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Abstract

Rationale—Attention dysfunction is the hallmark of cognitive deficits associated with major
psychiatric illnesses including schizophrenia. Cognitive deficits of schizophrenia have been
attributed to reduced function of the Atmethyl-D-aspartate (NMDA) receptor or reduced
expression of the gamma-aminobutyric acid (GABA)-synthesizing enzyme glutamic acid
decarboxylase-67, which presumably leads to attenuated neurotransmission at GABAp receptors.

Objective—The present study used a rodent model to compare the inhibition of NMDA and
GABAQ receptors, and GAD activity on attention. We tested the impact of inhibiting these
proteins brain wide or in the anterior cingulate cortex (ACC), a prefrontal cortex region critical for
attentional processing.

Methods—Rats were trained on the three choice serial reaction time task (3-CSRT), an attention
test. The impact of systemic or intra-ACC injection of drugs on performance was measured in
well-trained rats.

Results—Reducing GABA, receptor function within the ACC with the direct antagonist
SR95531 (1 or 3 ng/side) or brain wide using systemic injection of the benzodiazepine inverse
agonist FG7142 (5 mg/kg) impaired accuracy and increased omissions. Systemic or intra-ACC
inhibition of NMDA receptors using MK-801 (at 3 mg/kg or 3 g, respectively) also impaired
performance. Inhibition of GAD with 3-mercaptopropionic acid, even at high doses, had no effect
on 3-CSRT accuracy or omissions when administered systemically or within the ACC.

Conclusions—These data demonstrate that, while tonic stimulation of NMDA and GABAA
receptors within the ACC are critical for attentional performance, reduction in GAD activity may
have little functional significance and is not indicative of reduced GABA neurotransmission.
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Introduction

Impaired attention is central to the cognitive deficits associated with most psychiatric
illnesses, including schizophrenia (Laurent et al. 1999), attention deficit hyperactivity
disorder (Huang-Pollock et al. 2012), and mood disorders (Marvel and Paradiso 2004; Porter
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et al. 2007). In schizophrenia, dysfunction in cognitive domains including attention is
considered to be a core feature of this illness (Gold 2004) and is strongly correlated with
positive functional outcome (Green et al. 2000). The Cognitive Neuroscience Research to
Improve Cognition in Schizophrenia recently selected “control of attention” as the key
biomarker for future research focus (Luck et al. 2012).

Current theories on the etiology of the cognitive deficits of schizophrenia emphasize both
glutamate and GABA neurotransmission (Lewis and Moghaddam 2006). Antagonists of the
N-methyl-D-aspartate (NMDA) receptors cause schizophrenia-like cognitive deficits in
healthy controls including impairments in attention (Brier et al. 1992; Krystal et al. 1994). In
addition, postmortem studies in schizophrenia have reported abnormalities pointing toward
reduced GABAergic tone, such as reduced expression of the GABA transporter (\Volk et al.
2001) and reduced expression of the 67 kDa isoform of the GABA synthesizing enzyme
glutamic acid decarboxylase (GAD67) (Akbarian 1995; Volk et al. 2000). These
postmortem findings have been linked to abnormal cognition and cortical oscillatory activity
in schizophrenia (Gonzalez-Burgos et al. 2010; Uhlhaas and Singer 2010). In vivo measures
of GABA using magnetic resonance spectroscopy (MRS) in prefrontal cortex (PFC)
subregions of individuals with schizophrenia generally indicate an increase in these levels,
in particular in medication-free patients (Kegeles et al. 2012; Ongur et al. 2010),
inconsistent with the idea that reduced GAD activity reflects reduced GABA
neurotransmission in schizophrenia.

