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Resistance to antiepileptic drugs (AEDs) is a major problem in epilepsy treatment. However, mechanisms of resistance are only incom-
pletely understood. We have recently shown that repeated administration of the AED phenytoin allows selecting resistant and responsive
rats from the amygdala kindling model of epilepsy, providing a tool to study mechanisms of AED resistance. We now tested whether
individual amygdala-kindled rats also differ in their anticonvulsant response to the major AED valproate (VPA) and which mechanism
may underlie the different response to VPA. VPA has been proposed to act, at least in part, by reducing spontaneous activity in the
substantia nigra pars reticulata (SNr), a main basal ganglia output structure involved in seizure propagation, seizure control, and
epilepsy-induced neuroplasticity. Thus, we evaluated whether poor anticonvulsant response to VPA is correlated with low efficacy of VPA
on SNr firing rate and pattern in kindled rats. We found (1) that good and poor VPA responders can be selected in kindled rats by
repeatedly determining the effect of VPA on the electrographic seizure threshold, and (2) a significant correlation between the anticon-
vulsant response to VPA in kindled rats and its effect on SNr firing rate and pattern. The less VPA was able to raise seizure threshold, the
lower was the VPA-induced reduction of SNr firing rate and the VPA-induced regularity of SNr firing. The data demonstrate for the first
time an involvement of the SNr in pharmacoresistant experimental epilepsy and emphasize the relevance of the basal ganglia as target
structures for new treatment options.

Introduction
Temporal lobe epilepsy (TLE) is a common and often devastating
type of epilepsy, which is often resistant to antiepileptic drugs
(AEDs) (French, 2007). Pharmacoresistance to AEDs is known to
be a multifactorial process including genetic, disease-related, and
drug-related mechanisms. Presently, four main hypotheses are
discussed for pharmacoresistance in epilepsy: (1) the gene variant
hypothesis, suggesting genetic polymorphisms affecting the re-
sponse to AEDs; (2) the multidrug transporter hypothesis, sug-
gesting that increased expression of drug efflux transporters
decreases brain AED levels; (3) the target hypothesis, suggesting
AED target alterations in epileptogenic brain tissue; and (4) the
network hypothesis, suggesting that “epileptic networks” differ

between pharmacoresistant and pharmacosensitive patients
(Löscher and Potschka, 2005; Schmidt and Löscher, 2005; Remy
and Beck, 2006; Szoeke et al., 2006).

Epileptic networks in experimental epilepsy are characterized
by widespread network changes in and close to the seizure focus
but also in remote brain structures including the basal ganglia.
The substantia nigra pars reticulata (SNr), a main basal ganglia
output structure, is thought to be crucially involved in the prop-
agation and modulation of different types of experimental sei-
zures including complex-partial seizures as observed in TLE
(Iadarola and Gale, 1982; Garcia-Cairasco and Sabbatini, 1983;
Le Gal La Salle et al., 1983; Albala et al., 1984; De Sarro et al., 1984,
1986, 1991; McNamara et al., 1984; Moshé and Albala, 1984;
Sperber et al., 1987; Moshé et al., 1992; Gale et al., 2008). Using in
vivo recordings, numerous plastic network changes were shown
for basal ganglia structures including the SNr in amygdala-
kindled rats as a model for TLE (Gernert et al., 2004; Nolte et al.,
2006; Kücker et al., 2010). Several AEDs including valproate
(VPA) are known to reduce firing rates of SNr neurons in naive
rats (Kerwin et al., 1980; Waszczak et al., 1986; Farrant and Web-
ster, 1989; Löscher et al., 1995; Rohlfs et al., 1996). It was dis-
cussed that this may be an important mechanism through which
some AEDs exert their anticonvulsant properties. More recent
data of our group indicated that epilepsy-induced alterations of
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basal ganglia networks are able to change the nigral sensitivity to
AEDs. Gernert et al. (2004) showed that VPA is significantly less
effective in reducing SNr firing rates in kindled compared with
naive control rats. However, this previous study did not deter-
mine whether the effect of VPA on SNr firing is correlated with its
anticonvulsant response. We have previously shown that kindled
rats differ in their individual anticonvulsant response to the AED
phenytoin (Löscher, 2006). This allows to select responsive and
resistant rats (i.e., responders and nonresponders), thus permit-
ting use of these subgroups in the search for mechanisms of phar-
macoresistance in TLE.

We now tested whether individual kindled rats also differ in
their anticonvulsant response to VPA and whether the different
anticonvulsant efficacy is correlated with interindividual differ-
ences in the sensitivity of SNr neurons to VPA. Such correlation
would enhance our understanding of the mechanism of action of
VPA and also, for the first time, implicate a role of the SNr in
mechanisms of AED resistance.

