
Contents lists available at ScienceDirect

Neurobiology of Disease

journal homepage: www.elsevier.com/locate/ynbdi

Chemical biomarkers of epileptogenesis and ictogenesis in experimental
epilepsy

Hiram Luna-Munguiaa, Alexander G. Zestosb, Stephen V. Gliskec,d, Robert T. Kennedye,f,
William C. Staceyc,d,⁎

a Departamento de Neurobiologia Conductual y Cognitiva, Instituto de Neurobiologia, Universidad Nacional Autonoma de Mexico, Campus UNAM-Juriquilla, Queretaro,
Mexico
bDepartment of Chemistry, Center for Behavioral Neuroscience, American University, Washington D.C. 20016, USA
c Department of Biomedical Engineering, University of Michigan, Ann Arbor, MI 48109, USA
d Department of Neurology, University of Michigan, Ann Arbor, MI 48109, USA
e Department of Chemistry, University of Michigan, Ann Arbor, MI 48109, USA
fDepartment of Pharmacology, University of Michigan, Ann Arbor, MI 48109, USA

A R T I C L E I N F O

Keywords:
Ictogenesis
Nucleus reuniens
Epilepsy
Pilocarpine
Hippocampus
Microdialysis

A B S T R A C T

Epilepsy produces chronic chemical changes induced by altered cellular structures, and acute ones produced by
conditions leading into individual seizures. Here, we aim to quantify 24 molecules simultaneously at baseline
and during periods of lowered seizure threshold in rats. Using serial hippocampal microdialysis collections
starting two weeks after the pilocarpine-induced status epilepticus, we evaluated how this chronic epilepsy
model affects molecule levels and their interactions. Then, we quantified the changes occurring when the brain
moves into a pro-seizure state using a novel model of physiological ictogenesis. Compared with controls, pilo-
carpine animals had significantly decreased baseline levels of adenosine, homovanillic acid, and serotonin, but
significantly increased levels of choline, glutamate, phenylalanine, and tyrosine. Step-wise linear regression
identified that choline, homovanillic acid, adenosine, and serotonin are the most important features to char-
acterize the difference in the extracellular milieu between pilocarpine and control animals. When increasing the
hippocampal seizure risk, the concentrations of normetanephrine, serine, aspartate, and 5-hydroxyindoleacetic
acid were the most prominent; however, there were no specific, consistent changes prior to individual seizures.

1. Introduction

Understanding the mechanisms underlying epileptogenesis and ic-
togenesis are a primary goal of epilepsy research. Biochemical changes
are integral to these processes yet have received limited attention.
Investigations of focal biochemical changes are challenging since they
require frequent measurements of a large number of molecules over
prolonged periods. In this work, we evaluate 24 molecules simulta-
neously at baseline and during periods of lowered seizure threshold.

Researchers have developed techniques to measure neuro-
transmitter activity in vivo such as positron emission tomography,
microsensors, magnetic resonance spectroscopy, and cerebral micro-
dialysis sampling (Anderzhanova and Wotjak, 2013; Chowdhury et al.,
2015; Dupont et al., 2017; van der Zeyden et al., 2008). Cerebral mi-
crodialysis is a well-established technique used to sample the

immediate vicinity of the catheter tip in order to monitor basal con-
centrations over a specified sampling time. In epilepsy, past clinical and
experimental microdialysis studies support the notion that an im-
balance between excitatory and inhibitory neurotransmission is crucial
to the pathophysiology of temporal lobe epilepsy (TLE) (Cavus et al.,
2016; During and Spencer, 1993; Luna-Munguia et al., 2011; Thomas
et al., 2005; Wilson et al., 1996). Past studies associated glutamate
elevation with excitotoxicity (Wang and Qin, 2010), increased hippo-
campal cellular excitability (Pan et al., 2008), decreased hippocampal
volume, and impaired glucose metabolism (Cavus et al., 2005, 2008).
Later technical improvements such as high-performance liquid chro-
matography allowed more detailed evaluation of neurotransmitters and
neurometabolites. Clinckers et al. (2005) reported that glutamate alone
is not enough to induce seizures within the hippocampus in the pilo-
carpine rat model. Others focused on monoamines as additional seizure
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triggers, given the role of the cholinergic and histaminergic systems in
the pathogenesis of epilepsy (Hillert et al., 2014; Valle-Dorado et al.,
2015). However, studies of the biochemical changes during epilepsy are
quite limited. Not only are past studies limited to a small number of
molecules, it has not been feasible to measure time-dependent changes.
A major limitation is that there were previously no methods to control
seizure threshold experimentally in a spontaneous seizure model. Prior
work has utilized the kindling model, which provides excellent control
of seizure timing, but is not a model of spontaneous epilepsy (Bertram,
2007), limiting its ability to inform of the chemical changes of epi-
leptogenesis and ictogenesis (Luna-Munguia et al., 2017).

