
Effects of chronic inhibition of GABA synthesis on attention and 
impulse control

Tracie A Paine, Elizabeth K Cooke, and Daniel C Lowes
Department of Neuroscience, Oberlin College, Oberlin OH, 44074

Abstract

Background—Cortical GABA regulates a number of cognitive functions including attention and 

working memory and is dysregulated in a number of psychiatric conditions. In schizophrenia for 

example, changes in GABA neurons [reduced expression of glutamic acid decarboxylase (GAD), 

parvalbumin (PV) and the GABA reuptake transporter (GAT1)] suggest reduced cortical GABA 

synthesis and release; these changes are hypothesized to cause the cognitive deficits observed in 

this disorder. The goals of this experiment were to determine whether chronically reducing GAD 

function within the rat PFC causes attention deficits and alterations in PV and GAT1 expression.

Methods—Male Sprague Dawley rats were trained on the 5-choice serial reaction time task 

(5CSRTT, a task of attention) until they reached criterion performance and then were implanted 

with a bilateral cannula aimed at the medial PFC. Cannulae were connected to osmotic minipumps 

that infused the GAD inhibitor L-allylglycine (LAG, 3.2 μg/0.5 μl/hr) for 13 days. Following a 5-

day recovery from surgery rats were tested on the standard 5CSRTT for 5 consecutive days and 

then tested on two modifications of the 5CSRTT. Finally, locomotor activity was assessed and the 

rats sacrificed. Brains were rapidly extracted and flash frozen and analyzed for the expression of 

GAD67, PV, GAT1 and the obligatory NMDA receptor subunit NR1.

Results—Chronic LAG infusions transiently impaired attention, persistently impaired impulse 

control and increased locomotor activity. Behavioral changes were associated with an 

upregulation of GAD67, but no change in PV, GAT1 or NR1 expression.

Summary—Chronic inhibition of GABA synthesis within the medial PFC, increased impulsive 

behavior and locomotion, but did not impair attention; results consistent with previous research 

following acute inhibition of GABA synthesis. Moreover, our data do not support the hypothesis 

that decreasing GABA synthesis and release is sufficient to cause changes in other GABA-related 

proteins.
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1.0 Introduction

Although GABA neurons only represent approximately 20% of cortical neurons, these 

neurons are involved in regulating the precise firing of excitatory pyramidal neurons, the 

main cortical output neuron (Markram et al., 2004). Indeed, disturbances in cortical GABA 

function have been found to regulate a number of neural processes including cognitive 

functions such as attention (e.g., Paine et al., 2011) and working memory (e.g., Auger and 

Floresco, 2014). Notably, alterations in cortical GABA function are observed in a number of 

psychiatric disorders including, but not limited to, schizophrenia (e.g., Lewis, 2014), autism 

spectrum disorders (e.g., Cellot and Cherubini, 2014) and depression (e.g., Sanacora and 

Saricicek, 2007). Furthermore, each of these cognitive disorders is associated with cognitive 

dysfunctions including attention deficits (Millan et al., 2014) and it has been speculated that 

changes in GABA function underlie the cognitive deficits observed in these disorders.

In schizophrenia, for example, alterations in fast-spiking parvalbumin (PV)-containing 

GABA neurons are speculated to contribute to the observed cognitive deficits (Gonzalez-

Burgos and Lewis, 2008; Lewis, 2014). Fast-spiking PV-containing GABA neurons are 

hypothesized to underlie the generation of gamma oscillations (Gonzalez-Burgos and Lewis, 

2008), a form of neural synchrony evoked during performance on cognitive tasks (Gruber et 

al., 1999; Steinmetz et al., 2000; Senkowski and Gallinat, 2015). People with schizophrenia, 

for example, exhibit reduced induced gamma oscillations during cognitive tasks and perform 

poorly on such tasks (Cho et al., 2006; reviewed in Senkowski and Gallinat, 2015). 

Furthermore, the peak gamma frequency correlates with both GABA level and working 

memory performance in schizophrenia (Chen et al., 2014). Combined these data have led to 

the GABA hypothesis of schizophrenia, namely that cortical GABA neuron dysfunction 

contributes to the cognitive deficits observed in schizophrenia (reviewed in Lewis, 2014).

Post-mortem analyses of schizophrenia brains support the GABA dysfunction hypothesis, 

finding changes that suggest a reduction in cortical GABA synthesis and release. For 

example, both mRNA and protein expression of the 67-kilodalton isoform of the GABA 

synthesizing enzyme glutamic acid decarboxylase (GAD67) are reduced in the dorsolateral 

prefrontal cortex (PFC) of individuals with schizophrenia (Curley et al., 2011; Hashimoto et 

al., 2003; Volk et al., 2000). Notably changes in GAD67 expression are most frequently 

observed in fast-spiking PV-containing GABA neurons (Hashimoto et al., 2003; Curley et 

al., 2011), which also exhibit reduced expression of both PV (Hashimoto et al., 2003; Volk 

et al., 2001; Glausier et al., 2014) and the GABA reuptake transporter GAT1 (Bitanihirwe 

and Woo, 2014). Since both GAT1 and PV reduce synaptic GABA levels, it has been 

speculated that the decreased expression of GAT1 and PV are compensatory responses 

aimed at ameliorating the effect of reduced GABA synthesis and release caused by reduced 

GAD67 expression (see Curley et al., 2013; Rotaru et al., 2011). Furthermore, post-synaptic 

GABAA receptor α2-subunit expression is increased in the dorsolateral PFC; this may also 

be a compensatory response to decreased GABA levels (Volk et al., 2002; Beneyto et al., 

2011). In sum, alterations in cortical GABA-related proteins in the cortex suggest a 

reduction in GABA synthesis and release; this may contribute to the observed cognitive 

deficits in schizophrenia (Lewis 2014; Tse et al., 2015).