Materials and Methods
An overview of the study design is illustrated in Figure 1. This design was
performed in four consecutive batches of 10 –15 animals each batch.
Because comparison of afterdischarge threshold (ADT) increases after
VPA did not reveal statistical differences between the batches (ANOVA,
p � 0.631), the results of all four batches were pooled for further analysis.

Animals. Adult female Wistar rats (Harlan Winkelmann) were pur-
chased at a body weight of 200 –220 g. The total number of animals
purchased from the breeder in four consecutive batches and used for the
present experiments was 50. The rats were housed individually and kept
under controlled environmental conditions with a 12 h light/dark cycle,
lights on at 6:00 A.M., for 2 weeks before experiments started. Standard
laboratory chow (Altromin 1324 standard diet) and tap water were al-
lowed ad libitum. Cages were changed once weekly and standard bedding
(Altromin soft wood granulate) was used. Female rats were housed with-
out males to keep them acyclic or asynchronous with respect to their
estrous cycle (Kücker et al., 2010). All experiments were performed in
accordance with the European Communities Council Directive of No-
vember 24, 1986 (86/609/EEC), and were formally approved by the ani-
mal subjects review board of our institution. All efforts were made to
minimize the number of animals and their suffering.

Kindling. For surgical implantation of kindling electrodes, 50 rats were
anesthetized with chloral hydrate (360 mg/kg, i.p.) and treated with the
analgesic drug buprenorphine (0.045 mg/kg, i.m.). A Teflon-isolated
bipolar stainless-steel electrode was aimed at the right basolateral
amygdala (BLA). The electrode was stereotaxically implanted for kin-

dling and for recording of afterdischarges (Fig. 1). The stereotaxic coor-
dinates in millimeters relative to bregma according to the atlas of Paxinos
and Watson (2007) were posterior, 2.2; lateral, 4.8; and ventral, 8.5 mm.
The incisor bar was set at �3.3 mm. A stainless-steel screw placed above
the left parietal cortex served as grounding. Bipolar and grounding elec-
trodes were connected to plugs. Additional skull screws and dental acrylic
cement anchored the entire headset. The skull above the right SNr was
kept free from acrylic cement.

Electrical stimulation via the kindling electrode was initiated after a
recovery period of 2 weeks after surgery. From the 50 rats implanted with
amygdala electrodes, kindling could only be started with 42 rats because
of problems such as loss of headset or failure of grounding electrode.
Kindling was performed at the same time of the day (between 9:00 and
12:00 A.M.) to avoid intraday variance between animals. Initially, the
stimulation threshold for eliciting afterdischarges (initial ADT, afterdis-
charge threshold) was determined for each animal using an ascending
stair step procedure as described previously (Gernert and Löscher, 2001).
From the next day on, constant current stimulations (500 �A, 1 ms,
monophasic square-wave pulses, 50 pulses/s for 1 s) were delivered once
daily to the kindling site until at least 10 fully kindled seizures [second-
arily generalized stage 5 seizures classified according to Racine (1972)]
were elicited. In fully kindled rats, the ADT was determined for each
animal 3–5 d after kindling as described for the initial ADT and repeated
at intervals of at least 2 d until all rats exhibited a reproducible postkin-
dling (control) ADT.

The following parameters were recorded during kindling and during
determination of ADTs: seizure severity, seizure duration, and afterdis-
charge duration. Seizure severity was classified behaviorally according to
Racine (1972): stage 1, immobility, slight facial clonus (eye closure,
twitching of vibrissae, sniffing); stage 2, head nodding associated with
more severe facial clonus; stage 3, clonus of one forelimb; stage 4, rearing,
often accompanied by bilateral forelimb clonus; stage 5, tonic-clonic
seizure accompanied by loss of balance and falling. Seizure duration was
the time from beginning of electrical stimulation until the end of motor
seizures. Afterdischarge duration was the total duration of EEG spikes
with amplitudes of at least twice the amplitude of the prestimulus record-
ing and a frequency of at least 1/s.

Parameters for evaluation of the kindling development were number
of days until first stage 5 seizure, number of days until fully kindled state,
cumulative seizure duration, and cumulative afterdischarge duration for
stages 2, 4, and 5. Stage 3 was usually skipped and therefore not evaluated.

