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Abstract: 

Previous studies have shown that pentylenetetrazole (PTZ), a GABA antagonist, can 

ameliorate cognitive defects in both Down Syndrome mice model and arrhythmic 

hamsters. Starting with the observation that entrained hamsters perform poorly on 

hippocampal-dependent memory tests in the morning, and well in the afternoon, we 

sought to see if PTZ improves cognitive performance in normal, entrained animals 

at both times. To answer this question we performed both an acute injection study 

and a long-term chronic injection study. Chronic injections of PTZ had no effect on 

memory test performance in entrained animals, but did increase their exploratory 

behavior during the tests. Animals treated with acute injections of PTZ or vehicle 

performed better than control animals in the morning, but worse than controls in 

the afternoon. However, animals treated with PTZ performed significantly better 

than Veh animals in the morning. These results suggest that PTZ can rescue a defect, 

but not augment normal cognition. Further, PTZ may modulate a stress response in 

acutely injected animals. 
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Introduction: 

 A mammal’s biological clock is an adaptive trait vital to its survival in the wild. If 

an animal is active outside of its normal hours of activity, it is at higher risk for being 

preyed upon or wasting precious energy (Yerushalmi and Green 2009).  

Circadian rhythms are endogenously generated, and possess three main properties 

(Aschoff et al., 1975). First, circadian rhythms must be expressed in absence of time cues. 

That is, to be termed circadian, a daily rhythm must show a free-running period not equal 

to 24 hrs in an environment devoid of time cues. Secondly, the rhythms must be 

entrainable to a light-dark cycle (LD). Light is the primary entraining agent, or zeitgeber 

(meaning “light giver”), in animals. In the absence of light cues, an animal will have a 

free-running circadian rhythm with a period between 23 and 25 hours, but not quite 24 

hours. Finally, the circadian system must be temperature compensated. That is, the clock 

must remain constant over a broad range of temperatures (Ruby et al., 1999).  

Early studies in rodents revealed that memory retention does not decay linearly 

over time after training, but occurs cyclically with optimum recall repeating at 24-h 

intervals after training, regardless of the time of day when training occurs (Holloway and 

Wansley, 1973a; Holloway and Wansley, 1973b). Since those studies, time of day has 

been shown to modulate different forms of declarative learning such as object recognition 

(Ruby et al., 2008) and spatial memory (Valentinuzzi et al., 2004). Entrained animals 

perform poorly on hippocampal-dependent memory tests in the mornings but perform 

well in the afternoon (Ruby et al., 2008). Animals lacking circadian rhythms (i.e., 

arrhythmic) have been used to investigate the effects of the circadian system on learning 
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and memory. The question had been: what aspects of cognition are impaired without a 

functional clock? Animals made arrhythmic by light perform poorly at all times. These 

results provide strong evidence that the circadian system has some control over learning 

and memory.  

The mechanism by which the circadian system modulates learning likely involves 

indirect control of the hippocampus by the hypothalamic suprachiasmatic nucleus (SCN), 

because the SCN is the central circadian pacemaker in mammals. Our lab’s model for this 

regulatory activity can be explained in three steps (Ruby et al., 2008). First, the SCN does 

not project directly to the hippocampus. Rather, it projects to the septal nuclei, which 

innervates the hippocampal formation. The septal-hippocampal pathway plays a critical 

role in memory. Lastly, over 90% of neurons in the SCN express GABA, the primary 

inhibitory neurotransmitter in the brain. Our hypothesis is that the SCN regulates the 

septal-hippocampal pathway via GABAergic inhibition, thereby modulating 

hippocampal-dependent learning. In arrhythmic animals the neurons of the SCN 

asynchronously discharge at a relatively high rate, which might inhibit cholinergic output 

from the septum to the hippocampus, an effect of which could impair memory (Ohta et 

al., 2005). 