Paine et al. Page 2

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Contrary to the GABA hypothesis of schizophrenia however, acutely decreasing cortical 

GABA synthesis does not appear to impair attention (Asinof and Paine, 2013; Pehrson et al., 

2013). The utility of these studies in evaluating the GABA hypothesis is limited because 

GAD67 function is chronically decreased in psychiatric conditions including schizophrenia 

and, as discussed above, there are several adaptions to the reduction in GAD67 that may also 

contribute to the observed cognitive deficits. To date there has been little research aimed at 

determining whether chronically decreasing GABA synthesis is sufficient to cause cognitive 

deficits. Recently, Reichel et al. (2015) observed that long-term depletion of cortical GABA 

caused by GABA neuron ablations resulted in deficits in both sensorimotor-gating and 

reversal learning. These data suggest that chronic, rather than acute, decreases in GABA 

synthesis and release may be necessary to cause cognitive deficits.

The goals of the current experiment were to test whether chronically reducing GABA 

synthesis within the PFC is sufficient to cause an attention deficit and to determine if 

reducing GABA synthesis would cause changes in other GABA-related proteins that are 

consistent with those observed in schizophrenia. L-allylglycine (LAG) was used to inhibit 

GABA synthesis; it was delivered chronically to the medial PFC via bilateral cannulae 

connected to osmotic minipumps. LAG has previously been observed to reduce GABA 

synthesis when administered systemically (Horton et al., 1978) and intra-cranially (Cunha et 

al., 2010). Consistent with this, we have observed that intra-PFC infusions of LAG cause 

increased expression of c-fos, a marker of neuronal activation (Asinof and Paine, 2013). 

Visuospatial attention was measured using three different versions of the 5-choice serial 

reaction time task (5CSRTT), a rodent task analogous to the continuous performance task 

used to study attention in humans (Robbins, 2002). Because performance on the 5CSRTT 

can be affected by changes in locomotor activity, this was also assessed. Finally, because 

there has been some speculation that decreases in GABA synthesis are the proximal cause of 

other physiological abnormalities in the GABA system in schizophrenia (Curley et al., 

2013), we also determined how chronic inhibition of GABA synthesis affects the expression 

of GAD67, parvalbumin (PV), the GABA reuptake transporter (GAT1) and the N-methyl-D-

aspartate (NMDA) receptor NR1 subunit.

2.0 Materials and Methods

2.1 Rats

Twenty-four male Sprague-Dawley rats born at Oberlin College were used. Rats were 

maintained on a 14-h/10-h light-dark cycle (lights on at 0700h) and were group housed until 

post-natal day (PND) 55; during this time they had unlimited access to food (Purina Rat 

Chow) and water. On PND 55 rats were housed in pairs (until the time of surgery at which 

point they were housed singly) and then food restricted to ~85% of their free feeding weight. 

Rats were fed after daily training sessions. Experiments were conducted in accordance with 

the Guide for the Care and Use of Laboratory Animals (National Academy Press, 1996) and 

Oberlin College policies.
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2.2 Drugs

L-Allylglycine (LAG) was purchased from Sigma-Aldrich (St. Louis MO) and dissolved in 

artificial cerebral spinal fluid (Na+150 mM; K+ 3.0 mM; Ca2+ 1.4 mM, Mg2+ 0.8 mM, P 1.0 

mM; Cl− 155 mM) to a concentration of 6.4 μg/μl.

2.3 Surgery

Rats were anesthetized with sodium pentobarbital (65 mg/kg, IP) and implanted with a 

bilateral guide cannula (26-gauge; Plastics One, Roanoke, VA) aimed at the border of 

infralimbic (IL) and prelimbic cortex (PrL) cortices (relative to bregma: AP = + 2.8, ML = ± 

0.75, DV = −3.0 mm from dura [Paxinos and Watson, 2009]). Each arm of the cannula was 

connected to an osmotic minipump (Alzet Model 2002); the minipumps were implanted 

subcutaneously at the nape of the neck. Skull screws and dental acrylic secured the guide 

cannulae in place. The pumps were filled with either aCSF or LAG (6.4 μg/μL) 24 hr prior 

to surgery; aCSF or LAG was delivered to the PFC at a rate of 0.5 μL/hr for 14 days.

2.4.1 The Standard 5-Choice Serial Reaction Time Task (5CSRTT)

Rats were trained on the 5CSRTT as described previously (Asinof and Paine, 2014; Paine et 

al., 2011). Sessions started with the delivery of 1 food pellet (45-mg, Bio-Serv, Frenchtown 

NJ); the first trial commenced upon pellet retrieval. A nose poke into the magazine initiated 

the first 5-sec inter-trial interval (ITI) and illumination of the house light. At the end of the 

ITI, a 1-sec light stimulus was presented at the rear of one of the five stimulus locations 

(apertures). Rats had up to 5 sec (limited hold) to make a response. A response in the 

illuminated aperture (correct response) triggered delivery of 1 food pellet and illumination 

of the magazine light, which remained illuminated for 5 sec following pellet delivery. Nose 

pokes in the remaining apertures were considered incorrect responses and triggered a 5-sec 

time-out (TO) during which the house light was extinguished. Similarly, failure to respond 

during the limited hold (i.e., an omission) triggered a 5-sec TO. The subsequent trial was 

automatically initiated at the end of the TO period or the limited hold (correct responses). 

