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ABSTRACT OF THE THESIS 

 

Frontal Involvement in Methylphenidate Modulated Pavlovian Fear 
Conditioning 

 

 

by 

 

Leen Hammam 

Master of Science in Biology 

University of California San Diego, 2018 

Professor Stephan Anagnostaras, Chair 

Professor Gentry Patrick, Co-Chair 

 

The ADHD drug methylphenidate improves long-term memory, but 

it is still unclear whether this is a direct effect of the drug or due to 

improvements in executive function. Other ADHD pharmacological 

treatments, such as atomoxetine, improve executive control in terms of 

impulse control, working memory, and attention, but not long-term 

memory. Moreover, methylphenidate improves long-term memory in tasks 

with little attentional requirements, such as tone fear conditioning. This 

suggests that methylphenidate improves long-term memory through a 

mechanism that does not necessarily require improvements in executive 



 

 xi 

function. This led us to hypothesize that methylphenidate directly enhances 

long-term memory. Frontal cortex is required for executive function, while 

the medial temporal lobe, including the hippocampus, is required for long-

term memory formation. Methylphenidate binds targets in both the 

prefrontal cortex and hippocampus, but which of these is responsible for the 

improvements in long-term memory has yet to be determined. This study 

was undertaken to determine whether the frontal areas implicated in 

executive function are recruited in long-term memory enhancement by 

methylphenidate. Executive function was disrupted by lesioning prefrontal 

cortex in mice. Sham lesions were performed to account for the effects of 

surgery. Mice were then subjected to classical Pavlovian fear conditioning 

following administration of either methylphenidate or saline, and tested for 

contextual and tone memory one week later. In this study, both frontal 

lesions and methylphenidate failed to influence long-term memory, which 

may be due to increased stress from surgery that altered the optimal dose of 

methylphenidate. Further studies are required to elucidate the role of frontal 

cortex in methylphenidate-mediated memory enhancement.  
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INTRODUCTION 

 

As of 2017, roughly three percent of children globally are diagnosed 

with Attention Deficit Hyperactivity Disorder, although the true prevalence 

is estimated to be up to seven percent (ADHD; Fayyad et al., 2017; Sayal et 

al., 2018). ADHD often persists through adulthood, causing problems with 

employment, education, and social relationships (Sayal et al., 2018). ADHD 

is best known for causing behavioral problems with executive functions, 

including impulse control and working memory, but various studies have 

shown that long-term memory (LTM) is also negatively impacted (Kempton 

et al., 1999; Krauel et al., 2007; Rhodes, Coghill, & Matthews, 2007; 

Rhodes et al., 2004, 2005, 2011). Such LTM deficits are reflected by the 

association of ADHD with poor academic performance that persists from 

preschool through university (Daley & Birchwood, 2010). While ADHD 

has high co-morbidity with other psychiatric disorders, various studies 

indicate that this decrease in academic performance is indeed a function of 

ADHD, not of these co-morbid disorders (Biederman et al., 1991, 1998; 

Daley & Birchwood, 2010; Pliszka 1998). Therefore, poor academic 

performance is a manifestation of the long-term memory deficits seen in 

ADHD. 

Two main classes of drugs have been developed to treat ADHD: 

stimulants and non-stimulants. Both drug types are thought to work by 
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increasing certain neurotransmitter levels in the brain through inhibiting 

transporters, but the types of neurotransmitters affected differ between the 

two. While non-stimulants selectively inhibit transport of norepinephrine, 

stimulants more broadly inhibit transport of both norepinephrine and 

dopamine (Carmack et al., 2014a; Koda et al., 2010). The dual inhibition of 

two types of neurotransmitters by stimulants may explain why stimulants 

have higher clinical efficacy than non-stimulants (Faraone et al., 2006; 

Spencer et al., 2002). 

Aside from clinical efficacy, academic performance outcomes in 

ADHD patients also differ between treatment with stimulants or non-

stimulants. While various studies broadly test for enhancements in academic 

performance in ADHD after treatment, most do not involve comprehensive 

evaluation of academic outcomes, instead choosing to focus on subjective 

measures such as teacher evaluations (Raggi & Chronis, 2006; Daley & 

Birchwood, 2009). Because this study is interested in long-term memory 

improvement and not behavioral symptoms, only studies that objectively 

measure academic performance are included. While both stimulants and 

non-stimulants improve executive control, only stimulants enhance 

academic performance (Brown et al., 2006; Douglas et al., 1986; McGough 

et al., 2006; Prasad et al., 2012). The most common drug prescribed to treat 

ADHD is the stimulant methylphenidate (Carmack et al., 2014a; Giacobini 

et al., 2014). In addition to improving classroom behavior, methylphenidate 
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increases student accuracy and efficiency on complex learning tasks 

(Carlson et al. 1992; Douglas et al. 1986; Evans et al., 1991; Evans et al. 