Effects of VPA on kindled seizures. After reproducible ADTs were ob-
tained (Fig. 1), VPA was administered at a dose (200 mg/kg, i.p.) that had
previously been shown to increase the ADT in kindled rats (Löscher et al.,
1993), to enhance GABA turnover in the substantia nigra (Löscher,
1989), and to reduce single-unit firing in the SNr (Rohlfs et al., 1996). To

Figure 1. Study design. Adult female Wistar rats were implanted with electrodes for kindling stimulation and recording of afterdischarges. Initially, the stimulation threshold for eliciting
afterdischarges (initial ADT, afterdischarge threshold) was determined for each animal followed by daily constant current stimulations. In fully kindled rats, the stimulation threshold for eliciting
afterdischarges (post-ADT) was determined for each animal until reproducible postkindling (control) ADTs were observed. For the selection procedure, VPA was administered (200 mg/kg, i.p.) 30
min before ADT determinations. Scorings of side effects induced by VPA included determination of severity of ataxia, hypolocomotion/sedation, abdominal muscle tone, amount of wet dog shake
behavior, body temperature, and rotarod performance. VPA trials were repeated at least four times alternating with control trials with injection of saline before stimulation. Within 2 weeks after the
last determination of ADT and 24 h after a further kindled seizure was elicited, extracellular single-unit recordings of nondopaminergic, presumably GABAergic nigral neurons were performed in each
rat. Finally, rats were deeply anesthetized with chloral hydrate and transcardially perfused to process the brains for histological verification of the kindling site and the recording site.
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avoid intolerable severe side effects such as pronounced sedation, we did
not increase this dose in the course of the experiments. Pretreatment time
(30 min) was chosen based on preliminary experiments and on previous
studies in kindled rats (Löscher et al., 1993). In the preliminary experi-
ments, we compared VPA plasma levels (see below) as well as the anti-
convulsant efficacy (elevation of ADT) at time points of 15 and 30 min,
respectively, after intraperitoneal injection of 200 mg/kg VPA. There
were no differences between these two pretreatment times (not illus-
trated). Determination of ADT was started at a current that was three
20% steps below the individual predrug (control) ADT. The current was
elevated at 1 min intervals of �20% of the previous current, so that the
current intensity of the control threshold was delivered 30 min after
injection of VPA. Current elevation was continued until an afterdis-
charge of at least 3 s duration was recorded. Usually, fully kindled rats
showed generalized motor seizures at the ADT. Otherwise, the current
was further elevated up to the generalized seizure threshold (GST) or up
to a maximum current intensity of 840 �A. These trials with VPA were
performed at least four times in each rat to determine the reproducibility
and intertrial variability of the anticonvulsant effect of VPA in each rat.
Intervals between two drug injections were at least 5 d to avoid drug
accumulation or development of tolerance. Control ADTs were deter-
mined 30 min after intraperitoneal injection of saline 2–5 d before and
after each VPA injection.

Following determination of ADT after injection of VPA, blood sam-
ples were immediately withdrawn by retrobulbar venous plexus punc-
ture after local anesthesia with tetracaine hydrochloride (2%) for drug
analysis in plasma. Blood samples were anticoagulated with EDTA (5
mmol/ml whole blood), centrifuged for 2.5 min at 12,000 rpm, and
stored at �20°C until analysis. VPA concentrations were determined by
HPLC with ultraviolet detection (Potschka and Löscher, 2001). Follow-
ing administration of VPA, drug plasma levels were typically �250 �g/ml
(see Results) (i.e., plasma levels known to be associated with anticonvul-
sant activity of VPA in rodent models) (Löscher, 2007). Experiments in
which plasma levels were �250 �g/ml (6% of injections), indicating
insufficient drug absorption and/or erroneous drug injection, were re-
peated. In this respect, it is important to note that plasma concentrations
associated with significant anticonvulsant activity of single doses of VPA
in rodent models (�250 �g/ml) are much higher than the therapeutic
plasma concentration range of VPA (50 –100 �g/ml) in epilepsy patients
undergoing chronic administration of VPA (Löscher, 2007).

Rats that did not exhibit reproducible control ADTs or lost their
electrode assembly before at least four trials with VPA were com-
pleted, or that showed misplaced electrode location during later his-
tological analysis were excluded from final analysis, so that the group
size for evaluation of the anticonvulsant efficacy of VPA in kindled
rats was reduced to 27.

For calculation of the effect of VPA on ADT, the individual mean of at
least four control ADT values (and other parameters at seizure threshold
determinations after intraperitoneal injection of saline) was set at 100%
and compared with the individual mean of at least four drug values (and
other parameters at seizure threshold determinations after intraperito-
neal injection of VPA).