There is very little information to date on the consequences of GAD-related metabolic
changes in terms of cognitive function; therefore, it is difficult to gauge the relative
importance of this system as a target for pharmacotherapeutic remediation for cognitive
deficits. Human imaging (Corbetta et al. 1991) and preclinical (Bussey et al. 1997;
Chudasama et al. 2003; Muir et al. 1996; Totah et al. 2009) studies suggest that anterior
cingulate cortex (ACC) plays an important role in attention. Furthermore,
electrophysiological data indicate that ACC neurons respond during attention and serve to
detect errors (Totah et al. 2009). Here, we used a rodent model to investigate the effects of
manipulating NMDA or GABA receptors, or GAD activity within the ACC or brain wide
on attention-related behaviors. The behavior task used was the three-choice serial reaction
time task (3-CSRT; Totah et al. 2009), which was modified from the five-choice serial
reaction time task (5-CSRT; Carli et al. 1983). We find impaired performance after systemic
or intra-ACC manipulation of GABAA or NMDA receptors, whereas inhibition of GAD did
not have an effect on attentional performance.

Materials and methods

Animals

A total of 62 male Sprague—Dawley rats (Harlan Labs, VT) were used in this study. Of
those, 26 were used for systemic injection experiments, and 36 were used for microinjection
experiments. Rats were pair-housed on a reverse light cycle (i.e., lights on 7 PM-7 AM) in a
temperature and humidity controlled environment. Operant task training was conducted in
red light, and rats were allowed free access to water in the home cage but were mildly food
deprived by limiting food intake to approximately 15 g/day per animal. All experimental
procedures were approved by the University of Pittsburgh Institutional Animal Care and Use
Committee prior to the start of the study and were in accordance with the NIH’s Guide to the
care and use of laboratory animals.
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Three-choice serial reaction time task

This task is based on the 5-CRST (Carli et al. 1983) and has been described in detail
elsewhere (Totah et al. 2009, 2012). Briefly, rats were required to attend to one wall of an
operant chamber, which displayed three equally spaced cue holes with internal light-
emitting diodes, until a brief stimulus light was presented randomly in one of the cue holes.
A correct response was counted if the rat responded with a nose poke in the same cue hole
within 5 s of the cue being extinguished and resulted in delivery of a 45 mg food pellet in a
food trough located on the opposing wall. An incorrect response was registered if the rat
responded within 5 s with a nose poke into either of the other two cue holes. Failure to
respond within 5 s of the cue being extinguished resulted in an omission, while a nose-poke
response before the cue was lit resulted in a premature response. Premature responses led to
a “time out” of 5 s in duration where the house light was turned off and nose pokes into the
food trough or cue holes had no programmed consequences. Similarly, incorrect responses
and omissions also led to a time out; however, this time out differed in that rats could start
the next trial by poking into the food trough. Food pellets were not delivered after
omissions, incorrect responses, or premature responses. After a trial was completed, an
intertrial interval (IT1) of 5 s passed before the start of the next trial. Training occurred in six
“levels” of difficulty where the duration of the cue was reduced gradually from 15 s to 300
ms as rats met training criteria at each level. In addition, a criterion of minimal performance
was set a priori consisting of completed choice trials (correct and incorrect) of at least 10 %
of the total trials completed by the vehicle group in order to obtain meaningful accuracy and
omissions measures in the task. Any animals not passing the criterion were eliminated and
not included in the final data sets. Rats were trained in 47+2 sessions. This value is similar
to that reported in previous studies (Totah et al. 2009).

Surgical procedure

Drugs

After training, rats used in the microinjection experiment were anesthetized with isoflurane
and placed on an electrical heating pad within a stereotaxic frame. A minimal incision was
made in the skin over the skull, into which a 2 % lidocaine solution was perfused. Holes
were drilled into the skull bilaterally at a stereotaxically determined location, and the dura
was removed prior to lowering a bilateral guide cannula, 2 mm above the ACC
(anteroposterior, +1.9 mm; mediolateral, +0.7 mm; dorsoventral, —1.4 mm; all
measurements relative to bregma), based on the atlas of Paxinos and Watson (1998). The
guide cannula was secured in a head cap consisting of dental acrylic and was fastened to the
skull using skull screws. Rats were housed individually and were given a minimum of 1
week to recover after surgery.