Responses occurring during the ITI were considered premature responses and also triggered 

a 5-sec TO; the same trial was automatically re-started at the end of the TO period. 

Responses occurring during the TO period had no programmed consequences. Sessions 

ended after 90 trials or 30 min. Performance measures of interest were: % accuracy ((correct 

responses/ [correct + incorrect responses])*100), % omissions ([omissions/ trials 

completed]*100), premature responses, magazine entries, correct response latency (the time 

from the stimulus onset to a correct response) and reward latency (the time from a correct 

response to the collection of the food). Subjects were considered to have acquired the task 

when their accuracy was greater than 60% (chance performance in this test is 20%) and 

omissions were fewer than 20% for 5 consecutive days. Once all of the rats reached criterion 

performance, they underwent surgery to implant guide cannulae and osmotic minipumps. 

After a 5-day recovery period rats were tested. Approximately half of the rats (n=12) were 

tested on the standard 5CSRTT task once before they were sacrificed on Test Day 6, the 

other half of the rats (n=11) were tested for 5 consecutive days (Test Days 6-10) on the 

standard version of the 5CSRTT and then were tested on two modified versions of the task 

(see Figure 1).
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On test day 11 rats were tested on a version of the 5CSRTT in which the stimulus duration 

was shortened to 0.5-sec (Short DS task); all of the other aspects of the task were unchanged 

from the standard task. The Short DS task has increased attentional demands relative to the 

standard 5CSRTT.

On test day 13, rats were tested on a version of the task in which the stimulus duration was 

lengthened to 5-sec (Long DS task), all other aspects of the task were unchanged. The Long 

DS task has decreased attentional demands relative to the standard 5CSRTT.

2.5 Locomotor Activity in an Open Field

In order to determine if chronic LAG infusions affected locomotor activity, activity was 

measured during two 60-min sessions on test days 12 and 13 (see Figure 1). Activity 

sessions took place after 5CSRTT sessions. Activity was recorded in automated (43.2 × 43.2 

cm) activity chambers (MED Associates, St. Albans, VT).

2.6 Western Blots

On either test day 6 or 13 (after behavioral tests had been completed), rats were deeply 

anesthetized with sodium pentobarbital and then sacrificed by decapitation. Brains were 

rapidly extracted and frozen in isopentane kept on dry ice. Next, brains were sectioned on a 

microtome (Leica SM2010R, Buffalo Grove, IL) and bilateral tissue punches taken from the 

prelimbic cortex, infralimbic cortex (~ +3.7 relative to bregma) and the nucleus accumbens 

(~+2.2 relative to bregma). Each tissue punch was ~1-mm in length; midline IL and PrL 

punches were 2-mm in diameter (illustrated in Figure 5) and NAc tissue punches were 2 mm 

in diameter. Tissue punches were placed in microcentrifuge tubes and kept on dry ice. 

Tissue was sonicated in 100 μl of 1% sodium dodecyl sulfate (SDS) and then protein content 

was measured using the Bio-Rad DC Protein Assay kit (Bio-Rad, Hercules, CA). Sample 

dilutions were then adjusted to 2.0 mg/ml protein.

Laemmli buffer (Bio-Rad) and dithiothreitol (Bio-Rad) were added to each sample prior to 

heating at 74°C for 10 min. Each sample (20 μg protein) was then loaded onto 4-15% Tris 

HCl polyacrylamide gels (Bio-Rad) for separation by gel electrophoresis. Proteins were then 

transferred to nitrocellulose membranes (Bio-Rad). Nonspecific binding sites on the 

membranes were blocked for 3 hr at room tissue in blocking buffer (5% non-fat dry milk in 

PBS and 0.1% Tween (PBS-T)). Blots were then incubated in primary antibody diluted in 

blocking buffer overnight at 4°C. Then blots were washed 3 × 10 min in PBS-T and then 

incubated for 3 hr in secondary antibody (1:5000 goat anti-rabbit [or anti-mouse] 

horseradish peroxidase-linked IgG [Vector Laboratories, Burlingame, CA]). Finally, blots 

were washed 3 × 10 min in PBS-T before immunological detection using SuperSignal West 

Pico Chemiluminescent Substrate kit (Thermo Fisher Scientific, Rockford IL). Antibodies 

were stripped from the blots by incubation with Restore Western Blot Stripping Buffer 

(Thermo Fisher Scientific, Rockford IL) for 15 min and then the blots were re-blocked and 

probed with anti-actin (1:5000 ;Sigma, St. Louis, MO). Precision Plus Protein Kaleidescope 

pre-stained standard (Bio-Rad) was run for molecular weight estimation. Primary antibodies 

used were: 1:2000 monoclonal anti-GAD67 (Sigma), 1:2000 polyclonal anti-GAT1 (Abcam, 

Cambridge, MA), 1:2000 polyclonal anti-parvalbumin (PV; Swant) and 1:1000 polyclonal 
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anti-NMDA NR1 (Cell Signaling Technology, Danvers, MA). The GAD67 antibody detects 

a band at 67 kDa, the GAT1 antibody detects a band at ~72 kDa, the parvalbumin antibody 

detects at band at ~12 kDa, NMDA NR1 antibody detects a band at 120 kDa and the actin 

antibody detects a band at 42 kDa.