 Knowledge of how to manipulate circadian rhythms provides our lab with a useful 

model to study learning and memory. Studies in Ts65Dn mice (a model for Down 

Syndrome) showed that pharmacotherapy utilizing GABA antagonists could rescue 

cognition (Fernandez et al., 2007). The results sparked our lab to investigate whether PTZ, 

a GABA antagonist, could ameliorate cognitive deficits in arrhythmic animals. Further 

studies found that PTZ does indeed improve the performance of arrhythmic animals in 
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hippocampal-dependent tests (Ruby et al., 2013). These results introduced a new 

question: could GABA antagonists augment cognition in an entrained animal? 

 Utilizing an entrained Siberian hamster (Phodopus sungorus) model system, this 

study sought to comprehensively examine whether PTZ can augment memory in normal 

animals. Previous studies found mixed results when examining short-term acute effects of 

PTZ on the performance of rodents when administered shortly before the test (McGaugh, 

1973). The study by Fernandez et al. (2007) utilized chronic treatment of daily lower 

doses of PTZ for 2-weeks. This study will explore both the acute and chronic dosing 

approaches, while also taking time of day into account. We ask: how does PTZ affect 

performance in the morning and the afternoon, in both the acute and chronic experiments. 

 Our reasoning for performing both injection experiments is built upon a desire to 

separate testing the potential of PTZ to augment cognition and investigating GABA’s 

normal role in modulating cognition. In the acute injections, it is expected that PTZ, by 

inhibiting GABA, will activate a system in the brain. From the studies exploring the 

potential of PTZ administered chronically to ameliorate cognitive defects, we can draw 

the conclusion that GABA acts to inhibit cognition in models with reduced cognitive 

capabilities. By looking at wild-type animals, we are testing if GABA plays a similar 

inhibitory role in cognition in a natural context.  

 While acute studies show us the possibility of a drug having an effect on a system, 

it is limited by the fact that the brain does not normally encounter extreme oscillations in 

endogenous GABA activity (McGaugh, 1973). Acute studies do, however, give a sense 

of how a drug could potentially work in the long term. In a wild-type context, we expect 

a waxing and waning of GABA activity. The chronic injection study is designed to 
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modulate GABA activity at a level much closer to what we would see as normal. It is 

thought that chronic injections of PTZ can actually modulate the system they act upon 

(Fernandez et al., 2007). Taken together, the two experiments should further our 

understanding of how endogenous GABA affects memory. We hypothesize that acute 

injections of PTZ will push animals’ performance on a memory task above expected 

levels in both the morning and the afternoon. We also hypothesize that chronic injections 

will have a similar, yet not as extreme effect, in the long term.  

 

Methods and Materials: 

 

Animals and Housing Conditions: 

 Siberian hamsters (Phodopus sungorus) were bred in the laboratory in a 16:8-h 

light-dark (LD) cycle (lights on at 0200 h, PST) at an ambient temperature of 22°C (Ruby 

et al., 2013). 0200h is defined as zeitgeber time 0 (ZT 0). All experimental procedures 

were approved by Stanford University’s Administrative Panel on Laboratory Animal 

Care (Animal Use Protocol Number: 14988) and were conducted in accordance with the 

NIH Guide for the Care and Use of Laboratory Animals. 

 

Spontaneous Alternation (T-maze test): 

 The T-maze test is based on the findings that the natural tendency of rodents to 

alternate between arm choices in a T-maze is dependent on a normal-functioning 

hippocampus (Gerlai, 1998). Our protocol begins with a hamster confined to a start 

chamber for 60s, then allowed access to the rest of the maze for 7 min. An arm entry is 
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counted when all four feet of the animal enter one of the lateral arms, and an alternation 

is counted when an animal enters one arm, exits, and consecutively enters the other arm. 

Performance is measured by the percentage of alternations in total alternation attempts.   