MK801, 3-mercaptopropionic acid (3-MPA), FG7142 (p-carboline-3-carboxylic acid N-
methylamide) and SR95531 were obtained from Sigma-Aldrich (St. Louis, MO, USA). For
microinjection experiments, all drugs were dissolved in a ringer’s solution containing 145
mM NaCl, 2.7 mM KCI, 1.0 mM MgCls,, and 1.2 mM CaCl,. For experiments using
systemic injections, MK801 and 3-MPA were dissolved in a 0.9 % saline solution, while
FG7142 was dissolved in deionized water with 2 % Tween 80 (Sigma-Aldrich, St. Louis,
MO, USA). For MK801 and SR95531, aliquots were frozen for a maximum of 1 month
prior to use, while 3-MPA and FG7142 were mixed freshly before use on each test day.

Drug administration

For local microinjections, drugs were delivered bilaterally through an injection cannula that
protruded 2 mm past the end of the guide cannulas. A total volume of 0.5 L per side at a
rate of 0.5 pL/min was injected 15 min before testing. All systemic injections were
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administered intraperitoneally (i.p.) at a volume of 1 mL/kg of body weight 30 min before
testing. The order of all doses, applied systemically or locally, was determined using a
randomized Latin square design. In some cases, a rat was used in more than one dose—effect
curve. Animals were given a minimum of a 1-week washout period after drug administration
and were required to restore baseline performance levels before they could be tested again.

Rats from microinjection experiments were anesthetized with chloral hydrate (400 mg/kg)
and transcardially perfused with saline followed by a 10 % neutral buffered formaldehyde
solution. Brains were removed and stored in formaldehyde for several days prior to being
cut in serial sections at 250 wm intervals. In order to verify cannula placements, slices were
mounted on slides and stained using cresyl violet. Only data from placements within the
brain region of interest were used for further analysis (Fig. 1).

Data analysis

Results

The following behavioral measures were analyzed: percent accuracy [100x(number of
correct responses/number of correct and incorrect responses)]; percent omissions [100x
(number of omissions/number of total trials)]; and total trials and premature (1TI) responses
(number per session). Data for each dependent measure (i.e., percent accuracy, percent
omissions, premature responses, and total responses) on the test day are expressed as a
group mean+SEM. Data from individual test sessions meeting Pierce’s criteria for outliers
(Ross 2003) were omitted from the statistical analysis of that dependent measure. Statistical
analyses were conducted using one-way between subjects ANOVAS or Student’s t tests
where appropriate. Where significant main effects or interactions were indicated, post hoc
comparisons were made using the Newman—Keuls test. Statistical significance was set at
p<0.05 for all analyses. Data sets were excluded from analysis for the following reasons:
incomplete fluid delivery during microinjection, animals’ failure to complete a criterion of
minimal performance in a session defined a priori as at least 10 % of total trials completed
by vehicle rats, or satisfying Pierce’s criterion for outliers.

Effects of GABA synthesis inhibiton

The effects of systemic administration and local microinjections in ACC of the GABA
synthesis inhibitor 3-MPA (Lamar 1970) are shown in Fig. 2a—h. Administration (i.p.) of 3-
MPA had no effects on accuracy in the 3-CSRT [A3, 23)=0.74, p=n.s.], omissions [ A3,
23)=0.50, p=n.s.], premature responses [A3,19)=1.8, p=n.s.], or total responses [H3,
23)=0.17, p=n.s., n= 6-7/group] (Fig. 2a—d). Examination of 3-MPA’s systemic effects on
3CSRT performance was limited to doses of 10.0 mg/kg or below. Higher doses were found
to produce severe seizures, and it was felt that an examination of attention-related behavior
after such an event would be neither scientifically useful nor ethical. ACC microinjections
were used to examine the effects of higher 3-MPA concentrations on 3CSRT performance.

ACC microinfusions of the GAD inhibitor 3-MPA at concentrations of 1 mM, 10 mM, 100
mM, or 1M/side had no significant effects on accuracy [H4, 25)=0.65, p=n.s.], omissions
[A(4, 25)=0.38, p=n.s.] or total trials [ A4, 25)=0.72, p=n.s.] (Fig. 2e-h, respectively, 7=3-9/
group), but a significant overall effect was obtained in premature responding [ A4, 25)=3.12,
p<0.05], with post hoc analyses determining a significant increase in premature pokes at the
highest microinjection dose of 1 M/side (Fig. 2g). ACC microinfusions of 3-MPA did not
visibly produce seizures at any dose tested.
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Effects of GABAp receptor inhibition