This study focuses on the rat pilocarpine model of TLE, which is the
most common form of partial epilepsy, characterized by spontaneous,
recurrent seizures that often originate in the limbic system (Löscher and
Schmidt, 2011; Sloviter, 2005). We used this model to simulate the
initial injury and reproduce the main pathologic characteristics ob-
served in human TLE, as well as the development of spontaneous re-
current seizures (Curia et al., 2008; Turski et al., 1983). However, as
with all models of epilepsy, the timing of seizures is inherently random.
Therefore, it is difficult to evaluate the changes preceding seizures,
especially with labor-intensive microdialysis. We recently developed a
novel model of ictogenesis, which allows control of seizure threshold
through physiological pathways (Luna-Munguia et al., 2017). This
model utilizes rats that have developed spontaneous seizures several
weeks after pilocarpine-induced status epilepticus, and increases the risk
of those seizures by increasing the random afferent synaptic activity to
the hippocampus. This model, combined with state-of-the-art micro-
dialysis techniques, allowed us to monitor 24 molecules simultaneously
during ictogenesis.

2. Materials and Methods

2.1. Animals

Male Sprague-Dawley rats (230–260 g; Charles River, U.S.A.) were
individually housed in a facility under controlled illumination (12-h
light/dark cycle; light on 09:00 am) and environmental conditions
(22 °C, 40–45% humidity). Rat chow and tap water were available ad
libitum. All animals were acclimatized to the animal room conditions
for at least 5 days before any experimental manipulation. Procedures
involving animals and their care were carried out in accordance with
protocols approved by the University Committee on Use and Care of
Animals of the University of Michigan. The number of animals was kept
as small as possible.

2.2. Pilocarpine-induced status epilepticus

These experiments utilized the method described in Luna-Munguia
et al. (2017). Briefly, 56-days-old rats were randomly assigned to a
group that received an injection of pilocarpine hydrochloride (340mg/
kg ip; Sigma-Aldrich, St. Louis, MO) 20min after a single in-
traperitoneal injection of methylatropine bromide (5mg/kg; Sigma-
Aldrich, St. Louis, MO). Five to ten minutes after the pilocarpine ad-
ministration, the animals started with head nodding, evolving into re-
current generalized convulsions (status epilepticus) within 40min. Rats
that did not develop status epilepticus within this period of time, re-
ceived an additional dose of pilocarpine hydrochloride (170mg/kg; ip).
Animals were behaviorally monitored by experienced researchers and
after 90min of status epilepticus, seizures were interrupted with dia-
zepam (10mg/kg ip; Hospira, Lake Forest, IL). Control animals received
a single injection of methylatropine bromide (5mg/kg; ip) 20min prior
to vehicle (0.9% saline solution; ip), and treated with diazepam 2 h
after the saline injection. Monitoring of the spontaneous seizures began
immediately after the pilocarpine injection and was continued for
14 days using a video recording system. Rats with epilepsy that did not
achieve the initial body weight within the first 12 days after

pilocarpine-induced status epilepticus were excluded from the study.

2.3. Surgery

Procedures for affixing the subdural and depth electrodes were
performed as previously described (Luna-Munguia et al., 2017), with
the sole exception being the introduction of the microdialysis probe.
Briefly, Pilocarpine (n=15) and Control (n= 15) rats were anesthe-
tized with a ketamine/xylazine mix (70/10mg/kg ip, respectively) and
placed in a stereotactic frame (David Kopf Instrument, Tujunga, CA)
14 days after the pilocarpine injection. Electrodes were positioned and
fastened using mounting screws (E363/20; PlasticsOne, Roanoke, VA)
on four different places (left and right frontal, one cerebellar, and one
reference over the sinus cavity). Then, two single channel depth elec-
trodes (E363–1-SPC; PlasticsOne, Roanoke, VA) were stereotactically
implanted, one in the left hippocampus (AP -4.8, ML 5.2, DV -7.5) and
one in the right hippocampus (AP -4.8, ML -5.2, DV -7.5). In all cases, a
19-gauge guide cannula (C310GA/SPC; PlasticsOne, Roanoke, VA) was
coupled to the depth electrode and stereotactically implanted in the left
hippocampus (AP -4.8, ML 5.2, DV -4.5) to guide a dialysis probe
constructed by ourselves as previously described (Luna-Munguia et al.,
2011) and designed to protrude 3mm beyond the guide cannula tip in
order to stay at hippocampus. The sockets were fitted into a 6-pin
electrode pedestal (MS363; PlasticsOne, Roanoke, VA) and the entire
apparatus was secured with dental cement. For local drug injection into
the nucleus reuniens, we followed our previously described procedure
(Luna-Munguia et al., 2017). Here, a 26-gauge guiding cannula
(C315GA/SPC; PlasticsOne, Roanoke, VA) was stereotactically im-
planted (AP -1.8, ML -1, DV -7.2, with a 15° arm angle from vertical
axis) to guide a 33-gauge injecting cannula (C315IA/SPC; PlasticsOne,
Roanoke, VA). Once in place, the assembly was cemented to the skull.
All animals were given a subcutaneous post-operatory analgesic treat-
ment (buprenorphine hydrochloride 0.05mg/kg; Reckitt Benckiser
Pharmaceuticals Inc., Richmond, VA) every 12 h for two days, and al-
lowed to recover for at least 12 days.

