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1.  EEG: 
a.  At day 1 post-status, pilocarpine-treated animals 

have fewer theta oscillations. 
b.  Based on P_episode, there does not appear to be a 

cumulative effect of stimulation on theta 
oscillations. 

c.  More exhaustive analyses are necessary to 
characterize chronic changes in EEG in both 
stimulated and non-stimulated animals. 

2.  Seizure Threshold: 
a.  Non-stimulated pilocarpine rats exhibit a decrease 

in seizure threshold over time. 
b.  Animals receiving 2 weeks of daily stimulation 

(cumulatively 7 total hours) demonstrate no 
significant difference in seizure threshold as 
compared to baseline. 

3.  Cognitive Paradigms:  
a.  Non-stimulated animals were impaired in both the 

Barnes maze spatial learning task and novel object 
recognition task.  

b.  Stimulation more than two weeks prior to 
behavioral testing improves cognitive performance 
in both tasks to sham levels.  

In the United States more than 2.9 million people have active epilepsy or seizure disorder (US Census 
Bureau 2015). The economic costs of epilepsy exceed 15 billion dollars, and individuals and their family 
members experience a significant decrease in quality of life. Temporal lobe epilepsy (TLE) remains the most 
prevalent classification of partial epilepsy and is associated with persistent deficits in cognition. Rodent TLE 
can be modeled by injecting the acetylcholine receptor agonist pilocarpine systemically. Similar to humans, 
epileptic rats demonstrate spontaneous seizures, limbic network pathology, and cognitive deficits. 

The septo-hippocampal circuit is fundamental for the production of theta oscillations, 3-10 Hz field 
potentials resulting from synchronized neuronal activity. Experimental lesions of the medial septal nucleus 
(MSN) attenuate hippocampal theta, leading to impaired cognition (McNaughton 2006). The development of 
recurring seizures via pilocarpine administration results in altered septo-hippocampal theta oscillations and 
pathological neuronal activity in neighboring regions (Chauviere 2009). We have previously presented that 
continuous and pre-behavioral 7.7 Hz theta stimulation of the MSN in chronically epileptic rats improves 
cognitive function while also increasing seizure threshold. In the present study we examine the cumulative 
long-term effects of theta stimulation of the MSN during early epileptogenesis, prior to the development of 
spontaneous seizures. We hypothesized that early stimulation of the MSN would drive oscillations in the 
limbic circuit and disrupt epileptogenesis, ultimately leading to lasting effects on network oscillations, seizure 
thresholds, and cognitive function.  
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Fig 2: Percent Time Oscillating in Theta (Days -1, 1, 17) 

1.  More complex analyses of EEG at individual nodes as well 
as across the circuit: 

•  Epoch specific analysis. 
•  Phase coherence. 
•  Cross frequency coherence. 
•  Chronic recordings to analyze pathological 

biomarkers of epilepsy (i.e. high frequency 
oscillations, sharp waves, ictal events, duration of 
post-ictal periods). 

2.  Compare multiple stimulation paradigms: 
•  Frequency (i.e. theta, gamma, theta burst, bypass). 
•  Timing (i.e. continuous, intermittent, responsive). 
•  Duration (i.e. 24 hours, day/night, early stages of 

epilepsy). 
•  Targets (i.e. thalamus, entorhinal cortex). 

3.  Continuous video EEG monitoring for detection of 
seizures: 

•  Number and frequency. 
•  Severity. 
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Fig 3: There is a significant reduction of (A) stage 3 and (B) stage 5 seizure thresholds on both days 32 and 50 in 
pilocarpine-treated animals as compared to baseline. Seizure thresholds remain similar to baseline levels in 
stimulated animals.  * p < 0.05 

Fig 2: At day 1 post-pilocarpine, percent time 
oscillating in theta is decreased in the (A) 
hippocampus, (B) ACC and (C) thalamus of 
pilocarpine-treated animals as compared to EEG 
measured prior to pilocarpine-induced status. Based 
on our current analysis of percent time over a 5-
minute epoch, there is no effect of stimulation on 
EEG as compared between stimulated and non-
stimulated rats. 