Quantification of side effects of VPA in kindled rats. A thorough inves-
tigation of side effects induced by VPA was performed starting 10 and 23
min after VPA injection (i.e., before determination of ADT) in 20 rats.
The following behavioral features were investigated consecutively. Sever-
ity of ataxia, hypolocomotion/sedation, and abdominal muscle relax-
ation were determined using a score as follows: 0, not present; 1,
equivocal; 2, present; 3, intensive. Animals were placed in an open field
and observed for �1 min to score ataxia and hypolocomotion/sedation.
Reduction of abdominal muscle tone was evaluated by palpation at the
end of the observation period. Body temperature was measured before
VPA injection, 10 min, and 23 min after VPA injection using a rectal
probe. To further test motor coordination and balance, animals had to
perform the rotarod task 10 and 23 min after VPA injection. To pass this
test, animals had to balance on a rotating rod (8 rpm) without falling off
for at least 1 min in one of three trials. Wet dog shake behavior was
counted in blocks of 5 min starting with the injection of VPA up to the
electrical stimulation.

Electrophysiology. Within 2 weeks after the last determination of ADT,
extracellular single-unit recording of SNr neurons ipsilateral to the kin-
dling electrode was performed. One day before electrophysiological mea-
surements, rats were stimulated once again by using the same parameters
as were used during the kindling procedure to ensure that electrophysi-
ological readings were performed at the same time interval after a seizure
in all rats. Extracellular single-unit recordings were performed using
standard in vivo techniques as described in detail previously (Gernert et
al., 2004; Nolte et al., 2006; Kücker et al., 2010). Briefly, the animals
initially received methohexital (55 mg/kg, i.p.) and fentanyl (0.05 mg/kg,
i.p.) to achieve surgical anesthesia for cannulation of the vena femoralis,
followed by intravenous infusion of the short-acting anesthetic propofol
(10 –20 mg � kg �1 � h �1) during surgical preparation. During record-
ings, the animals received fentanyl (0.05 mg � kg �1 � h �1, i.v.) and gal-
lamine (15 mg � kg �1 � h �1, i.v.). This medication has previously been
shown to not alter the spontaneous discharge rate of GABAergic nigral
neurons when compared with conscious animals (Löscher et al., 1995).
Short hindpaw pinches were applied to test for signs of stress or pain. In
occasional cases, in which signs of stress or pain in response to the hind-
paw pinch occurred, the dosage of intravenously administered medica-
tion was corrected to higher values. The rats were artificially ventilated
with room air in a volume-constant mode (rate, 65/min; tidal volume,
2.5–3.5 ml; expired CO2 level, �2%). Level of vigilance was assessed
indirectly by monitoring of heart rate, blood pressure, and expired CO2

level, which all had to be stable (no fluctuations and no decline) to
include an animal into final evaluation of data. To verify stability of vital
parameters, heart rate and arterial blood pressure (measured via the
arteria femoralis) were continuously monitored and the body tempera-
ture was maintained at 37°C by heating pad. No animal did show episodic
tachycardia as a sign of higher level of vigilance during electrophysiolog-
ical recording. Single-unit recordings were begun no earlier than 1 h after
the last injection of propofol, assuming that methohexital and propofol
had been eliminated from the brain at this time.

Single-barrel extracellular recording microelectrodes were pulled (Na-
rishige PE-2 vertical puller) from a filamented glass electrode (Hilgen-
berg), and the tip was broken back to an external diameter of �10 –20
�m. The electrodes were backfilled with horseradish peroxidase (3%) in
Tris-buffered saline for marking the tip location. This procedure yielded
electrodes with impedances of 2–5 M� when tested ex vivo at 1200 Hz.
The microelectrode was directed stereotaxically through a drilled skull
hole to the SNr ipsilateral to the kindling electrode using the following
stereotaxic coordinates according to Paxinos and Watson (2007): poste-
rior, 2.2, and lateral, 4.8 mm relative to bregma. The incisor bar was set at
�3.3 mm. The microelectrode was lowered to just above the target re-
gion (7.5 mm ventral to bregma). Nondopaminergic, presumably
GABAergic neurons were identified on the basis of their location and
electrophysiological features. They were located within the SNr and
showed biphasic action potentials with durations of 0.6 –1.5 ms and sta-
ble discharge rates of typically at least 10 Hz (Guyenet and Aghajanian,
1978; Waszczak et al., 1986). Dopaminergic neurons are easily recog-
nized and differentiated from nondopaminergic neurons by their longer
time course (1.5– 4.5 ms) and their lower discharge rates (3– 6 Hz) (De-
niau et al., 1978; Grace and Bunney, 1979; Löscher et al., 1995).