2001; McGough et al. 2006).  A meta-analysis by Prasad and colleagues 

found that methylphenidate improved academic performance, while the non-

stimulant atomoxetine did not (Prasad et al. 2012). Aside from academic 

performance as an indicator of long-term memory in humans, 

methylphenidate has also been shown to enhance long-term memory in mice 

(Carmack et al. 2014 a,b). In contrast, other non-stimulants prescribed for 

ADHD, such as atomoxetine, improve executive functions like attention, but 

not long-term memory (Brown et al. 2006; Prasad et al. 2012; Carmack et 

al. 2014a). 

The exact mechanisms by which stimulants enhance memory are 

still unclear. The academic performance boost by methylphenidate has 

historically been considered to be a consequence of improved executive 

function (Barkley 1997; Dommett et al. 2008; Douglas et al. 1986). 

However, this hypothesis does not account for all observed effects of 

methylphenidate. For example, the hypothesis does not explain why the 

non-stimulant atomoxetine does not improve long-term memory while 

methylphenidate does. Therefore, methylphenidate-induced memory 

enhancement cannot be due solely to improved executive function. This 

suggests that methylphenidate employs a distinct mechanism of action on 

long-term memory, isolated from its effect on executive function. 
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An increasing number of studies support methylphenidate’s 

enhancement of long-term memory, which is dependent on the medial 

temporal lobe, especially the hippocampus (Squire, 1992; Squire & Alvarez, 

1995; Eichenbaum, 2012; Cipolotti & Bird, 2006). Direct application of 

methylphenidate to hippocampal slices in vitro strengthens long-term 

potentiation, which is a strengthening of neural synapses that supports long-

term memory formation and consolidation (Dommett et al., 2008). In vivo, 

methylphenidate was shown to increase hippocampal norepinephrine levels, 

which is associated with enhanced long-term potentiation (Kuzcenski & 

Segal, 2002). Moreover, Lee and colleagues found that the stimulant 

methylphenidate, but not the non-stimulant atomoxetine, mediates adult 

neurogenesis in dentate gyrus cells of the hippocampus (Lee et al., 2012). 

This variation at the molecular level further supports the hypothesis that 

stimulants directly strengthen long-term memory. 

Methylphenidate binds targets in both the prefrontal cortex and the 

hippocampus (Dommett et al., 2008; Koda et al., 2010), but it is still unclear 

which of these targets is responsible for enhancement in long-term memory. 

To our knowledge, no studies have established that methylphenidate-

mediated memory enhancement is not due to increased executive function. 

We hypothesize that the molecular mechanism by which methylphenidate 

improves long-term memory may be dissociable from the mechanism by 

which it improves executive control.  According to this hypothesis, mice 
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whose executive control has been disrupted should still exhibit long-term 

memory improvement when given methylphenidate. Executive control can 

be disrupted in mice by lesioning medial prefrontal cortex (anterior 

cingulate, prelimbic, and infralimbic; Kahn et al 2012). In line with this, we 

asked whether methylphenidate would still mediate memory enhancement 

when the prefrontal cortex of the mouse brain is lesioned. To control for the 

side effects of surgery, a sham lesion control group was put in place 

whereby all the steps of surgery were followed except for the lesion itself. 

To control for the effects of drug administration, half of the mice were 

administered saline instead of methylphenidate. Thus, the study 

incorporated a total of four subject groups: mice that received frontal lesion 

and methylphenidate, mice that received frontal lesion and saline, mice that 

received a sham lesion and methylphenidate, and mice that received a sham 

lesion and saline. 

 As expected, frontal lesions did not influence fear memory. 

However, the memory-enhancing effect of methylphenidate was not 

replicated in this study. Since memory enhancement by methylphenidate has 

been replicated in several studies, including in our own lab using fear 

conditioning (Brown et al., 2006; Carlson et al. 1992; Douglas et al., 1986; 

Evans et al., 1991; Evans et al., 2001; McGough et al., 2006; Prasad et al., 

2012; Carmack et al., 2014 a,b), these data may indicate that surgery itself is 

confounding methylphenidate-mediated memory enhancement. 
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MATERIALS AND METHODS 

 

I. Subjects 

46 F1 and F2 hybrid C57BL/6Jx129S1/SvImJ (Jackson Laboratory, 

West Sacramento, CA, USA) mice were used (24 male, 22 female). This 

strain of mice performs comparably to rats and is commonly used in fear 

conditioning and behavioral studies (Crawley et al., 1997).  Mice were 

weaned three weeks after birth and group-housed (2-5 mice per same sex 

cage) with continuous access to food and water. Mice were kept under a 

14:10-hr light/dark cycle and all testing took place during the light phase of 

the cycle. Mice were between 13 and 23 weeks old at the time of testing, 

and were handled three times (1 minute/day) prior to testing. All animal 

care and testing procedures were approved by the University of California, 

San Diego Institutional Animal Care and Use Committee and were in 

accordance with the National Research Council Guide for the Care and Use 

of Laboratory Animals. 