Protein immunoblots were visualized using a chemiluminescent reaction by a Kodak Gel 

Logic 1500 Imaging System (Kodak, Rochester, NY). Relative optical densities were 

determined for each band of interest (GAD67, GAT1, PV, NR1, β-actin) using ImageJ 

software. The optical density of each band was normalized to the corresponding optical 

density of β-actin in order to control for differences in protein loading. Finally, to allow for 

comparison amongst brain areas, data were normalized to vehicle-treated controls. Data are 

expressed as the mean fold induction compared to vehicle control.

2.7 Histology

Two rats were implanted with guide cannula (as above) and allowed 14 days to recover 

before being anesthetized with sodium pentobarbital (100 mg/kg, IP) and transcardially 

perfused with 0.9% NaCl followed by 4% paraformaldehyde. Following perfusions, brains 

were removed, post-fixed for 24 h and then cryoprotected in 30% sucrose prior to slicing on 

a microtome. Sections (40 μm) were mounted on slides, stained with cresyl violet and used 

to assess cannulae placements.

2.8 Statistical Analyses

Baseline performance on the 5CSRTT was analyzed with a two-way between subjects 

ANOVA with Condition (VEH, LAG) and Group (6-day vs. 13-day) as between subjects 

factors. Test data from the 5CSRTT were analyzed using separate two-way repeated 

measures ANOVAs with Condition (VEH, LAG) as the between-subjects factor and Day 

(either baseline vs test day 6 or test days 6-10) as the within-subjects factor or with paired 

samples t-tests. Total locomotor activity was analyzed using a two-way repeated measures 

ANOVA with Condition (VEH, LAG) and Day as within-subjects factors. Significant 

effects were further analyzed using an estimated marginal means procedure with a least 

significant differences correction. The normalized optical densities of each protein were 

analyzed using independent samples t-tests.

3.0 Results

3.1 5-Choice Serial Reaction Time

3.1.1 Baseline Performance—Baseline performance was defined as the average 

performance of the three training sessions immediately preceding surgery. Prior to surgery 

groups did not differ on any measure of interest (all F(1,18) < 2.53, P > 0.10; see Figure 2, 

Table 1).

3.1.2 Standard Task: Test Day 6 vs. Baseline—The effects of chronic LAG 

administration of performance in the 5CSRTT on test day 6 are depicted in Figure 2 and 
Table 2. Accuracy of responding was dependent upon session and drug condition (drug × 

test interaction, F(1, 20) = 13.75, P < 0.01). Post-hoc analysis revealed that LAG-infused 
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rats had significantly worse accuracy on Day 6 compared to baseline and performed worse 

than VEH-infused rats on Day 6 (both P < 0.01). Similarly, following cannulae 

implantations omissions were differentially affected by LAG and VEH infusions (drug × test 

interaction, F(1, 20) = 10.24, P < 0.01). Both LAG and VEH-infused rats made more 

omissions on Day 6 than during baseline however, the increase in omissions was 

significantly greater in LAG- compared to VEH-infused rats (P < 0.01). Lastly, reward 

retrieval latency was differentially affected by chronic LAG and VEH infusions (drug × test 

interaction, F(1, 20) = 4.48, P < 0.05). Comparing their performance on Day 6, LAG-

infused rats took longer to retrieve rewards than they did during baseline (P < 0.01) and than 

VEH-infused rats (P < 0.05). Following surgery all rats took longer to respond correctly 

than they did prior to surgery (F(1, 20) = 10.09, P < 0.01), but this was not affected by 

condition (F(1, 20) = 3.04, P > 0.05). There was no effect of test day or infusion on either 

premature responses or magazine entries (all F < 2.52, P > 0.10).

3.1.3 Standard Task: Comparison between Test Days 6-10—A subset of rats (n=6 

VEH, n=5 LAG) continued to be tested on the standard 5CSRTT for additional four days 

(Days 7-10); data comparing baseline performance to performance on Days 6-10 are 

presented in Figure 3. With prolonged testing there was no effect of chronic LAG infusions 

on accuracy of performance (all F < 1.0, P > 0.05). In order to confirm the effect observed 

with short-term tests we conducted a two-way ANOVA comparing performance of VEH 

and LAG across baseline and Day 6. In this subset of rats, there was a trend towards a day × 

condition interaction (F(1,10) = 3.40, P < 0.10); that was caused by a reduction in accuracy 

from baseline to test for the LAG condition (P=0.07).

