations of the homeostatic sleep drive produced by sleep dis-
ruption lead to an accumulation of adenosine in the BF, which
increases sleepiness by inhibiting the cortically projecting/
wakefulness-promoting neurons of the BE.31%1227 For example,
pharmacologic elevations of adenosine, or adenosine agonist,
in the BF lead to a decrease in wakefulness and an increase in
sleep in animal studies, 03282 reviewed in 6 & 7 ywhereas BF dialysis
of adenosine antagonists produces opposite effects on sleep and
wakefulness.® Recent work indicates that sleep loss also leads to
an upregulation of adenosine A receptors in the BF: quantitative
positron emission tomographic imaging has demonstrated that
cerebral adenosine receptors of the A subtype are upregulated in
humans after 24 hours of sleep®’; a comparable autoradiographic
study in rats also found an increase in BF A, receptors.’!

In addition to homeostatic sleep regulation, the BF region
has been implicated in the control of sustained attention (for
review see*?). Thus, the fact that deficits in sustained attention
are one of the first signs of sleepiness is consistent with studies
indicating that the same BF region implicated in the control
of the homeostatic sleep drive is involved in the regulation of
attention.’>*3 Furthermore, neurons of this BF region project

SLEEP, Vol. 31, No. 10, 2008

to components of the cortical sustained attention network, the
activation of which is associated with optimal human perfor-
mance in the PVT.* Finally, several studies have examined
the effect of caffeine, an adenosine antagonist, on human PVT
performance. Caffeine has been shown to reverse PVT impair-
ments in sleepy humans.*>*? As predicted, the effect of adenos-
ine dialysis in the BF of rats on rPVT performance in rats was
the opposite of the effect of caffeine ingestion in humans per-
forming the PVT. 3%

The results of the current study are consistent with those
of our previous studies examining the effect of 4-, 7-, and 10-
hour total sleep deprivation on attention in the 5-Choice Serial
Reaction Time (5CSRT) task* and the effect of 24 hours of
total sleep deprivation on rPVT performance.* In both tasks,
response latencies and lapses (‘omissions’ in the SCSRT) in-
creased significantly as a result of manipulations predicted to
increase sleepiness. Relative to the SCSRT, the main advantage
of the rPVT is that it is directly analogous to the human PVT.
Hence, neurobiologic findings, such as those of the present
study, can be more convincingly extended to explain vigilance
impairments observed in sleepy human subjects. In addition,
the rPVT has the practical advantage that rats learn the rPVT
task much more quickly than the SCSRT.

Although the rPVT was developed as a direct analog of the
human PVT, the rat and human PVT differ in 2 ways that war-
rant mention. For one, rats require water restriction to motivate
them to perform the operant task, whereas humans do not. As
discussed in Christie et al,** 24 hours of total sleep deprivation
do not alter water consumption in water-restricted rats; hence,
it is unlikely that changes in thirst motivation influenced rPVT
performance in the present study. Secondly, the definition used
for lapses in the rPVT is slightly different than that often used
in human studies. Many human PVT studies focus on response
latencies as the primary measure of performance (while also
reporting error rates), whereas other studies focus solely on
lapses.!>182040 In human PVT studies, lapses are typically de-
fined as a failure to respond within 500 milliseconds, although
the cutoff point is at the discretion of the experimenter. The
criterion for lapses in the present rPVT study was individually
defined for each rat as 2 times their postsurgical, nondialysis,
baseline, response-latency performance. Although this differs
from the human PVT, setting the lapse criterion at 2 times the
baseline was necessary because of the high variability of re-
sponse latencies between rats in the rPVT, which was largely
due to different starting positions when each rat initiated a nose
poke. Nonetheless, lapses increased significantly after adenos-
ine dialysis, when compared with both nondialysis baseline and
aCSF dialysis, in the same way that lapses increase in sleepy
human subjects, 3182040

In the present study, rats made fewer premature errors in the
rPVT after 300-uM adenosine dialysis in the BF. This was un-
expected because sleep disruption has been shown to increase
premature errors in humans's while having no effect on prema-
ture errors in rat studies of sustained attention.** It is generally
thought that sleepiness interferes with inhibitory control and,
as such, is predicted to produce more, not fewer, anticipatory
(premature) errors. A dose-response study employing adenos-
ine dialysis in the BF is one approach to address this apparent
contradiction.
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In conclusion, this study demonstrates the usefulness of the
rPVT for investigating the neurobiologic processes underlying
the attention impairments associated with sleep loss and provides
additional evidence for the role of adenosine in the BF (and spe-
cifically the A receptor) in regulating the sleepiness and impaired
vigilance associated with the homeostatic sleep drive.
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