 

II. Surgery 

Electrolytic lesions were created in the frontal lobe prelimbic area 

and anterior cingulate to disrupt executive control (Kahn et al. 2012). All 

subjects (n=46) were anesthetized with isofluorane dispensed from a 

vaporizer and mounted into a Kopf stereotaxic apparatus. Prior to incision 
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the scalp was washed with iodine. The scalp was incised and retracted, and 

1 mm burr holes were drilled into the skull bilaterally to accommodate an 

electrode. A stainless steel electrode insulated with epoxylite except 1mm at 

the tip was inserted bilaterally at the following stereotaxic coordinates: 

1.8mm anterior to bregma, ± 0.3 mm lateral to bregma, and 2.6 mm ventral 

to the skull surface. Bilateral electrolytic lesions were created by 

administering a constant current of 1 mA for 15 seconds. 22 mice received 

lesions, whereas 24 mice underwent sham surgery. Sham mice underwent 

all the same steps of surgery except no current was passed. Wounds were 

cleaned with antiseptic solution and sealed with skin glue before applying 

topical antibiotics. After surgery mice were given subcutaneous (s.c.) 

injections of buprenorphine at a dose of 0.04 mg/kg, diluted to a volume of 

10 mL/kg. Buprenorphine continued to be administered daily for three days 

post-surgery. At least 7 days were granted for recovery before beginning 

testing. Lesions were confirmed by visual inspection. Most lesions included 

both the anterior cingulate and prelimbic areas, but some only included the 

prelimbic area. 

 

III. Drugs 

Methylphenidate HCL (MPH) was dissolved in a 0.9% physiological 

saline vehicle and administered at a dose of 1 mg/kg. Mice were randomly 

assigned to groups by combination of lesion and drug: sham + saline (n= 
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12), sham + MPH (n=12), lesion + saline (n=11), and lesion + MPH (n=11).  

All injections were given intraperitoneally (i.p.) at a volume of 10 mL/kg, 

30 minutes before training. 

 

IV. Fear Conditioning 

a. Apparatus 

The VideoFreeze system (Med-Associates Inc., St. Albans, VT, 

USA) was used as described previously (Anagnostaras et al. 2010; Carmack 

et al. 2010, 2013, 2014a, 2014b). The system contained four individual 

chambers, allowing four mice to be run concurrently. The context within the 

chambers can be varied and two separate contexts were used. The training 

and contextual testing took place within the original context, which used the 

chambers’ original stainless steel grid floor, white acrylic side walls, and 

clear polycarbonate front wall to allow for viewing. Additionally, the 

chambers were cleaned and scented with 7% isopropyl alcohol and 

illuminated with white light.  Tone testing took place in the ‘alternate 

context’, in which the steel grid floors were covered with a white plastic 

sheet, and a convex black tent was placed in the chamber. Additionally, the 

chambers were instead cleaned and scented with 5% vinegar and had a dark 

environment only lit by near-infrared light. In both contexts, white noise 

was played continuously at ~70 dBA.  Locomotor activity and freezing 

behavior were scored automatically by the VideoFreeze system as 
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previously described (Anagnostaras et al. 2010; Carmack et al. 2010, 2013, 

2014a, 2014b). 

 

b. Experimental Procedures 

i. Training: 

All mice were given an i.p. injection of MPH or saline 30 minutes 

prior to placement in one of the four identical chambers for training. 

Training consisted of a 3 minute baseline period, followed by a tone-shock 

pairing. During tone-shock pairing, a 2.8 kHz, 85 dBA tone was played for 

30 seconds and co-terminated with a 2 second scrambled, AC footshock 

(0.75 mA, RMS constant current) delivered by the grid floor. Mice 

remained in the chamber for a total of 10 minutes, during which the 

VideoFreeze system continued to score locomotor activity and freezing 

behavior to obtain baseline locomotor activity in response to MPH, shock 

reactivity, and immediate post-shock fear memory (Anagnostaras et al. 