Compared to VEH-infused rats, rats infused chronically with LAG omitted more trials (F(1, 

9) = 13.68, P < 0.01) and the number of trials omissions differed across days of testing (F(5, 

45) = 6.20, P < 0.01). Regardless of condition, rats omitted more trials on Day 6 and Day 10 

than they did baseline (P<0.05). LAG-infused rats also made more premature responses than 

VEH-infused rats (F(1, 9) = 66.45, P < 0.01), regardless of day. Finally, correct response 

latency was affected by day of testing (F(1, 5) = 3.00, P < 0.05), but no day was 

significantly different from any other day (all P > 0.05). All other main effects and 

interactions were not significant (all F < 1.75, all P > 0.05, see Figure 3 and Table 3). In 

order to confirm the effect of LAG-exposure on reward latency observed following 6-day 

exposure to LAG, a two-way ANOVA comparing performance of VEH and LAG across 

baseline and test day 6 was conducted on data from the 13-day group. A significant day × 

condition interaction (F(1, 9) = 8.00, P < 0.05) was observed. Post-hoc analyses revealed 

that LAG animals took longer to retrieve the sugar pellets on day 6 than they did during the 

baseline session.

3.1.3 Short DS Task—Chronic LAG infusions increased omissions relative to VEH 

infusions (t(9) = 2.28, P < 0.05), but did not affect any other performance measures in the 

short DS task (all t(9) < 1.46, P > 0.10; see Table 4).

3.1.4 Long DS Task—Chronic LAG infusions of did not affect performance in the long 

DS task (all t(9) < 1.33, P > 0.10; see Table 5).
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3.2 Locomotor Activity

There was a trend for a day × condition interaction (F(1, 9) = 3.84, P = 0.08, see Figure 4), 

but no main effect of either condition (F(1,9) = 0.58, P > 0.05) or day (F(1,9) = 1.66, P > 

0.05). Based on our previous research (Asinof and Paine, 2013), we hypothesized that LAG 

infusions would increase locomotor activity; thus we further explored the day × condition 

interaction. Rats with chronically infused with LAG had greater activity than rats 

chronically infused with VEH during the first activity (i.e., test day 12; P = 0.05) test, but 

not during the second activity test (i.e., test day 13; P >0.05).

3.3 Protein Expression

Because all data were normalized to actin expression, differences in actin expression were 

analyzed first. In the blots from the IL and PrL, actin expression did not differ between the 

VEH and LAG groups in either the 6-day or 13-day groups (all t < 1.71, all P > 0.1). In the 

blots from the NAc however, actin expression was significantly higher in 6-day LAG rats 

relative to 6-day VEH rats (t(10) = 3.19, P < 0.05, not shown).

Exposure to LAG for 6 days increased GAD67 expression in the PrL (t(9) = 3.71, P < 0.01 

see Figure 5) and decreased GAD67 expression in the NAc (t(9) = −2.39, P < 0.05). 

Problematically, the NAc blot associated with reduced GAD67 expression was also 

associated with increased actin expression; the difference in actin expression may have 

contributed to the group difference in GAD67 expression in the LAG. All other comparisons 

were not significant (all t(9) < 1.65, all P > 0.05).

13-day exposure to LAG increased the GAD67 expression of in both the PrL and IL (both 

t(9) > 2.27, P < 0.001, see Figure 5). All other comparisons were not significant (all t(9) < 

1.83, all P > 0.05).

4.0 Discussion

Chronic delivery of the GABA synthesis inhibitor LAG to the medial PFC caused a transient 

deficit in attention as measured by a decrease in accuracy and an increase in omissions and a 

more persistent change in premature responses and locomotor activity. Also, exposure to 

LAG lead to time-dependent increases in the expression of GAD67 in the PrL and the IL: 

shorter exposures caused increases in the IL while more prolonged exposure resulted in 

increases in both medial PFC subregions. Contrary to our hypothesis, chronic exposure to 

LAG did not, however, affect expression of GAT1, PV or the NDMA receptor NR1 subunit. 

Thus, contrary to our hypotheses decreasing GABA synthesis is not sufficient to cause 

changes in the expression of other GABA-related proteins nor lead to long-term changes in 

attention.

4.1 Effect of Chronic LAG on 5CSRTT Performance

Chronic infusions of the GABA synthesis inhibitor LAG into the medial PFC had a transient 

effect on attention as measured by the accuracy of responding and the omissions. Accuracy 

was decreased and omissions were increased on Day 6 (the first test day following surgery) 

but the accuracy deficit did not persist beyond the initial day of testing on the standard task. 
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Furthermore, following 11 days of LAG exposure when rats were challenged with a more 

difficult version of the 5CSRTT, the short DS version of the task, LAG-treated rats did not 

exhibit an accuracy deficit. Combined these data suggest that there was not a persistent 

change in attention following prolonged exposure to LAG. In contrast, omissions were fairly 

consistently elevated across days of testing (with the exception that there was no difference 

in omissions during testing on the Long DS task). Moreover, the omissions did not increase 

when rats were challenged with the short DS task, suggesting that the difference in 

omissions is not a reflection of an attention deficit per se (see Asinof and Paine, 2014). 

These data are consistent with our previous work showing that acute administration of LAG 

increased omissions but did not affect accuracy in the standard or modified versions of the 

5CSRTT (Asinof and Paine, 2013).