2.4. Experimental groups

Starting on day 13 post-surgery, Pilocarpine (i.e. rats with epilepsy)
and Control animals were monitored for up to 48 h by continuous
video/EEG recording (Ceegraph Vision; Bio-logic System Corporation
or Natus Neuroworks).

2.4.1. Pilocarpine group (n=15)
Microdialysis experiments began 2 days after starting the con-

tinuous video/EEG recording. A continuously perfused dialysis probe,
constructed in the lab (Luna-Munguia et al., 2011), was inserted into
the guide cannula and fixed to the socket with dental acrylic. The inlet
of the dialysis probe was connected through a dual-channel swivel to a
syringe mounted on a microperfusion pump.

The dialysis system was continuously perfused during all micro-
dialysis experiments at a rate of 2 μl/min with fresh filtered artificial
cerebro-spinal fluid (145mM NaCl, 2.68mM KCl, 1.4mM CaCl2 · 2H2O,
1.01mM MgSO4 · 7H2O, 1.55mM Na2HPO4, 0.45mM NaH2PO4 · H2O,
250mM ascorbic acid; pH 7.4). All compounds purchased from Sigma-
Aldrich (St. Louis, MO). A 2-h recovery period was allowed after probe
implantation. Then, the dialysates were collected at 20min intervals for
2 h under basal conditions in transparent/coned/capped vials
(Macherey-Nagel, Düren, Germany).

The 15 animals were split into 3 groups: ictogenesis (n= 6),
phosphate buffered saline (PBS)-injection (n=6), and sham-injection
(n= 3). For the 6 animals in the ictogenesis group, KCl (120mM) was
injected (0.1 μl/min over 5min) into the nucleus reuniens of freely
moving rats via the injecting cannula connected with polyethylene
tubing to a micro-syringe (Hamilton Co., Reno, NV). There were a total
of 9 injections, occurring every 20min, which includes 15min recovery
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time between injections (Fig. 1). Once the ninth administration was
completed, the injection cannula was removed from the guide cannula
but the animal remained connected to the video/EEG recording. Hip-
pocampal microdialysate collections were done at 3, 8, and 15min after
each of the 9 KCl injections started. After the ictogenesis cycles were
completed, 4 additional collections were done over the next 2 h, each
30min apart. Thus, in total each animal had 6 baseline, 27 ictogenesis,
and 4 post-ictogenesis samples. Immediately after collection, perfusates
were processed as described below. The 6 PBS-injection animals had
precisely the same procedure, except that instead of KCl they had in-
jections with PBS 1× solution (Fisher Scientific, Fair Lawn, NJ). The 3
sham-injection had the same manipulation and instrumentation as the
other two groups, except that no compound was placed into the nucleus
reuniens injecting cannula.

All experiments began at 09:00 am and used the same protocol, and
there was always only a single experiment per 24-h period. EEG re-
cordings were sampled at 256 Hz and concurrent time-synched video
was analyzed offline. Seizures were identified manually by an observer
blinded to the groups assisted by EEG viewing software (Insight 12,
Persyst Corp., San Diego, CA). There were no seizures during the pre-
experiment baselines, and four seizures in Pilocarpine animals during
the post-experiment period; the collection after each seizure was not
included in the analysis.

2.4.2. Control group (n= 15)
The Control group was never exposed to pilocarpine and did not

develop epilepsy. This group was treated exactly the same as the
Pilocarpine group, with 6 animals receiving the ictogenesis injection, 6
receiving PBS injections, and 3 having sham injections. The micro-
dialysis procedure, EEG monitoring, and all analyses were identical to
the Pilocarpine group.

2.5. Sample derivatization and analysis

Each dialysate was derivatized with benzoyl chloride, mixed with
100mM sodium carbonate and internal standard, and analyzed by li-
quid chromatography-tandem mass spectrometry (LC-MS/MS) as pre-
viously described (Song et al., 2012; Zestos et al., 2016). All samples

were analyzed for the concentrations of: acetylcholine, adenosine, as-
partate, choline, dihydroxyphenylalanine (DOPA), dihydrox-
yphenylacetic acid (DOPAC), dopamine, GABA, glucose, glutamate,
glutamine, glutathione, glycine, histamine, homovanillic acid (HVA), 3-
methoxytyramine (3-MT), normetanephrine (NM), norepinephrine,
phenylalanine, serine, serotonin, 5-hydroxyindoleacetic acid (5-HIAA),
taurine, and tyrosine. The peak areas of each analyte were divided by
the area of the internal standard for quantification.