2000, 2010; Wood & Anagnostaras 2011; Carmack et al. 2014a, 2014b). 

ii. Testing: 

Testing was performed off-drug. 7 days after training, mice were 

returned to the same context for 5 minutes, during which locomotor activity 

and freezing were continuously scored using the VideoFreeze system to 

measure long-term context memory (Wood & Anagnostaras 2011; Carmack 

et al. 2013, 2014a, 2014b). The following day, mice were placed in the 
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alternate context to test long-term cued memory (Carmack et al. 2013, 

2014b). The 5 minute test consisted of a 2-minute baseline period, followed 

by sounding of three 30-sec tones that were identical to the training tone 

(2.8 kHz, 85 dBA) each separated by 30 sec. Freezing and locomotor 

activity were continuously scored during the baseline period, the duration of 

each tone, and for the 3 minutes after the sounding of the first tone. 

 

V. Open Field Test 

Although the VideoFreeze system recorded baseline locomotor 

activity, additional testing was performed in a second apparatus featuring 

larger chambers (44 x 22 x 31 cm) and a finer and longer test duration of 30 

minutes to test for reinforcing interactions between drug and lesion. Four 

mice were tested concurrently in four separate chambers. Chambers were 

cleaned and scented with 10% ZEP Glass Cleaner (Atlanta, GA). Activity 

monitor software (MedAssociates) used infrared beams to track locomotor 

activity of the mice by distance traveled. Mice were given either saline or 

MPH (1 mg/kg, i.p.) 30 minutes prior to placement in one of four identical 

chambers. White noise (65 dBA) played continuously.  

 

VI. Statistical Analysis 

Data were analyzed using multivariate or univariate analyses of 

variance (ANOVAs). The level of significance was p≤0.05 for all analyses. 
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RESULTS 

 

Methylphenidate’s (MPH’s) memory-enhancing effects were tested 

using a Pavlovian fear conditioning paradigm. Mice received a pre-training 

injection of either MPH (1mg/kg, i.p.) or saline. Locomotion during the 3-

minute baseline of the training period did not significantly differ between 

groups (Figure 1A; F = 0.49, p = 0.69), indicating that neither the frontal 

lesion nor methylphenidate at this dose stimulated baseline locomotion. 

Shock produced a large activity burst that did not differ between groups 

(Figure 1B; F = 0.28, p = 0.84), indicating that neither the frontal lesion nor 

methylphenidate at this dose affected nociception. Immediate fear memory 

during the 6.5 minutes post-shock did not significantly differ between 

groups (Figure 1C; F = 1.48; p = 0.23), indicating that short-term memory 

was not affected by both frontal lesions and methylphenidate. 

When mice were returned to the conditioning context 7 days post-

training for 5 minutes, freezing behavior did not differ between groups 

(Figure 2A; F = 1.13, p = 0.35). As previously, activity suppression was also 

calculated by dividing motion during the test by the sum of motion during 

the test and baseline motion during training (Anagnostaras et al., 2010). 

Activity suppression below 0.5 was achieved in every group during 

contextual testing, but did not differ between groups (Figure 2B; F = 0.53, p 

= 0.66). The following day, tone memory was tested by placing mice, off-
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drug, in a novel context and playing the conditioning tone. Tone fear 

memory also did not differ between groups when baseline freezing was 

controlled for (Figure 2C; F = 0.46, p = 0.71).  Activity suppression was 

also calculated by dividing motion during the tones by the sum of motion 

during the tones and baseline motion during the 2-minute baseline during 

the tone test. Activity suppression below 0.5 was achieved in every group 

again during tone testing, and this also did not differ between groups 

(Figure 2D; F = 0.11; p = 0.96).  
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Figure 1: Effects of frontal lesions and methylphenidate on shock reactivity, immediate 
fear memory during training, and baseline locomotor activity during both training and 
open-field testing. (A) Baseline locomotion. Locomotor activity during the 3-minute 
baseline period during training did not differ between groups. (B) Immediate memory. 
During the 6.5 minute post-shock period, freezing did not differ between groups. (C) Shock 
reactivity. The 2 second footshock elicited a large activity burst that did not differ between 
groups. (D) Open-field testing. The distance traveled during the 30-minute open field test 
did not differ between groups. 
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Figure 2: Contextual and tone fear memory in frontal-lesioned and sham-lesioned mice 
with methylphenidate or saline. (A+B) The y-axis (mean % freezing ± SEM) represents the 
percentage of time during 5-minute context and tone memory tests that mice exhibited 
freezing behavior, which correlates with memory. (A) Long-term context memory. When 
mice were tested one week after training, both methylphenidate and frontal lesions failed to 
enhance contextual fear memory as compared to sham and saline controls. (B) Long-term 
tone memory. When mice were tested one week after training, both methylphenidate and 
frontal lesions failed to enhance tone fear memory. (C+D) Activity suppression scores for 
contextual and tone fear memory in frontal-lesioned and sham-lesioned mice, with and 
without methylphenidate.  (C) Contextual suppression score. When average motion during 
the context test was divided by the sum of average motion during the context test and pre-
training baseline motion for each mouse, motion was suppressed in all four groups. Activity 
suppression did not differ between groups. (D) Tone suppression score. When average 
motion during the tones in the tone test was divided by the sum of average motion during 
the tones and baseline motion during the 2 minute baseline period in the tone test, motion 
was suppressed in all four groups. Activity suppression did not differ between groups. 
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DISCUSSION 