Fig 4: On days 33-37, pilocarpine-treated animals were 
impaired in spatial learning on the Barnes maze, 
demonstrating an increased latency to find the escape 
box (A; p<0.075) and significantly more random search 
strategies (B). Stimulated animals perform similarly to 
sham animals. (C) On days 40-43, non-stimulated rats 
failed to selectively explore the novel object while 
stimulated animals demonstrate a preference for the 
novel object. * p < 0.001 
 
 

Subjects 
•  15 adult male Sprague-Dawley rats are included in this 

study (Sham n=4; Pilocarpine n=11).  

Electrode Placement (Day -4) 
•  Tungsten monopolar electrodes were stereotactically 

implanted in anterior cingulate cortex (ACC; AP = +2.7, 
ML = +1.31, DV =-3.05; 10° angle), left/right 
hippocampus (AP=+3.3, ML=±2.0, DV=-3.8), 
anteroventral nucleus of thalamus (AP=-1.6, ML=+1.6, 
DV=-5.0), and MSN (AP=+0.48, ML=-1.5, DV=-6.8; 12.8° 
angle, AP=+0.48, ML=+1.0, DV=-6.8; 8.5° angle). 

Baseline and Acute Post-Status EEG (Days -1, -1) 
•  Animals were placed in a large dark Plexiglas box with 

ambient light for 5 minutes. EEG was recorded in freely 
moving rats. 

•  Custom Matlab script (P_episode) was used to 
determine percent time oscillating in theta (6-10 Hz). 
P_episode calculates a background threshold and uses 
strict power and duration thresholds to determine true 
oscillations. 
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Fig 4: Behavioral Testing (Days 33-43) 
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Fig 3: Seizure Threshold  (Days 32, 50) 
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Fig 1: Hippocampal Oscillations 
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Fig 1: (A) Hippocampal oscillations are generated and maintained by multiple inputs, both directly (blue arrow) 
and indirectly (green arrows). Oscillations from the hippocampus project broadly (red arrows) to both cortical 
and subcortical nuclei. Hippocampal traces demonstrating (1 sec, 1-250 Hz filtered) EEG (B) prior to 
stimulation, (C) during 7.7 Hz stimulation, (D) immediately after stimulation.  
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Pilocarpine-Induced Epilepsy (Day 0) 
•  Scopolamine methyl nitrate was injected (1 mg/kg, IP) 30 minutes prior to pilocarpine. 
•  Seizures were induced by injection of pilocarpine (350 mg/kg, IP).  
•  Convulsive seizures were terminated with diazepam (8 mg/kg, IP) after 240 minutes. 

Seizure Threshold Assessments (Days 3, 32, 50) 
•  Seizure thresholds were assessed using flurothyl (infused at rate of 20 µl/min). 
•  Threshold was assessed at post injection days (PID) 3, 32 and 50. 
•  T-tests were used to compare the threshold at each of the chronic time points with PID 3. 

MSN Stimulation Paradigm (Days 4-17) 
•  Baseline seizure threshold data were used to counter-balance animals into three groups: sham (n=4), no stimulation (pilocarpine n=7), and stimulation 

(30 minutes of MSN stimulation daily for 2 continuous weeks spanning days 4-17; pilocarpine n=4).  
•  MSN stimulation paradigm: continuous 7.7 Hz, 80 µA, with a 1 ms square-wave pulse width. 

Effect of Stimulation on EEG recording (Day 17) 
•  EEG was recorded using the same procedure as in baseline EEG recordings. Animals received no stimulation for this evaluation. Individual paired t-tests 

(2-tailed) were used to compare time points. 

Barnes Maze Spatial Learning (Days 33-37) 
•  Animals were habituated to the Barnes maze apparatus on day 33. The apparatus consists of a round Plexiglas table with 16 holes spaced equidistant 

around the perimeter of the apparatus with four surrounding spatial cues. A dark escape box was placed in a fixed location under one hole. 
•  Following habituation, spatial learning was assessed for 4 consecutive days (2 trials/day with a 5-minute inter-trial-interval).   
•  Latency, and strategy (random, peripheral, spatial) were analyzed. 

Novel Object Recognition Task (Days 40-43)  
•  Animals were habituated to a large empty Plexiglas box for 5 minutes on days 40, 41 and 42.  
•  On day 43, animals were allowed to explore the box with two objects spaced 18 inches apart for 5 minutes. 
•  Animals were placed back into the box 3 hours later with a novel object replacing one of the originally explored objects. 
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