Given that direct GABAp antagonists produce seizures when injected systemically, we used
an inverse agonist at the benzodiazepine receptor (FG7142) to reduce the function of
GABA channels for the systemic injection studies in place of a selective GABAA
antagonist (SR95531) that was used in the ACC microinjection studies. FG7142 was
administered i.p. to rats prior to performance on the attention task (Fig. 3a—d, /=14-15/
group). At the dose of 5 mg/kg, FG7142 significantly impaired accuracy (£7=3.29, p<0.01)
and increased omissions (47=2.45, p<0.05). There was a trend toward reduced premature
responses (47=1.97, p=0.06) but no significant changes in total trials (£7=0.4, p=n.s.). A
higher dose of 10 mg/kg also was administered but produced >95% omissions in 6 out of 12
animals, and thus, the impact on accuracy could not be assessed reliably (data not shown).

The effects of intra-ACC microinjections of the GABA antagonist SR95531 are depicted in
Fig. 3e-h (n,=3-8/group). Specifically, ACC microinjections of SR95531 caused dramatic
dose-dependent deficits in accuracy [A2, 13)=7.56, p<0.01] at the 3.0 ng/side dose, as well
as omissions [A2, 13)=14.17, p<0.005] and total trials completed [A2, 13)=11.71, p<0.005]
at the 3.0 and 10.0 ng/side doses (Fig. 3e-h). Analyses of premature responding data
indicated no overall ANOVA effects in the attention task [ A2, 13)=0.12, p=n.s.] (Fig. 39).

Effects of systemic and ACC microinjection administration of the noncompetitive NMDA
antagonist MK-801 on attentional performance

The effects of systemic administration and local microinfusions in ACC of the
noncompetitive NMDA antagonist MK-801 are shown in Fig. 4a-h. Intraperitoneal
injections of MK801 caused significant deficits in accuracy [A3, 23)= 14.44, p<0.001],
omissions [A3, 23)=19.94, p<0.001], and total trials [A3, 23)=9.87, p<0.001] (Fig. 4,
panels a, b and d, respectively, /=3-8/group). Post hoc analyses comparing individual drug
dose groups found significant performance impairments in each of these measures at the 0.3
mg/kg dose. Moreover, MK801 had no significant effects on premature responding in the
operant attention task [A(3, 23)=2.00, p=n.s.] at any of the doses tested (Fig. 4c).

Furthermore, the effect of local application of NMDA antagonist MK-801 in the ACC was
investigated in the context of 3-CSRT performance (Fig. 4e—h). Microinjections of MK-801
induced a significant overall ANOVA effect in accuracy [H2,35)=3.4, p<0.05] although
individual groups were not significantly different than vehicle-treated animals (Fig. 4e).
MK-801 also induced an increase in omissions [A2, 35)=4.88, p<0.05] on the 3-CSRT (Fig.
4f), with post hoc analyses between individual groups revealing a significant increase at the
highest dose of 3.0 g/side compared to the vehicle condition. Conversely, no significant
effects were noted in premature responses [ A2, 33)=1.99, p=n.s.] or total trials completed
[A2, 35)=1.55, p=n.s.] (Fig. 4g and h, respectively, n=11-15/group).

Discussion

Cognitive deficiencies and disturbances in attention assumed a prominent role in the original
descriptions of schizophrenia, and extensive psychological research has since characterized
the nature of these cognitive deficits (Andreasen 1999; Gold et al. 1999; Goldberg and
Weinberger 1987; Payne 1961) and suggests that their frequency and severity are the major
contributing factors to impaired social and vocational functioning and poor treatment
outcome (Green 1996). In fact, “control of attention” has been selected recently as the key
biomarker for future research focus in schizophrenia (Luck et al. 2012). Reduced NMDA
receptor function, as well as reduced GABA synthesis and neurotransmission, has been
implicated in the cognitive deficits associated with schizophrenia (Adler et al. 1999;
Gonzalez-Burgos et al. 2010; Krystal et al. 1994; Lewis et al. 2005). Here, we examined the
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effects of pharmacological inhibition of the GABA synthesizing enzyme GAD, NMDA, or
GABA receptors on attentional performance in rats. We find that intra-ACC application, as
well as systemic administration of GABA or NMDA receptor inhibitors, dose dependently
impaired performance, suggesting that tonic activation of these receptors in the ACC is
critical for attention. In contrast, neither systemic nor intra-ACC inhibition of a GAD
inhibitor had significant effects on attention-related behavior, suggesting that transient
reduction in GAD function does not affect attention.