2.6. Histology

At the completion of the experiments, rats were deeply anesthetized
using isoflurane (VetOne, Boise, ID) inhalation and overdosed using an
intraperitoneal injection of pentobarbital (Vortech Pharmaceuticals,
Dearborn, MI). Animals were transcardially perfused with 0.9% saline
solution followed by a 4% paraformaldehyde solution, then stored at
4 °C in 30% sucrose followed by freezing, cutting with a cryostat, and
cresyl violet staining. The targeting for both the nucleus reuniens (with
the injection cannula) and the hippocampus (with the microdialysis
probe) were verified as described previously (Luna-Munguia et al.,
2011, 2017).

2.7. Statistical analysis

Our analysis involved three aspects: quantifying changes in in-
dividual molecules, correlation between different molecules, and a
multidimensional approach to assess overall differences between var-
ious situations and cohorts. We evaluated each of these aspects for two
conditions: the baseline difference between Pilocarpine and Control
groups, and the effect of the induced pro-ictal state. For baseline
comparisons, the groups were Control and pilocarpine-treated animals,
and the analysis used data acquired during the two-hour baseline prior
to the induced ictogenesis (Fig. 1). For determining the effect of the pro-
ictal state, the two groups were animals receiving sham and KCl in-
jections (with Control and Pilocarpine groups being analyzed sepa-
rately), comparing data during the three-hour injection experiment
with baseline. Measured levels at baseline were reported using mean
and S.E.M. (Table 1). Next, to control for inter-animal variability in the

Fig. 1. Experimental protocol.
Top: EEG was monitored for 48 h prior to the experiment, 2 h of which occurred after implantation of the microdialysis catheter. The injections lasted 3 h, followed by
2 h of additional EEG. Hazard rate determined the risk of seizures over time, as described previously, showing that KCl injections increased risk from about 0.2/h to
0.6/h (Luna-Munguia et al., 2017). Although sham and PBS animals had seizures, the risk was not increased during the injection time. Dashed lines: Poisson
uncertainty. Bottom: Microdialysis collection schedule included 6 samples before the experiment, 3 samples during each of 9 injections (27 total), and 4 samples after
the injections. All samples were 4 μl collected over 2min.
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statistical testing, molecular concentrations for each animal were con-
verted to z-scores using the mean and standard deviation over the two-
hour baseline window (difference of each measurement from the mean,
divided by the standard deviation). Any molecule with mean<0.01
nM was omitted from further analysis due to lack of sufficient precision
(3-MT, dopamine, norepinephrine). Because of this, all subsequent
analysis was limited to 21 molecules.

Non-parametric statistics were used for further analyses since the z-
score distributions were not always normal (Kolmogorov-Smirnov test).
Individual molecules were compared between groups using the
Wilcoxon Rank-Sum test with Bonferroni correction. A corrected p-
value of< 0.05 was used as criterion for significance. Pearson's corre-
lation coefficients were also computed. Correlations were additionally
visualized using hierarchical clustering and unweighted, average
(group-wise) Euclidean distance. Lastly, step-wise logistic regression
was used to identify a minimal subset of molecules descriptive of the
difference between each of the two groups under comparison, selecting
from the molecules found to be statistically significant in the Wilcoxon
Rank-Sums. Hold-out-one-animal cross validation was used to ensure
generalizability of logistic regression results.

3. Results

3.1. KCl microinjection to the nucleus reuniens induces hippocampal
seizures

During the focal microinjections of KCl in the Pilocarpine group, 4
out of 6 subjects had seizures. In total, 11 seizures were observed in
these four animals during the KCl-nucleus reuniens injections.

No Control animals had seizures during the injections or at any
other time. Seizures only occurred in one Pilocarpine animal during
phosphate buffered saline (PBS) injection, though that seizure was ex-
pected given that animal's high baseline seizure rate (~ 1 per hour, and
the injections are 3 h long). The other Pilocarpine animals with PBS
injections did indeed have spontaneous seizures, but there were none in
the 3 h prior to or during the injection. As is expected for the pilo-
carpine model, seizure rates on different days were quite variable in
many animals, which did not allow the identification of a stable base-
line over long periods. We calculated the risk of seizures over time for
each group, and found that the KCl injections increased seizure
risk> 3-fold, while there was no increase in the sham or PBS injections
(Fig. 1, risk calculated as previously described (Luna-Munguia et al.,
2017)).

3.2. Pilocarpine model alters baseline extracellular molecule levels

Microdialysis experiments revealed increased interictal extracellular
levels of choline (+286%, p < 0.001), glutamate (+66%, p < 0.001),
phenylalanine (+67%, p < 0.001), and tyrosine (+51%, p < 0.001)
in hippocampi of rats with epilepsy, when compared to Controls. On the
other hand, in rats with epilepsy, hippocampal extracellular levels of
adenosine (−78%, p < 0.001), homovanillic acid (HVA; −55%,
p < 0.01), and serotonin (−86%, p < 0.001) were significantly lower
when compared to the Control group (Table 1).