Initially, the basal activity of a tonically active nondopaminergic, pre-
sumably GABAergic neuron was recorded for 5 min. Under continuation
of electrophysiological recording, VPA was given slowly (typically over
30 s) intravenously at 100 mg/kg (injection volume, 2 ml/kg). This intra-
venous dose is known to significantly reduce the SNr discharge rate in
naive (Rohlfs et al., 1996) and kindled rats (Gernert et al., 2004) without
sustained influence on heart rate and blood pressure, whereas higher
intravenous doses of VPA (e.g., 200 mg/kg) induce an intolerable long-
lasting drop in blood pressure (M. Gernert, unpublished data; Löscher et
al., 1995; Rohlfs et al., 1996). Intravenous rather than intraperitoneal
injection was used to prevent malinjection of VPA in the laborious elec-
trophysiological experiments, which could be performed only once in
each rat. Two preconditions had to be fulfilled to choose a neuron for
recording and to decide to inject VPA, as well as to later include the
sampled neuron into further evaluation: (1) stable vital parameters of the
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animal and (2) a stable spontaneous activity of the neuron before VPA
injection.

Standard techniques for amplifying (10,000-fold), filtering (high pass
at 300 Hz, low pass at 4000 Hz, Notch at 50 Hz), analog-to-digital con-
version (sampling rate, 20 kHz), and processing of extracellular neuronal
activity were used by means of the DataWave System (WissTech). Single
units were isolated on-line by amplitude threshold and off-line by spike
template matching using the cluster analysis module of DataWave
System.

The location of the recorded neuron was marked by iontophoretical
ejection of a small amount of horseradish peroxidase as adapted from
Simons and Land (1987). For this purpose, a pulsed anodal current (7 s
on, 7 s off) of 2.2 �A was applied for 2 min. Finally, rats were deeply
anesthetized with chloral hydrate and transcardially perfused. The brains
were processed for histological verification of the kindling site and the
recording site as described in detail previously (Gernert et al., 2004; Nolte
et al., 2006; Kücker et al., 2010) (Fig. 1). Only neurons located in the SNr
were used for further evaluation of data.

Additionally, four age-matched controls (kindled rats, treated with
VPA before ADT determinations) were injected with saline (0.9%) in-
stead of VPA during electrophysiological measurements.

Several rats undergoing the electrophysiological measurements could
not be used for final analysis of data because neurons could not be reli-
ably identified, blood pressure was not stable during the experiment,
artifacts could not be excluded, the recording electrode was misplaced, or
the kindling electrode head set prevented a proper stereotaxic lowering of
the microelectrode. Thus, final group size was reduced to seven rats (one
neuron per animal).

Evaluation of discharge rate and pattern. Spontaneous discharge rates
of neurons (basal activity before VPA injection) were averaged over 5
min recording time for each neuron (mean predrug value). For evalua-
tion of VPA-induced effect on spontaneous firing rate, mean 1 min bins
of firing rates after injection of VPA were calculated relative to the mean
predrug value, which was set at 100%. For comparison between different
animals, the percentage of reduction of firing rates at the individual time
of maximum depression within 20 min after intravenous injection of 100
mg/kg VPA was calculated. The time window of 20 min was chosen based
on previous experiments, in which we investigated recording times up to
50 min after intravenous injection of 100 mg/kg VPA (Löscher et al.,
1995; Rohlfs et al., 1996). In these previous studies, the maximum inhib-
itory effect of VPA was reached rapidly within a few minutes after injec-
tion and was rather long-lasting, although occasionally a recovery of
firing rate was observed. This is in line with the rapid penetration of VPA
into the brain (but the short half-life in most species), which induces
most marked effects typically shortly (i.e., 2–15 min) after parenteral
(intravenous or intraperitoneal) injection (for review, see Löscher,
2002).

Differences in the regularity of SNr firing before and after VPA injec-
tion were determined by comparing interspike interval histogram (ISIH)
parameters similar to the method described previously (Gernert et al.,
2004; Nolte et al., 2006; Kücker et al., 2010). ISIHs were calculated for a
time period of 5 min before and after injection of VPA. The 5 min time
period after injection of VPA was chosen around the time point of max-
imum firing rate reduction within 20 min after VPA injection. The res-
olution was 1 ms and intervals up to 2000 ms were considered. The ISIHs
were produced with an event interval histogram module (DataWave).
The degree of regularity of neuronal discharge was determined by calcu-
lating the coefficient of variation, the kurtosis, and the skewness. The
coefficient of variation is defined as the ratio between SD and mean
interspike interval. The kurtosis (fourth moment normalized by dividing
by squared variance) of a distribution reflects its degree of peakedness
relative to the length and size of its tails. A kurtosis of zero reflects a
normal distribution, positive values a sharp peak (leptokurtic), and neg-
ative values a flat shape (platykurtic). The kurtosis provides information
on the regularity of spiking (i.e., the lower the kurtosis, the more irregular
a neuron is discharging). Differences to the Gaussian distribution were
also determined by evaluation of the skewness. A skewness value of zero
reflects a symmetric distribution, positive values reflect a positively

skewed shape of ISIH, and negative values reflect a negatively skewed
shape.