Local application of the GABA antagonist SR95531 produced dose-dependent deficits in
3-CSRT performance, characterized by profound impairments in accuracy and omissions.
These data are consistent with reports that intra-PFC GABAA receptor activation (Murphy et
al. 2012; Paine et al. 2011) or inhibition (Paine et al. 2011) impairs accuracy and increases
omissions in the 5-CSRT, as well as other PFC-dependent cognitive tasks (Ragozzino and
Rozman 2007), suggesting that GABA receptor-mediated neurotransmission may have an
“inverted U” relationship with attention. Systemic administration of FG7142 similarly
impaired accuracy and omissions, but did so in a qualitatively modest fashion. FG7142 is an
inverse agonist at benzodiazepine binding site of GABAA receptors and decreases the
function of active GABA receptors by decreasing chloride conductance (Rudolph and
Knoflach 2011). These data demonstrate that GABA neurotransmission, systemically and
particularly within the ACC, is critical for normal performance in attention tests.
Furthermore, the adverse effects of FG7142 are in line with a recent clinical study reporting
that another bezodiazepine inverse agonist, iomazenil, worsened symptoms and perceptual
alterations in individuals with schizophrenia (Ahn et al. 2011).

Systemic or local inhibition of the GABA synthesizing enzyme GAD, however, did not
affect accuracy and omissions at the doses tested. It is possible that our maximum systemic
dose of 3-MPA, which was chosen in order to avoid 3-MPA’s known seizure-inducing
properties, was insufficient to inhibit GAD to a behaviorally relevant degree. Previous data
has shown, however, that 3-MPA causes approximately 90 % GAD inhibition at
concentrations of only 10 mM (Lamar 1970). Therefore, the high concentrations of 100 mM
and 1 M used in this study are likely sufficient to reduce GAD activity in our preparation
beyond the modest reductions reported in postmortem studies (Curley and Lewis 2012). The
idea that the concentrations used in this study are physiologically relevant is supported by
the significant increases in premature responding observed at the 1 M concentration, as well
as the fact that other research groups have found significant behavioral (Paxinos and Watson
1998; Vanini et al. 2008) or neurochemical effects (Herbison et al. 1990) after 3-MPA
microinjections at 10-100 mM concentrations. These data underscore the idea that, while
GABA neurotransmission within the ACC is critical for attentional performance, reduction
in GAD activity may have little functional relevance for this behavior.

There is a relative paucity of data with which to compare our results with the GAD inhibitor,
as very few studies have looked at the cognitive effects of manipulating GABA metabolism.
Miner and Sarter (1999) found that local administration of antisense oligodeoxynucleotides
(ODNSs) for the 65 kDa isoform of GAD (GADG5) impaired sustained attention
performance. This effect did not extend to local administration of ODNs for GADG67.
Moreover, these data are in line with the interpretation that GADG5 is involved in
synthesizing GABA for neural transmission, while GADG67 is involved in synthesizing
GABA for more general metabolic purposes (Martin and Rimvall 1993). Another study
found that a single administration of the GABA transaminase inhibitor vigabatrin
significantly decreased accuracy and the number of trials completed (Mazurkiewicz et al.
1992). Thus, in contrast to pharmacological inhibition of GAD, it appears that increasing
GABA availability through GABA transaminase inhibition significantly impairs attention.
The apparent lack of behavioral effects brought about by transient GAD inhibition may be
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explained by the fact that GABA synthesis and catabolism are interconnected and tightly
regulated by the GABA shunt. This metabolic system serves both to produce and conserve
the available supply of GABA and makes it possible to have reduced GABA metabolism
without reducing GABA availability.