With simultaneous measurements, it is possible to determine in-
teractions between each molecule as well as which molecules are the
most important in determining the difference between Control and
Pilocarpine groups. Pearson correlations between each pair of mole-
cules and hierarchical clustering dendrograms are shown in Fig. 2. In
normal animals without epilepsy, there is a high correlation within four
groups of molecules: 1) serotonin, 5-hydroxyindolacetic acid (5-HIAA),
adenosine, glutathione, and choline; 2) GABA, taurine, aspartate, tyr-
osine, glycine, and histamine; 3) glutamate, phenylalanine, glucose,
and acetylcholine; 4) HVA, glutamine, and dihydroxyphenylacetic acid
(DOPAC). In pilocarpine-treated animals, these relationships are dras-
tically changed (Fig. 2B), including the finding that aspartate, gluta-
mate, and GABA are correlated with different molecules. Both GABA
and aspartate, which had low hierarchies in normal animals, had the
highest hierarchies in pilocarpine-treated rats, indicating that they be-
have independent of the others. In other words, even though the GABA
level did not change significantly from baseline (Table 1), its correla-
tion with other molecules was very different. These results illustrate the
complex effects of pilocarpine-induced epilepsy on the extracellular
milieu.

Multivariate methods are helpful to determine which molecules are
most descriptive of the differences between Pilocarpine and Control
animals. One method to accomplish this is step-wise logistic regression,
which determines the subset of all the molecules that is responsible for
the largest contribution to the difference. Another feature of this tool is
that it provides an odds ratio, in which one standard deviation change
in a specific molecule accounts for a ten-fold change in odds that a
given animal was from the Pilocarpine group. We performed this ana-
lysis on the 21 molecules and found that four were primarily re-
sponsible for the difference between Control and Pilocarpine animals:
adenosine, serotonin, HVA, and choline, with adenosine being the most
significant and serotonin being the most variable (Fig. 3). What is
perhaps the most unexpected is that glutamate and GABA were not on
the list: i.e., they were statistically not as important in distinguishing

Table 1
Molecule levels at baseline.

Compound Control (nM) Pilocarpine model (nM) Compound Control (nM) Pilocarpine model (nM)

Acetylcholine 27.37 ± 5.91 34.61 ± 5.93 Adenosine⁎⁎⁎ 34.58 ± 4.88 7.4 ± 1.22⁎⁎⁎

Aspartate 269.3 ± 27.57 291 ± 24.3 Choline⁎⁎⁎ 124.2 ± 26.22 479.2 ± 42.56⁎⁎⁎

DOPA 3.73 ± 0.4 2.65 ± 0.37 DOPAC 9.03 ± 1.6 5.64 ± 0.82
Dopamine 0.091 ± 0.013 0.062 ± 0.01 GABA 105.7 ± 24.5 44.48 ± 5.28
Glucose 89.12 ± 7.66 77.37 ± 7.64 Glutamate⁎⁎⁎ 972.3 ± 87.95 1615 ± 129.5⁎⁎⁎

Glutamine 37,168 ± 3626 34,616 ± 3037 Glutathione 91.79 ± 7.46 93.32 ± 7.29
Glycine 3462 ± 354 2763 ± 225.2 Histamine 2.75 ± 0.3 2.81 ± 0.22
HVA⁎⁎ 16.52 ± 1.94 7.46 ± 0.9 ⁎⁎⁎ 3-MT 0.096 ± 0.02 0.046 ± 0.007
NM 0.33 ± 0.04 0.23 ± 0.029 Norepinephrine 0.18 ± 0.041 0.14 ± 0.021
Phenylalanine⁎⁎⁎ 975.8 ± 77.59 1627 ± 105.6⁎⁎⁎ Serine 3696 ± 127 3519 ± 140.6
Serotonin⁎⁎⁎ 5.56 ± 1.17 0.76 ± 0.18⁎⁎⁎ 5-HIAA 27.18 ± 3.41 26.66 ± 3.01
Taurine 5792 ± 495.7 6525 ± 410.2 Tyrosine⁎⁎⁎ 919.4 ± 76.26 1387 ± 76.9⁎⁎⁎

Data shown as mean ± S.E.M. Statistical significance computed using Wilcoxon Rank Sum on z-scored data and the Bonferroni correction for multiple comparisons
(n=24).
DOPA=dihydroxyphenylalanine; DOPAC=dihydroxyphenylacetic acid; HVA=homovanillic acid; 3-MT=3-methoxytyramine; NM=normetanephrine; 5-
HIAA=5-hydroxyindolacetic acid; S.E.M. = standard error of the mean.

⁎⁎ p < 0.01/24.
⁎⁎⁎ p < 0.001/24.
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the two groups of animals as the other four molecules. Overall, there
were many molecules in which the baseline concentrations and inter-
actions with other molecules were altered by the pilocarpine model.