To further characterize the discharge pattern of SNr neurons before
and after VPA injection, burst and oscillation detection algorithms de-
veloped and described in detail by Kaneoke and Vitek (1996) were used.
Dr. Yoshiki Kaneoke (Department of Integrative Physiology, National
Institute for Physiological Sciences, Okazaki, Japan) kindly provided the
burst and oscillation detection programs for our data evaluation. The
burst detection method is based on detecting changes in discharge rate
over small time intervals defined as the reciprocal of the mean discharge
rate. Here, 2 min intervals before (minutes 3 and 4 after beginning of
recordings) and after injection of VPA (time point of maximum firing
rate reduction within 20 min after VPA injection) were used to calculate
the discharge density and to construct a discharge density histogram. The
discharge density histograms were plotted with the range from zero to
maximum density with a bin width of unity. According to Kaneoke and
Vitek (1996), it is assumed that a spike train contains burst periods when
its discharge density histogram is significantly positively skewed and dif-
ferent from a Poisson distribution with a mean of 1.0. The oscillation
detection method is based on detecting the presence of multiple frequen-
cies by using autocorrelograms and evaluates the significances of fre-
quencies detected. Bin widths of autocorrelograms were set individually
for each 2 min spike train with a probability of �0.5 spikes in a bin (100
ms at maximum). The lag time for autocorrelograms was set to be 2000
ms. ISIH bin width was 10 ms (1000 ms at maximum for width and
height).

Drugs. Chloral hydrate (Merck) was dissolved in sterile saline. The
commercial solution of buprenorphine hydrochloride (Temgesic; Essex
Pharma) was mixed 1:1 with sterile saline to increase injection volume.
VPA (Orfiril; 100 mg sodium VPA; Desitin) was used as commercial
solution for intraperitoneal injections (injection volume, 2 ml/kg) or
dissolved 1:1 with sterile saline to increase the lower dose of the intrave-
nous injection to an injection volume of 2 ml/kg as well. Methohexital
(Brevimytal-Natrium, 500 mg; Hikma Pharma) was dissolved in sterile
saline to obtain a concentration of 11 mg/ml and stored at 4°C. Propofol
(Disoprivan, 1%; Zeneca) was used as commercial solution. Gallamine
(Gallamine triethiodide; Sigma-Aldrich) was dissolved in sterile saline
and was mixed 1:1 with the commercial solution of fentanyl (Fentanyl-
Janssen; Janssen). Both drugs were coadministered during recordings.
Tetracaine hydrochloride (Caesar & Loretz) was dissolved in distilled
water to obtain a 2% solution.

Statistics. Elevation of ADTs and reduction of firing rates were nor-
mally distributed. Thus, effects of VPA on ADTs and on SNr firing rates
were verified with a paired t test. Evaluation of correlation between effect
of VPA on ADTs and on SNr firing rates was tested with Pearson’s cor-
relation. Parameters of the kindling development, seizure parameters,
side effects, VPA plasma levels, ISIH parameters, and bursting and oscil-
latory properties were not normally distributed. For these parameters,
statistical significances were calculated using nonparametric tests (i.e.,
the Friedman repeated-measures ANOVA on ranks followed by the Wil-
coxon signed rank test). Correlations were evaluated using the Spearman
rank order correlation. Significance of group differences between good
and poor responders were calculated with the Student’s t test for nor-
mally distributed parameters (i.e., control ADTs and VPA ADTs) or with
the Mann–Whitney U test for not normally distributed parameters (i.e.,
kindling development, side effects, and VPA plasma levels). All tests were
used two-tailed and an error probability of �5% was considered signif-
icant. Statistical analysis was performed using GraphPad Prism (5.03).

Results
Kindling electrode placement and electrophysiological
recording sites
To verify correct placement of electrodes and to assess putative
correlations between electrode placement and efficacy of VPA,
the placement of kindling electrodes and electrophysiological re-
cording sites were examined histologically after termination of
the electrophysiological experiments (Fig. 2). Among the animals
that were tested for an effect of VPA on ADT, 22 animals had
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electrode tips in the basolateral amygdaloid nucleus (1.56 to 3.36
mm posterior to bregma) and five animals had electrode tips in
the lamina III of the piriform cortex [2.04 –3.24 mm posterior to
bregma according to Paxinos and Watson (2007); Fig. 2A]. Be-
cause kindling parameters did not differ between rats kindled via
BLA and via piriform cortex, we pooled the data from these two
subgroups for evaluation of the anticonvulsant efficacy of VPA in
kindled rats (n � 27). The anticonvulsant efficacy of VPA on
ADTs was not correlated with the anterior–posterior location (in
millimeters relative to bregma) of kindling electrodes (Pearson’s
correlation; r � 0.2300; p � 0.2485), which is similar to previous
experiments in phenytoin responders and nonresponders (Ebert
et al., 1999).