Consistent with both preclinical (Grottick and Higgins 2000; Paine and Carlezon 2009;
Paine et al. 2007) and clinical data (Adler et al. 1999; Krystal et al. 1994) using analogous
tasks, our results demonstrate that NMDA receptors are critical for attention.
SystemicMK-801 administration significantly reduced accuracy and profoundly increased
the number of omitted trials, while also reducing the total number of trials completed. Local
MK-801 application in the ACC also caused significant increases in omitted trials,
suggesting that MK-801-induced increases in omissions are mediated at least in part by
glutamate neurotransmission in the ACC. Moreover, the observation that competitive
NMDA receptor inhibition in the medial prefrontal cortex is able to impair performance in
the 5-CSRT task both in terms of accuracy and omissions (Carli et al. 2006; Murphy et al.
2012) may point to separable roles for glutamate neurotransmission in these two cortical
regions within the context of regulating attention.

GABA neurotransmission has been strongly implicated in the etiology and pathophysiology
of psychiatric illnesses, particularly schizophrenia and bipolar depression. Postmortem
evidence in schizophrenia points to several GABA abnormalities including increased
expression of the GABA receptors and reductions in GAD67 expression (Akbarian 1995;
Thompson et al. 2009; Volk et al. 2000). These postmortem findings have been interpreted
as reduced GABA neurotransmission in schizophrenia (Volk and Lewis 2002). However,
MRS studies measuring in vivo tissue levels of GABA in individuals with schizophrenia
have been equivocal. These studies have reported reductions (Yoon et al. 2010), elevations
(Kegeles et al. 2012), or no change (Goto et al. 2009; Tayoshi et al. 2010) in cortical GABA
levels. The discrepancies may be attributed to antipsychotic medication in patients. A
notable recent report in unmedicated patients with schizophrenia showed a 30 % elevation in
GABA levels in medial prefrontal cortex compared with controls (Kegeles et al. 2012).
Taken together, these results do not support the hypothesis that cortical GAD67 reductions
found by postmortem schizophrenia studies reflect reduced GABA neurotransmission. It
may be the case that reduced GADG67 expression in the schizophrenia brain is not a primary
pathology, but instead reflects a compensatory response to other changes. A number of
preclinical experiments have now demonstrated that reduced GADG67 expression can be
caused by altering glutamate neurotransmission during development (Belforte et al. 2010;
Turner et al. 2010) or by neonatal ventral hippocampal lesions (Francois et al. 2009; Lipska
et al. 2003).

Conclusion

These results suggest that activation of NMDA and GABAA receptors in the ACC plays a
critical role in attention as measured by 3-CSRT. In contrast, a transient pharmacological
inhibition of GAD activity in the ACC has little functional significance within the context of
this task. While it is unknown whether sustained GAD inhibition will have similar effects,
the broader implication of these results is that reduced GAD expression in postmortem tissue
may not reflect GABA-mediated neurotransmission deficits or be a cause of the attention
deficits observed in schizophrenia.
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Fig. 1.
Histology. A schematic representation of cannula placements in the anterior cingulate cortex
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FG: Systemic Injections
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Systemic FG-7142 administration and intra-ACC infusion of SR95531 impair 3-CSRT
performance. Rats were administered vehicle or 5 mg/kg of i.p. FG-7142 (a—d; n=15 and 14,
respectively) or SR95531 at doses of 0, 1, or 3 ng per side (ACC microinjection e-h; =8, 5,
and 3, respectively). Performance was measured in terms of percent accuracy (a, €), percent
omissions (b, f), premature responses (c, g), and total responses (d, h). Data are presented as
mean+SEM. Asterisks indicate significant differences from vehicle (*p<0.05; **p<0.01)
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Systemic or intra-ACC MK-801 administration impairs 3-CSRT performance. MK-801 was
administered either i.p. at doses of 0, 0.03, 0.1, or 0.3 mg/kg (a—d; 7=8, 8, 8, and 3,
respectively) or locally within the ACC at doses of 0, 1, or 3 pg/side (e-h 7=15, 11, and 12,

respectively). Performance was measured in terms of percent accuracy (a, €), percent

omissions (b, f), premature responses (c, g), and total responses (d, h). Data are presented as
mean+SEM. Asterisks indicate significant differences from vehicle (*p<0.05; **p<0.01)
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