In addition to reflecting an attention deficit, increased omissions in the 5CSRTT can reflect 

changes in motivation to respond or alterations in locomotor activity (Asinof and Paine, 

2013; Asinof and Paine, 2014; Robbins, 2002). It is possible that the initial increase in 

omissions reflects a decrease in motivation as the reward retrieval latency was also increased 

on Day 6 of testing. However, the reward retrieval latency in the LAG group returned to 

VEH levels by Day 10 of testing and the reward retrieval latency of the two groups did not 

differ during the Short DS test suggesting that a change in motivation cannot account for the 

prolonged increase in omissions. In addition, it is possible that increased locomotor activity 

caused the increase in omissions (see Asinof and Paine, 2014). Increased locomotor activity 

can interfere with a rats’ ability to engage in the task thereby increasing the number of 

missed trials. Although locomotor activity was not measured on Day 6 of testing, it was 

increased on Day 12 of testing. Furthermore, we have previously observed that acute intra-

cortical LAG infusions increase locomotor activity (Asinof and Paine, 2013).

Although prolonged exposure to LAG did not affect attention as measured by a change in 

accuracy, it did increase impulsive responding. Following prolonged chronic LAG infusions, 

rats made more premature responses in the standard task than did rats in control group. This 

is consistent previous observations of increased premature responding following acute 

administration of GABA synthesis inhibitors (Asinof and Paine, 2013; Pehrson et al., 2013). 

Consist with these findings, Reichel et al (2015) observed an impairment in reversal learning 

in mice with medial PFC GABA neuron lesions. Moreover, Jupp et al. (2013) recently found 

that trait-like impulsivity is associated with decreases in GABAA receptor expression in 

regions of the medial PFC. Similarly, decreases in cortical GABA levels have been 

associated with increased impulsivity in humans (Boy et al., 2011; Silveri et al., 2013). 

Combined, these data suggest that a reduction in GABA synthesis is associated with 

enhanced impulsive behavior.

4.2 Effect of Chronic LAG on Protein Expression

It has been hypothesized that decreased expression of GAD67 in PV-containing interneurons 

in the dorsolateral PFC underlies other alterations in GABA transmission observed in the 

brains of people with schizophrenia (Curley et al., 2011; Hashimoto et al., 2003; Volk et al., 

2000). Moreover, it has been speculated changes in GAD67 expression lead to the observed 

changes in GAT1 and PV expression in this disease (see Curley et al., 2013; Rotaru et al., 
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2011). For example, the observed reduction in PV has been speculated to be a compensatory 

response to decreased GAD67 function since increased levels of intracellular PV are 

associated with decreased GABA release (see Rotaru et al., 2011 and references there in). 

Here, we find that decreasing GABA synthesis with LAG is not sufficient to cause changes 

in the expression GAT1, PV or NR1 within the PrL or IL. Problematically, GAD67 

expression was increased following both 6-day and 13-day exposure to LAG, suggesting 

that GABA function may have been at least partially restored at the time point that the 

protein analyses were conducted. Restored GABA function may have limited the impact that 

blocking GABA synthesis had on the expression of these other GABA-related proteins. That 

said, the current data are consistent with that of Curley et al (2013) who found that mice 

with heterozygous knockout of GAD67 or those with a partial knockout of GAD67 in the 

PV-containing neurons did not exhibit changes in the expression of GAT1 or PV. 

Combined, these two studies suggest that reduced GAD function is not sufficient to alter 

other proteins commonly observed to show changes in expression in schizophrenia and thus 

imply that some other factor(s) causes the changes in the expression of these other proteins.

As mentioned above, there were time-dependent increases in the expression of GAD67 in 

the IL and PrL. Conversely, there was a modest decrease in GAD67 expression in the NAc, 

suggesting that GAD67 was not uniformly increased by intra-PFC LAG infusions. It is 

unclear why the pattern of GAD67 expression in IL and PrL in the 6-day and 13-day groups 

is different (a greater increase in the PrL in the 6-day group and a greater increase in the IL 

in the 13-day group). It is however, possible that the cannulae placements in the 13-day 

group were deeper than those in the 6-day group; because tissue punches were collected we 

were unable to assess the relative depth of the cannulae. Nevertheless, it is likely that the 

increase in GAD67 expression reflects a compensatory upregulation of GAD67 aimed at 

normalizing GABA synthesis and release that is inhibited by LAG. We chose to look at 

protein expression at the 6-day and the 13-day time points because these time points 

correspond to the beginning and ending of testing. Moreover, we chose to begin behavioral 

testing on Day 6 in order to allow for a) recovery from surgery and b) sufficient time for the 

decrease in GAD function to cause changes on the expression of other proteins (e.g., PV, 

GAT1, NR1). That said, even following 6 days of LAG exposure there is a compensatory 

upregulation in GAD67 in the PrL.

Interestingly, the increase in GAD67 does not appear to be sufficient to compensate for 

behavioral deficits caused by chronic LAG infusions. Attention was impaired following 6-

day of LAG exposure and response inhibition was impaired following more prolonged 

exposure to LAG. It should also be noted, the there was a greater increase in GAD67 in the 

PrL in the 6-day exposure group, the time point when attention was impaired. Notably, 

lesions and inactivation of the PrL are consistently associated with impaired attention in the 

5CSRTT (Chudasama et al., 2003; Passetti et al., 2002). In contrast, GAD67 was increased 

in the IL in the 13-day exposure group, the time point when impulsivity was increased. 

Lesions or inactivation of the IL are associated with increases in premature responses in the 

5CSRTT (Chudasama et al., 2003; Murphy et al., 2012). Given this association, it is possible 

that the different behavioral effects observed in the 6-day and 13-day exposure groups is a 

consequence of the location where GAD67 was maximally upregulated. It seems likely that 
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the area of maximal GAD67 change is associated with the largest disruption in GABA 

function. Future research is needed to test this hypothesis.