The effect of VPA on spontaneous SNr discharge rates was
determined in five amygdala-kindled and two piriform cortex-
kindled rats. The electrophysiologically recorded SNr neurons
were assigned to the anterior (4.36 –5.40 mm posterior to breg-
ma; n � 3) or posterior subregion of the SNr (5.52– 6.72 mm
posterior to bregma; n � 4), respectively [adapted from the study
by Gernert et al. (2004)]. Independent of this assignment, a pu-
tative correlation between the efficacy of VPA to reduce SNr fir-
ing rate and the anterior–posterior location (in millimeters
relative to bregma) of the electrophysiological recording site was
tested (Fig. 2B). Although sample size was small, the data indicate
that the efficacy of VPA in reducing SNr firing rates was neither
correlated with the anterior–posterior location of kindling elec-

Figure 2. Histologically verified kindling sites and single unit recording sites. A, Location of kindling electrodes in the right BLA or the piriform cortex (PC) in 30 rats, drawn on cutouts
of coronal sections of the rat brain according to Paxinos and Watson (2007). Filled circles, Animals used for determination of the effect of VPA on kindled ADTs; rhombs, animals used for
determination of the effect of VPA on kindled ADTs and for recording of the effect of VPA on SNr neurons (animal names are given within the rhombs to indicate animals that showed a
poor or good response to VPA during electrophysiological recordings; compare with Fig. 4); half-filled circle, animal used for determination of the effect of VPA on kindled ADTs and for
control recordings with injection of saline during electrophysiological recording; open circles, animals used for control recordings with injection of saline during electrophysiological
recording. The distance to bregma in millimeters is given in the left corner of each section. B, Single-unit recording sites in the SNr in animals tested for the efficacy of VPA on SNr firing
rates and patterns in kindled rats (rhombs; n � 7; animal names are given within the rhombs to indicate animals that showed a poor or good response to VPA during electrophysiological
recordings; compare with Fig. 4) and saline in control rats (half-filled circle and open circles; together n � 4). The distance to bregma in millimeters is given in the right corner of each
cutout of coronal sections of the rat brain according to Paxinos and Watson (2007).
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trodes (Pearson’s correlation; r � 0.1173; p � 0.8022) nor with
the electrophysiological recording site in the SNr (r � 0.4657; p �
0.2922).

Overall results in kindled rats
Effect of VPA on ADTs and seizure parameters in kindled rats
Only animals with at least four VPA trials were considered for
evaluation of the anticonvulsant efficacy of VPA on ADTs in
kindled rats. For evaluation of ADTs and seizure parameters at
ADT (seizure severity, seizure duration, afterdischarge duration),
the individual mean of control values was compared with the
individual mean of drug values for each individual animal.

Group mean � SEM of control ADTs was 72.0 � 6.1 �A
(range, 29.2–145.0 �A). VPA significantly increased ADTs in all
animals tested (mean � SEM, 216.0 � 17.8 �A; range, 86.3–
403.3 �A; paired t test, p � 0.0001). Seizure severity, seizure
duration, and afterdischarge duration at ADT were significantly
reduced after injection of VPA (paired t test, p � 0.0001; Table 1).
At control ADTs, kindled rats always showed a secondarily gen-
eralized seizure [stage 5; Racine (1972)]. After injection of VPA, a
generalized seizure could not always be elicited. In other words,
in only 11 animals (40.7%) a GST could be determined in all VPA
trials. Therefore, the GST was not evaluated for quantification of
VPA response.

VPA plasma levels in kindled rats
VPA plasma level was determined after each VPA trial. Only rats
with a VPA plasma level of at least 250 �g/ml were used for
analysis of anticonvulsant activity (see Materials and Methods).
Mean plasma levels of VPA 30 min after intraperitoneal injection
of 200 mg/kg were 376 � 5.7 �g/ml (mean � SEM; range, 254 –
547 �g/ml).

Side effects induced by VPA in kindled rats
For later verification of putative differences in VPA-induced side
effects between poor and good responders, severity of ataxia, hy-
polocomotion/sedation, and muscle relaxation, amount of wet
dog shakes, body temperature, and motor coordination were de-
termined in 80 trials (20 rats, four trials per rat) at two time points
after injection of VPA (200 mg/kg, i.p.).