 

Novel Object Recognition (NOR): 

 The NOR test is based on the tendency of rodents to prefer investigating a novel 

object to a familiar one (Broadbent et al., 2004). The test takes place in an arena in a 

closed cabinet, and utilizes two sets of identical objects. One pair of identical objects is 

placed in the corners of the arena. An animal is given five minutes to explore the arena 

and objects, while being recorded in infrared light. After five minutes, the animal is 

removed. After a 24 hr delay, the animal is placed back in the arena, though one object 

has been replaced with a novel object. Animals are scored for the time spent investigating 

each object. Performance is based on the discrimination index ((time with novel object - 

time with familiar object)/total exploration time * 100).  

 

Drug Injections: 

  

Experiment 1 (Acute effects of PTZ on memory test performance in entrained 

animals):  

PTZ is dissolved in saline, and delivered 30 min prior to the memory test in a 

3.0mg/kg dose. The vehicle animals are injected with just a saline solution. A 

third group of animals is neither injected nor handled. 
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Experiment 2 (Effects of chronic PTZ injections on entrained animals):  

For a 10-day block of injections, PTZ is dissolved in saline and separated into five 

vials, which are frozen until used. PTZ is tested at two doses: 0.3 mg/kg and 1.0 

mg/kg. After five days, another batch is made, separated, and frozen. Animals are 

injected daily at either ZT 7 or ZT 19 with PTZ or vehicle, for 10 days. 

 

Statistical methods: 

Performance on the NOR and spontaneous alternation (SA) tests was determined 

by a one-sample t-test to determine whether scores were statistically different from 

random chance performance (i.e., Discrimination Index = 0 for NOR; alternations (%) 

=50 for SA). A score of positional bias was created to check for left-right biases in the 

NOR arena and in the T-maze arms.  Positional bias was calculated as: time on the 

right/(time on the left + time on the right) *100.  Changes in the number of arm entries 

and exploration time were evaluated by one- or two-way ANOVA (group x time of day). 

The effects of PTZ on the number of arm entries and total exploration time were 

evaluated by two-way ANOVA with repeated measures for time.  Data are presented as 

mean ± SEM. 

 

Experimental Protocols-   

Experiment 1: 

Animals were randomly assigned to receive a dose of PTZ or a saline vehicle, 30 

minutes before being tested in a spontaneous alternation (SA/T-maze) test. These 
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experiments were conducted with two separate groups of animals towards the 

beginning of the light phase (ZT 3) and the end of the light phase (ZT 15).    

 

Experiment 2:  

Animals were again randomly assigned to receive a PTZ regimen or a saline 

vehicle. Animals were injected daily for 10 days and tested 30 days later in either 

the NOR test or the SA test.  

 

Results: 

Experiment 1 (Acute effects of PTZ on memory test performance): 

 At ZT 3, control animals did not alternate above chance levels. Animals injected 

with PTZ at ZT 3 alternated at a rate significantly higher than chance (Fig. 1A; p < 0.001). 

Animals injected with a vehicle solution also performed significantly better than chance 

(p < 0.01). However, there was still a significant difference between Veh and PTZ 

animals, with PTZ animals scoring significantly higher than the Veh animals (p < 0.05). 

In the afternoon (ZT 15), control animals alternated at a significantly higher rate than 

compared to chance (Fig. 1A; p < 0.01). By contrast to control animals, animals injected 

with either a vehicle or PTZ did not score better than chance (Fig. 1A; p > 0.05). 

 Animals injected with either vehicle or PTZ at both ZT 3 and ZT 15 did not vary 

significantly in the number of arm entries compared to control animals (Fig. 1B; p > 

0.05). There was also no evidence of a left/right bias in any group of animals tested in the 

spontaneous alternation test (Fig. 1C; p > 0.05).  
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Experiment 2 (Effects of chronic PTZ injections): 

Injections were given at ZT14 (2 hours before lights-off).  Animals were assessed 

30 days after the 10 day injection regimen ended for comparison to experiments with 

arrhythmic animals (Ruby et al., 2008).  Unlike ARR animals in previous studies, ENT 

hamsters were tested on either the SA or NOR, but not both, so that an individual animal 

was not tested more than once in the morning. This was done to prevent any possibility 

that the animals would exhibit increased arousal in anticipation of being handled at the 

time of day when they are normally sleeping. 