4.3 Limitations and Conclusions

This was a proof-of-concept study aimed at determining whether chronically reducing 

GAD67 function was sufficient to cause changes in attention and other GABA-related 

proteins. The approach taken, namely using LAG to block GAD67 is not without its 

limitations. First, LAG inhibits the action of both the 65-kilodalton isoform of GAD 

(GAD65) and GAD67, while only reductions in GAD67 expression are commonly observed 

psychiatric illnesses such as schizophrenia (Glasier et al., 2015; Lewis, 2014). Moreover, 

LAG affects GAD67 and GAD65 function in all varieties of cortical GABA neurons, while 

PV-containing GABA neurons are most commonly implicated in schizophrenia (Hashimoto 

et al., 2003; Curley et al., 2011). Thus, some caution must be used in extending these 

findings to psychiatric conditions. Indeed, global changes in GABA concentrations, per se, 

have not been consistently found in psychiatric conditions such as schizophrenia (Kegeles et 

al., 2012) suggesting that more subtle changes in the release characteristics of GABA rather 

than widespread decreases in GABA synthesis may contribute to the cognitive deficits 

observed. Finally, because tissue punches were taken from the IL and PrL, we were unable 

to verify the cannulae placement and thus the exact location where GAD function was 

compromised; this may impact that pattern of cognitive deficits that we observed. That said, 

the findings from current experiment are corroborated, at least to some degree, but findings 

of other experiments using other techniques to decrease GABA function (Curley et al., 2013; 

Reichel et al., 2015). In conclusion, prolonged changes in GABA synthesis in the medial 

PFC do not alter the expression of PV, GAT1 or NR1 or cause attention deficits; these 

changes do however, cause a deficit in impulse control.
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Highlights

1. Chronic inhibition of GABA synthesis increased impulsivity and locomotor 

activity.

2. Chronic inhibition of GABA synthesis only transiently impaired attention.

3. Chronic inhibition of GABA synthesis did not affect PV, GAT1 or NR1 

expression.
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Figure 1. 
Experimental Design. Rats were trained on the standard 5CSRTT (ST) until they reached 

criterion performance and then were implanted with guide bilateral cannula aimed at the 

medial prefrontal cortex (PFC). Each cannula was connected to two osmotic minipumps that 

delivered either the GABA synthesis inhibitor L-allylglycine (LAG; 6.4 μg/μl) or vehicle 

(artificial cerebral spinal fluid) into the PFC at a rate of 0.5 μl/hr for either 6 or 13 days. 

After surgery rats recovered for 5 days (days 1-5) and then were tested on the ST. A subset 

of rats was sacrificed after a single test session, while the remainder of the rats were tested 

for 5 consecutive days. Next, these rats were tested on the short discriminative stimulus task 

(Short DS), a task in which the stimulus duration is decreased thereby increasing the 

attentional demands of the task. Finally, rats were tested on the long discriminative stimulus 

(Long DS) task, a task in which the stimulus duration is increased thereby decreasing the 

attentional demands of the task. Locomotor activity was measured in an open field after the 

last 2 days of 5CSRTT testing. Rats were sacrificed after locomotor testing on day 13.
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Figure 2. 
Effects of 6-day exposure to LAG on attention. Following 6-day exposure to LAG accuracy 

was reduced (A), omissions were increased (B), and premature responses were unchanged 

(C) relative to baseline and to VEH infused rats. LAG infusions did not affect premature 

response (C). *P < 0.05, LAG vs VEH; ^P < 0.05 test vs baseline for that condition.
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Figure 3. 
Effects of chronic LAG infusions on performance in the standard version of the 5CSRTT. 

Chronic infusions of LAG transiently affected accuracy (A) and increased both omissions 

(B) and premature responses (C). #P < 0.05 relative to baseline for LAG condition; **P < 

0.01 from VEH.
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Figure 4. 
Effects of chronic LAG infusions on locomotor activity. Activity was assessed for 60-min 

after 5CSRTT testing on test days 12 and 13. During the first test rats chronically infused 

with LAG exhibited more activity than rats chronically infused with VEH, a similar effect 

was not seen during the second test. * indicates significantly different from VEH, P < 0.05.
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Figure 5. 
Effects of chronically infusing the GABA synthesis inhibitor L-allylglycine (LAG) into the 

medial prefrontal cortex on expression of GAD67, GAT1, parvalbumin (PV) and the 

NMDA NR1 subunit. A) Representative cannula placement. B) Schematic showing 

approximate locations of the tissue punches for the prelimbic (PrL) and infralimbic (IL) 

cortices (adapted from Paxinos and Watson, 2009). C-D) 6-Day exposure to LAG increased 

GAD67 expression in the prelimbic (PrL, C), but not infralimbic (IL, D) cortex. E-F) 13-

Day exposure to LAG increased GAD67 expression in both the PrL (E) and IL (F). GAT1, 

PV and NR1 expression were not affected by chronic infusions of LAG. *P < 0.05, **P < 

0.001 significantly different from VEH for that protein.
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Table 1

Baseline performance on the 5-choice serial reaction time task (5CSRTT)

%
Accuracy

%
Omissions

Premature
Responses

Magazine
Entries

Correct
Latency

(s)

Reward
Latency

(s)