3.3. Pro-ictal states alter extracellular molecule levels

We then quantified the changes during a procedure that increases
seizure risk, creating a pro-ictal state without directly affecting the
hippocampus (Luna-Munguia et al., 2017). Note that the KCl injection
is far from where the microdialysis probe is placed in the hippocampus
and is very slow (0.1 μl/min), so the changes are unlikely to be due to
local injection effects. Because both the baseline and the changes during
ictogenesis were highly varied across animals, it was not possible to
show results similar to Table 1. In addition, we found that there were
changes in many molecules during both the sham and PBS injections,
which is not surprising since being connected to the microdialysis pump
is an unusual environment for the animals. We thus determined that the

best way to show the biochemical effect of the pro-ictal injections was
to compare the effect of Sham + PBS injections with that of the KCl
injection, normalized to its own baseline (z-score). This comparison
allows identification of how the change from baseline due to KCl in-
jections is different from change due to sham and PBS injections. Be-
cause Control animals are already significantly different from pilo-
carpine-treated animals at baseline, we report the results only for
Pilocarpine group. There are several changes during Sham + PBS
(Fig. 4A), but different effects during KCl (Fig. 4B). Several molecules
have similar effects in both conditions (e.g. the cluster of phenylala-
nine, tyrosine, taurine, and serine). There are also many differences; in
particular, several molecules became less correlated (5-HIAA, HVA, and
glutamate) with other molecules, while others developed new correla-
tions (serine, aspartate, histamine, glutamine, and normetanephrine
(NM)). These complex relationships are also visible in the dendrograms,
showing that many molecules cluster with different groups during KCl
injections. 5-HIAA, serotonin, and HVA become more independent of

Fig. 2. Multivariate correlations.
Multivariate correlations in Control (A) and Pilocarpine (B) rats. Left: correlations are significantly altered in pilocarpine-treated animals. Right: hierarchical
dendrograms show that connectivity between each molecule also changes in the Pilocarpine group. All scales are normalized to local peak values.
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the other molecules, and the hierarchical pairings of many other mo-
lecules are altered.

Stepwise logistic regression quantifies these complex interactions.
Results show that four molecules are most characteristic of the changes
that occur during the Sham + PBS injections: DOPAC, histamine, glu-
tamine, and glycine (Fig. 5A). In contrast, KCl injections are char-
acterized by changes in NM, 5-HIAA, serine, and aspartate (Fig. 5B).
Again, it is notable that in neither case is glutamate or GABA the most
prominent change. However, is clear from Fig. 4 that glutamate is
tightly correlated with aspartate and GABA with NM, suggesting that
the changes in aspartate and NM are associated with glutamate and
GABA levels.

3.4. Biochemical changes prior to seizures

One of the primary goals of the ictogenesis model is to record the
biochemical changes that produce seizures. During the KCl injections,
there were 11 seizures, 5 of which occurred<60 s after microdialysis
sampling in three different animals. We compared the results of these
five seizures with the other samples during the KCl injection to de-
termine if there were any acute changes immediately prior to a seizure.
We first analyzed all 21 molecules with rank sum statistics. None of the
molecules were significantly changed after accounting for multiple
comparisons. Unfortunately, multivariate methods were not possible in
this case, as there are 21 molecules but only 5 seizure events. We
analyzed each of the cases individually and found that certain mole-
cules were different in individual seizures, but changes were not con-
sistent and were not the most extreme values. To illustrate this, we plot
the normalized values of several molecules (Fig. 6), including the four
primary candidates in Fig. 5 (aspartate, 5-HIAA, NM, and serine), as
well as glutamate, GABA, and glutamine. These plots show the nor-
malized values of every measurement taken during KCl injections, with
the pre-seizure events marked in red. Although the sample size is small,
the pre-seizure measurements are widespread and variable. There were
individual seizures with extreme values, such as one seizure with low
aspartate and serine, and a different one with high NM, but these were
not consistent even in the two animals with multiple seizures nor were
they the most extreme values. Note that all these measurements were
normalized to the samples during KCl injections; a similar analysis with
values normalized to the pre-injection baseline yielded similar results
(not shown). Thus, although the previous section identified several
changes that were induced by KCl injections (pro-ictal state), it was not

possible to identify a stereotyped biochemical effect that heralded the
imminent approach of a seizure.

4. Discussion

Identifying biomarkers is a key benchmark for epilepsy research
(Dlugos et al., 2016). This work provides two important innovations to
this research. The first is the simultaneous measurements of 24 mole-
cules, of which 21 were sufficiently high to analyze. Microdialysis is
capable of measuring extracellular levels of neurotransmitters (Schultz
and Kennedy, 2008), peptides (Zhou et al., 2013), proteins (Clough,
2005), but such work was previously limited to selected molecules.
Using a sensitive liquid chromatography-tandem mass spectrometry
(LC-MS/MS) technique allowed us to measure down to picomolar
concentrations (Song et al., 2012). Derivatizing with benzoyl chloride
increased sensitivity and improved the quantification via stable isotope-
labeled internal standards. This helped us detect and evaluate for the
first time the basal extracellular levels of 24 compounds in a series of
samples taken from the hippocampus of live rats. The second innova-
tion was the ability to control seizure threshold, allowing the first in-
vestigation of the effects of seizure threshold on these molecules.