Each animal was tested at ZT3 followed by testing at ZT15 three days later. As 

expected from previous work (Ruby et al., 2008), animals tested in the afternoon (ZT15) 

performed significantly better than chance on both tests, whereas animals tested in the 

morning (ZT3) did not (Fig. 2; p > 0.05). PTZ did not improve SA or NOR performance 

at either ZT3 or at ZT15 (Fig. 2; p > 0.05 compared to controls).   

There were significant effects of PTZ on exploratory behavior in both tests (Fig. 

3). In regards to the number of arm entries made during SA, a two-way ANOVA (group x 

time of day; repeated measures for time of day) revealed a significant effect for time of 

day (F(3, 72) = 10.91, p < 0.001), but not for treatment group (Fig. 3A; p > 0.05). There 

was, however, a significant interaction between these two variables (F(3,72)= 4.91, p < 

0.01). 

Hamsters treated with PTZ made significantly more arm entries at ZT15 

compared to ZT3 at both doses (Fig. 3a; 0.3 mg/kg, p < 0.05; 1.0 mg/kg, p < 0.01).  A 

similar analysis was done for exploration time during the sample phase of the NOR. A 

two-way ANOVA revealed a significant effect for time of day (F(3, 58) = 20.83, p < 
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0.001), but not for group (Fig. 3b; p < 0.05). Pairwise t-tests for time of day showed that 

hamsters treated with PTZ spent significantly more time exploring the objects during the 

sample phase of the NOR at ZT15 compared to ZT3 (Fig. 3b; 0.3 mg/kg, p < 0.05; 1.0 

mg/kg, p < 0.001). There were no significant differences among groups or time of day for 

time spent exploring the objects during the test phase (Fig. 3c; p < 0.05). 

 

Discussion: 

 Previous studies took advantage of cognitively impaired arrhythmic hamsters to 

study the effects of low daily doses of PTZ given in a 10-day regimen. Those studies 

found that PTZ ameliorated cognitive deficits in arrhythmic animals (Ruby et al., 2013). 

Here, we explored whether PTZ could affect the performance of entrained animals in two 

separate hippocampal-dependent memory tests. We broke this question into two main 

experiments: a study looking at the acute effects of PTZ on performance, and a study 

using the same chronic 10-day regimen of daily doses of PTZ as used in the studies of the 

arrhythmic animals. The results of both experiments point to a complex role for the 

GABA-inhibiting properties of PTZ.  

 In contrast to arrhythmic animals chronically injected with PTZ, entrained 

animals injected and tested in the same paradigm did not perform better than controls. 

That is, PTZ did not augment normal cognitive performance. However, the finding that 

PTZ animals exhibited increased exploratory activity suggests that both the 0.3 mg/kg 

and 1.0 mg/kg doses had an effect on the animals, even 30 days after injections. Taking 

these two results together, we propose that there may be some ceiling effects limiting the 

amount GABA antagonists can ameliorate/augment cognition. This is what we would 
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expect from the Down Syndrome mouse study, which found that chronic injections of 

PTZ ameliorated cognitive defects in those mice, while having no effect on wild type 

animals (Fernandez et al., 2007). While that study tested the long-term effects of PTZ 

injected chronically, our study went a step further by also testing the effects of acute PTZ 

injections. The ceiling effect may be due to the manner in which the drug was given, as 

opposed to the effects of the drug itself.  

 In the acute injection experiment, PTZ had different effects on cognition 

depending on the time of day. Acute PTZ injections given shortly before SA testing in the 

morning improved performance, while they impaired performance in the afternoon. 