6-
Day

VEH 68.91 ±
2.56

10.00 ±
1.66

25.50 ±
4.01

174.3 ±
19.9

0.77 ±
0.03

1.80 ±
0.13

LAG 68.21 ±
3.01

10.44 ±
1.96

24.73 ±
4.82

177.7 ±
24.0

0.77 ±
0.04

1.83 ±
0.15

14-
Day

VEH 70.82 ±
3.01

8.54 ± 2.78 19.61 ±
3.71

219.9 ±
36.1

0.80 ±
0.05

1.62 ±
0.07

LAG 75.69 ±
3.76

12.25 ±
0.92

24.87 ±
6.27

169.2 ±
35.3

0.75 ±
0.05

1.43 ±
0.13

Note: Baseline performance was the average performance of rats in the 3 training sessions prior to surgery. Rats were assigned to either the vehicle 
(VEH) or L-allylglycine (LAG) group based upon their performance during the baseline sessions. There were no significant differences between 
groups (all P > 0.05).
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Table 2

Effects of short-term LAG infusions on 5CSRTT performance

Measure Condition Baseline Day 6

Magazine
Entries

VEH 213.96 ± 19.44 203.83 ± 24.07

LAG 173.46 ± 20.17 177.70 ± 28.11

Correct
Latency

VEH 0.83 ± 0.03 0.88 ± 0.06^

LAG 0.76 ± 0.03 0.95 ± 0.07^

Reward
Latency

VEH 1.83 ± 0.21 1.91 ± 0.11

LAG 1.63 ± 0.23 2.31 ± 0.12*^

Note: Rats were implanted with chronic indwelling cannula connected to minipumps that infused either vehicle (VEH; artificial cerebral spinal 
fluid) or L-allylglycine (LAG; 3.2 μg/0.5 μL/hr). On day 6 following surgery, all rats (n=12 VEH, n=10 LAG) were tested on the standard 5-choice 
serial reaction time task (5CSRTT).

^
P < 0.05, significantly different from baseline for that drug condition;

*
P < 0.05, significantly different from VEH.
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Table 3

Effects of prolonged LAG infusion on performance in the 5CSRTT

Measure Condition Baseline Day 6 Day 7 Day 8 Day 9

Magazine
Entries

VEH 219.8 ± 88.4 211.0 ± 36.1 203.5 ± 36.2 181.2 ± 25.5 222.8 ± 34.3

LAG 169.2 ± 79.0 224.6 ± 41.4 204.0 ± 23.0 273.2 ± 88.6 253.2 ± 89.3

Correct
Latency

VEH 0.80 ± 0.12 0.88 ± 0.08 0.88 ± 0.05 078 ± 0.08 0.79 ± 0.04

LAG 0.75 ± 0.11 1.00 ± 0.16 0.90 ± 0.08 0.88 ± 0.05 0.77 ± 0.2

Reward
Latency

VEH 1.62 ± 0.18 1.97 ± 0.09 2.17 ± 0.25 1.91 ± 0.09 1.72 ± 0.05

LAG 1.43 ± 0.30 2.47 ± 0.25 2.36 ± 0.20 2.54 ± 0.54 1.65 ± 0.08

Note: Rats were implanted with chronic indwelling cannula connected to minipumps that infused either vehicle (VEH; artificial cerebral spinal 
fluid) or L-allylglycine (LAG; 3.2 μg/0.5 μL/hr). After a 5-day recovery, a subset of rats (n=6 VEH, n=5 LAG) were tested on the standard version 
of the 5-choice serial reaction time task (5CSRTT) for 5 consecutive days. Chronic infusion of LAG did not affect magazine entries, correct 
response latency or reward retrieval latency (all P > 0.05).
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Table 4

Performance on the short stimulus duration version of the 5-choice serial reaction time task

%
Accuracy

%
Omissions

Premature
Responses

Magazine
Entries

Correct
Latency

(s)

Reward
Latency

(s)

VEH 58.58 ±
3.47

14.63 ±
6.24

18.83 ± 2.52 232.2 ±
43.0

0.74 ±
0.06

1.90 ±
0.18

LAG 66.24 ±
3.98

35.11 ±
6.38*

24.80 ± 5.30 222.8 ±
86.2

0.69 ±
0.07

1.62 ±
0.15

Note: The stimulus duration in the long stimulus duration task is decreased from 0.5 sec to 0.25 sec thereby minimizing the attentional demands of 
the task.

*
P < 0.05, significantly different from VEH.

Pharmacol Biochem Behav. Author manuscript; available in PMC 2016 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Paine et al. Page 25

Table 5

Performance on the long stimulus duration version of the 5-choice serial reaction time task

%
Accuracy

%
Omissions

Premature
Responses

Magazine
Entries

Correct
Latency

(s)

Reward
Latency

(s)

VEH 84.39 ±
3.77

1.48 ± 0.62 16.50 ± 4.81 203.50
±31.44

1.00
±0.06

1.94 ±
0.12

LAG 90.40 ±
2.96

2.89 ± 2.10 15.20 ± 3.21 202.20 ±
47.85

1.12
±0.08

1.74 ±
0.11

Note: The stimulus duration in the long stimulus duration task is increased from 1.0 sec to 5.0 sec thereby minimizing the attentional demands of 
the task. Chronic LAG did not affect performance on this task (all P > 0.05).
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