Several studies have analyzed the biochemistry of epilepsy, focusing
on the extracellular imbalance between glutamatergic and GABAergic
neurotransmission. This imbalance produces neuronal hyperexcit-
ability, a logical trigger for seizures (Bernard et al., 2000). Past results
from patients demonstrated that glutamate levels were higher in epi-
leptic tissue both interictally and during seizures (Cavus et al., 2008;
Thomas et al., 2005). In contrast, GABA was shown either to increase
(During and Spencer, 1993; Thomas et al., 2005; Wilson et al., 1996) or
decrease (Pan et al., 2008) before seizures. Further research is neces-
sary to determine how these molecules affect the pathogenesis of epi-
lepsy. Animal studies support the human results, showing increased
hippocampal glutamate and GABA levels after microperfusion of che-
moconvulsants (Meurs et al., 2008; Wilson et al., 1996) or other epi-
lepsy models (Ueda and Tsuru, 1995). Only one prior study focused on
the interictal and ictal levels of glutamate and GABA in kindled rats,
reporting alterations that resemble those found in hippocampi of re-
fractory TLE patients (Luna-Munguia et al., 2011). In our study we
found changes in these molecules, but there were several others that
were changed more significantly in both epileptogenesis and ictogen-
esis. This finding agrees with prior work suggesting that increased
glutamate levels alone are not enough to induce seizures (Clinckers
et al., 2005).

Another novel contribution of this work is the ability to identify
interactions between these different molecules. We tested the bio-
chemical changes present in three conditions: due to the pilocarpine
model (interictal or baseline changes) (Figs. 2, 3), due to the ictogenesis
model (pro-ictal changes) (Figs. 4, 5), and immediately before a seizure
(pre-ictal changes) (Fig. 6). Each of these conditions had different in-
teractions that merit some discussion.

The effect of the pilocarpine model on underlying biochemistry has
been evaluated previously, typically limited to a few chosen molecules.
Our simultaneous analysis reveals previously-unrecognized interac-
tions. Three molecules existed in such low concentrations that it was
unreliable to compare them with the other molecules (3-methoxytyr-
amine (3-MT), dopamine, and norepinephrine). Seven had significant
changes in mean concentration in the Pilocarpine group (increased
choline, glutamate, phenylalanine, tyrosine; decreased serotonin, ade-
nosine, HVA). While glutamate is expected based upon past literature,
the other compounds are less studied.

The increased level of tyrosine is a novel finding, possibly specific to
the pilocarpine model. This result is unexpected in human epilepsy
based on previous studies reporting no changes in its activity (Pintor
et al., 1990), enzymatic expression (Rocha et al., 2012) or extracellular
concentration (Ronne-Engstrom et al., 1992) in patients. Although
acetylcholine is the second most prevalent brain excitatory

Fig. 3. Multivariate analysis of pilocarpine effect.
Although 7 molecules were significantly changed in pilocarpine-treated animals
(Table 1), stepwise linear regression found that, due to correlations, changes in
these four molecules are sufficient to characterize the difference between the
Pilocarpine and Control groups. Error bars: 1 stdev.
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neurotransmitter, few epilepsy microdialysis studies have focused on it
or its metabolites. We found an increase in choline levels, which likely
reflects an increase in the activity of the septo-hippocampal cholinergic
pathway. Evidence shows that changes in cholinergic neurotransmis-
sion can be involved in hippocampal epileptogenesis (Leite et al.,
2002). Jope et al. (1987) and Hillert et al. (2014) found increased
acetylcholine during seizures, but only the former also tested choline. In
this sense, it is unclear why choline levels were significantly higher,
despite insignificant changes in acetylcholine in our experiment. Al-
though more work is needed to understand this effect, one possibility is
reduced activity of the hippocampal choline acetyltransferase (Vezzani
et al., 1991).