 

 Our findings suggest that neither methylphenidate nor frontal lesions 

affect long-term memory enhancement. Our findings disagree with previous 

findings that methylphenidate does enhance long-term memory (Carmack et 

al., 2014 a,b). The findings that methylphenidate enhances long-term 

memory have been replicated in laboratory and classroom settings by 

multiple groups, in rodents and humans respectively, including fear 

conditioning at this dose (Brown et al., 2006; Carlson et al. 1992; Carmack 

et al., 2014 a,b; Douglas et al., 1986; Evans et al., 1991; Evans et al., 2001; 

McGough et al., 2006; Prasad et al., 2012). One of various possible reasons 

why we did not replicate this finding in this study is the stress of surgery. 

Methylphenidate, as all stimulants, are theorized to work on a continuum 

adapted from the broader Yerkes-Dodson law, termed ‘Continuum of 

Psychostimulant Activation’ (Wood et al., 2014). This continuum of arousal 

exists as an inverted-U curve with an optimal level of arousal. Levels of 

arousal both higher and lower than optimal would decrease cognition. In 

support of this arousal theory, low doses of stimulants including 

methylphenidate, amphetamine, cocaine, modafinil, and even caffeine, have 

been shown to enhance memory and cognition, while higher doses were 

detrimental to memory and cognition (Shuman et al., 2009; Wood & 

Anagnostaras, 2008; Wood et al., 2007; Wood et al., 2014). Moreover, this 
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continuum parallels a neurobiological model of ADHD with respect to the 

catecholamines norepinephrine and dopamine, which are the very targets of 

methylphenidate (Carmack et al., 2014a; Koda et al., 2010). Catecholamine 

levels in prefrontal cortex increase with stress (Arnsten, 2009). One 

possibility is that the stress of surgery altered the required dose of 

methylphenidate by increasing arousal. However, this would require further 

investigation, possibly by adding a control group that does not receive 

surgery, or attempting to reduce the stress of surgery (e.g., such as giving an 

anxiolytic during surgery and recovery). Because methylphenidate’s 

memory-enhancing effect was not observed in sham-lesioned mice, it is not 

possible to evaluate frontal cortex involvement in methylphenidate-

mediated memory enhancement using this data. Further studies would be 

needed to establish a surgical control that maintains methylphenidate’s 

memory enhancement in order to re-test the hypothesis that frontal cortex is 

not required for long-term memory enhancement by methylphenidate. 

Possible solutions may include decreasing dosage of methylphenidate, 

decreasing the stress of surgery, or using alternative memory tests that 

typically require higher doses of stimulants, such as a water maze (Carmack 

et al., 2014a,b; Shuman et al., 2009). Potential ways to mitigate the stress of 

surgery include a longer recovery period between surgery and training, 

increasing time post-surgery during which buprenorphine is administered, 

or utilizing stronger painkillers such as benzodiazepines.  
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 Frontal lesions did not influence long-term memory compared to 

sham controls in this experiment, which indicates that frontal cortex does 

not play a role in fear conditioning. This finding agrees with previous 

findings that frontal cortex lesions play a larger role in extinction and 

remote memory, and are not involved in recent hippocampus-dependent 

long-term fear memory (Carmack et al., 2010; Milad et al., 2002; Mueller et 

al., 2009; Squire & Bayley, 2006). 

 In summary, although this study did not find frontal cortex 

involvement in methylphenidate-mediated memory enhancement, this 

finding is confounded by the lack of replication of methylphenidate’s 

enhancing effect on memory in sham controls. Further studies are required 

to re-test this hypothesis, wherein sham controls exhibit the memory 

enhancement by methylphenidate, potentially by reducing the stress of 

surgery or decreasing methylphenidate dosage. 
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