These effects were not predicted by the results of the chronic injection study, and 

demonstrate a clear difference in the effects of acute vs. chronic injections of PTZ. 

However, we also observed similar, yet not as robust, effects of vehicle injections in both 

the morning and afternoon. This pattern leads us to suspect an effect of injection-related 

stress on cognitive performance. The effects of acute stress on learning and memory are 

varied in rats depending on the stressor and cognitive test performed (Conrad et al., 2004). 

In highly aversive tests, acute stress improves performance in rats, while acute stress has 

been observed to decrease performance in spatial navigation and object recognition tests. 

In the case of entrained hamsters, the puzzle lies in the sharp contrast between injection 

effects in the morning and in the afternoon.  

 Certainly this difference suggests a modulation of both the pharmacological 

effects and stress effects of PTZ by the circadian system. It is thought now that an acute 

response to stress is an adaptation that temporarily improves an organism’s chance of 

survival when faced with an extreme environmental stressor (Kim and Diamond, 2002). 
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We can apply this logic to the observed effect of injections on hamsters at different times. 

In the morning (ZT3), the animals are 3 hours into their rest phase. The stress of being 

injected combined with their low arousal state may prepare them to deal with this 

unexpected threat. This may improve their cognition compared to control animals just 

placed in the T-maze. In the afternoon (ZT15), the animals’ circadian systems are 

preparing them to be aroused for their nocturnal activity phase. When animals are faced 

with a stressor in this situation, stress may interfere with memory processing. Further 

tests are necessary to begin to untangle the circadian effects on hamster responses to 

acute stressors. An obvious next step on this path would be to test the effects of an 

elevated stressor (perhaps a pain-inducing drug) on hamster cognition at different times 

of day. This, however, represents a new and different line of study. 

 Even if the effects of PTZ and Veh injections on cognition were due to stress, 

PTZ animals still performed significantly better than Veh animals at ZT3. We are unable 

to say whether PTZ is affecting cognition or heightening the performance-modulating 

activity of stress. In future tests, animals should be conditioned to being handled and 

injected, which will hopefully reduce the effects of stress on observed cognitive 

performance. Additionally, experimenters could test for dose-dependence of acute PTZ 

injections.  

 The GABA inhibitor PTZ has proven to be effective in ameliorating cognitive 

defects in several different models. This study provides evidence that PTZ may not 

pharmacologically augment normal cognition. The results of the acute injection 

experiment open up new routes of study in the circadian modulation of stress responses, 

as well as in the study of pharmacological effects on stress responses. Additionally, these 
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studies suggest that the effects of PTZ in ARR hamsters and Down Syndrome mice are 

not the result of non-specific improvement in brain function, but targeted towards a 

deficiency.  
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Figure 1. Effects of acute PTZ injections on test performance. (A) Percent of alternations 
for control (Con), Vehicle (Veh), and PTZ animals tested at either ZT3 or ZT15. (B) 
Number of arm entries in the T-maze. (C) Positional bias scores. Each group had 10 
animals. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to chance (i.e., 50%). 
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Figure 2. Effects of chronic PTZ injections on T-maze and NOR test performance. (A) 
Percent of alternations for control (Con), Vehicle (Veh), and PTZ animals (0.3 or 1.0 
mg/kg) tested at either ZT3 or ZT15. (B) Performance on the NOR test given as 
discrimination index. Each group had 10 animals. * p < 0.05, ** p < 0.01, *** p < 0.001 
compared to chance (i.e., 0). 
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Figure 3. Effects of chronic PTZ injections on exploratory behavior. (A) Number of arm 
entries in the T-maze for control (Con), Vehicle (Veh), and PTZ animals (0.3 or 1.0 
mg/kg) tested at either ZT3 or ZT15. (B) Total exploration time in the sample phase of 
the NOR test. (C) Total exploration time in the test phase of the NOR test. Each group 
had 10 animals. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to chance (i.e., 0). Non-
significant comparison indicated (n.s.). 