Decreased serotonin is related to an increased seizure risk (Bagdy
et al., 2007; Vermoesen et al., 2012), while augmenting its level can be
protective (Clinckers et al., 2004). Serotonin is also known to decrease

in the presence of elevated phenylalanine in mice and humans
(Pascucci et al., 2002; Weglage et al., 1995) due to enzymatic and
transporter inhibition (Ogawa and Ichinose, 2006; Pietz et al., 1999).
While dopamine was too low to measure, its metabolite HVA was de-
creased. This agrees with prior work showing reduced tissue content of
dopamine, DOPAC, and HVA in the temporal neocortex of TLE patients
(Mori et al., 1987; Pacia et al., 2001; Rocha et al., 2012). Our finding of
decreased adenosine is novel; prior works had identified increased le-
vels during seizures (During and Spencer, 1992), while here we show
for the first time a decreased interictal extracellular level of adenosine
in animals with epilepsy from the pilocarpine model, which is possibly
crucial in epilepsy development. Adenosine is an endogenous inhibitor
of excitatory synaptic transmission with potent anticonvulsant proper-
ties, and also has neuroprotective effects as well in ischemia and sei-
zures (Boison, 2008), and thus is likely an essential player for natural

Fig. 4. Correlations in Sham + PBS and KCl injections.
(A) Sham+PBS produced several biochemical changes from baseline, likely due to the stress of the experiment. (B) The KCl injection, which is pro-ictal, produces
many different effects.
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seizure termination. Seizure control is also improved when adenosine is
administered directly into the epileptic focus in rats (Anschel et al.,
2004).

The interactions between molecules also changed in the pilocarpine
model. In general, this model disrupts the normal correlations between

several different molecules. Although GABA levels did not change, it
behaves more independently in pilocarpine-treated animals (as judged
by the hierarchical trees), as did aspartate. Conversely, serotonin is less
independent. When evaluated together, the molecules most character-
istic of the differences were the decreased adenosine, serotonin, HVA,
and increased choline. The full extent and consequences of these find-
ings will require additional research, but it is clear that such complex
interactions would be missed without analyzing several of these mo-
lecules together.

Researchers have been looking for evidence of a pro-ictal state, a
condition in which seizures are more likely (Jirsa et al., 2014). Our
ictogenesis model provides a novel, controlled environment to test for
pro-ictal changes. We found four molecules were most characteristic of
the KCl injection: NM, 5-HIAA, serine, and aspartate. Each of these
represents an interesting aspect of ictogenesis. The most extreme
changes were increased NM and decreased aspartate. Our analysis de-
monstrated that NM is tightly correlated with GABA, and aspartate with
glutamate. Thus, these changes can be understood by thinking that the
pro-ictal state produces low levels of glutamate/aspartate, and high
levels of GABA/NM. This is somewhat counterintuitive, and may re-
present a systemic compensatory reaction to increased ictogenicity,
explaining why the hippocampus was not having a seizure despite in-
creased seizure risk. A similar effect occurs with 5-HIAA. Like its me-
tabolite serotonin, it increases during pro-ictal states and behaves quite
independently during KCl injection. As described above, increased
serotonin protects against seizures. The decrease in serine may be im-
portant because of how the logistic regression works, rather than an
independent physiological effect. Stepwise linear regression determines
the most efficient way to describe the difference caused by KCl injec-
tions. In Fig. 4B, serine has extensive correlation with a large number of
molecules (phenylalanine, taurine, glycine, glutamine, and histamine).
In effect, combining Figs. 4 and 5 suggests that measuring serine levels

Fig. 5. Multivariate analysis of injections.
(A) Stepwise linear regression finds that the effect of Sham + PBS can be best
described by changes in four molecules. (B) The KCl injections produce al-
terations in four different molecules. Error bars: 1 stdev.

Fig. 6. Distribution of concentrations.
The four graphs show all measurements of the selected molecules in the KCl injections from all animals. The samples that occurred<60 s prior to a seizure are shown
in red. There was no consistent change in any molecule. Measurements from each animal were individually normalized (z-score) using the mean and standard
deviation of the values during the KCl injections.
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is an efficient method to monitor the concentration of 5 other important
molecules, an efficient probe of several biochemical effects. This sug-
gests an intriguing alternative approach to biomarker research: identi-
fication of a small group of molecules that are correlated with the ef-
fects of many others.

We were unable to find reliable changes leading to the 5 seizures
induced by the ictogenesis model. The number of seizures was small,
but even so the results did not appear to be converging: even with only
5 samples there was great disparity in the different responses. This may
indicate that the changes induced by the pro-ictal state were already
sufficient to produce seizures; however, even when comparing against
baseline there was no clear answer. One limitation is that each micro-
dialysis collection lasted 2min and possibly the acute changes leading
to seizures are too fast to be detected in that time scale. Alternative,
these results could suggest that there are multiple pathways into a
seizure, i.e. there is not a single biochemical condition that causes the
brain to start a seizure. Instead, as has been predicted by mathematical
modeling of seizure dynamics, the transition into seizure may occur as a
random process once the brain is already close to seizure threshold
(Jirsa et al., 2014).

Identifying biochemical signatures of epileptogenesis and ictogen-
esis will have tremendous implications in epilepsy research. Our find-
ings will help guide future work by identifying the complex interactions
that exist between various molecules, isolating the best candidates for
future research using higher temporal and spatial resolution. We pro-
pose that biochemical assays should monitor several molecules to-
gether, and analyze both the levels and interactions of these molecules
to provide important candidates for future research.
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