Without drug administration, score for ataxia, hypolocomo-
tion/sedation, and muscle relaxation in kindled rats was 0. Score
of mean severity (range) of side effects 10 and 23 min after injec-
tion of VPA, respectively, was as follows: ataxia, 1.5 (0 –3) and 1.1
(0 –3); hypolocomotion/sedation, 0.5 (0 –2) and 0.7 (0 –2); mus-
cle relaxation, 1.7 (0 –3) and 1.6 (0 –2). Between injection of VPA
and the electrical stimulation, animals showed 11.3 (0 –30) wet
dog shakes. Body temperature was 38.2°C (36.8 –39.1°C) before
injection of VPA, 38.9°C (37.9 –39.6°C; p � 0.0001, paired t test)

10 min after injection of VPA, and 39.1°C (38.7–39.5°C; p �
0.0001, paired t test) 25 min after injection of VPA. In all of the
four trials, at least 19 of 20 animals passed the rotarod task in one
of three attempts at 10 and 23 min after VPA injection,
respectively.

Effect of VPA on spontaneous discharge rates
Electrophysiological data from seven animals (one neuron per
animal; Fig. 2B, rhombs; Fig. 3C, white bars) could be used for
analysis of spontaneous discharge rate and pattern of SNr neu-
rons recorded in kindled rats 1 d after a generalized kindled
seizure. The time course of spikes (Fig. 4) represented the elec-
trophysiological characteristics of nondopaminergic, presum-
ably GABAergic nigral neurons as described in Materials and
Methods [i.e., a biphasic (positive-negative) time course with an
overall duration of �0.6 –1.5 ms].

Intravenously injected VPA (100 mg/kg) caused a rapid re-
duction of firing rates in all recorded SNr neurons (Fig. 4A).
Predrug levels of SNr discharge rates were 19.9 � 2.1 Hz (mean �
SEM; range, 8.8 –25.1 Hz; Table 2). These predrug discharge rates
were not correlated with the postkindling (control) ADTs (Table
2). VPA significantly reduced SNr discharge rates to 11.5 � 2.1
Hz (mean � SEM; range, 4.4 –20.8 Hz; p � 0.0046; paired t test)
[i.e., maximum reduction of SNr discharge rates within 20 min
after injection of VPA was 42.3 � 8.1% (mean � SEM; range,
17.0 –79.4%; Table 2)].

Control injections of saline during electrophysiological mea-
surements in four animals (Fig. 2B, half-filled circle and open
circles) did not significantly reduce SNr discharge rates (mean
basal rate, 19.9 � 1.7 Hz; range, 17.0 –23.8 Hz; mean rate after
saline injection, 17.9 � 2.0 Hz; range, 13.0 –22.2 Hz; paired t test,
p � 0.1072).

We did not determine VPA plasma levels during the electro-
physiological experiments, because these levels were known from
a previous study (Löscher et al., 1995). Although the intravenous
dose of VPA (100 mg/kg) chosen for the electrophysiological
experiments in anesthetized rats was lower than the intraperito-
neal dose (200 mg/kg) used for determining the anticonvulsant
effect, similar peak plasma concentrations of VPA (at least 250
�g/ml) are observed at time of testing. Thus, after intravenous
injection of 100 mg/kg, VPA reaches plasma concentrations of at
least 250 �g/ml shortly (5 min) after injection (Löscher et al.,
1995; Rohlfs et al., 1996). In additional experiments, we found
that, following peak levels, plasma levels stay on a plateau level for
�20 min before they drop down to �130 �g/ml (mean of five
rats) 40 min after intravenous injection of 100 mg/kg VPA (not
illustrated). This is in line with the dose-dependent nonlinear

Table 1. Effect of valproate on afterdischarge thresholds and seizure parameters

Parameter Group Minimum Median Maximum Mean � SEM

ADT (�A) Control 29.2 64.0 145.0 72.0 � 6.1
VPA 86.3 213.3 403.3 216.0 � 17.8***

SS (stage) Control 4.5 5.0 5.0 5.0 � 0.0
VPA 0 1 3.3 1.20 � 0.2***

SD (s) Control 35.5 56.7 75.8 55.1 � 1.8
VPA 0 6.8 31.0 9.8 � 1.6***

ADD (s) Control 40.3 62.3 113.0 65.3 � 3.5
VPA 3.8 11.3 28.8 12.1 � 1.4***

For evaluation of ADTs and seizure parameters at ADTs, the individual means of predrug (control) values were averaged and then compared to the individual means after injection of 200 mg/kg VPA (at least four control and four VPA trials
per rat; n � 27 rats). All seizure parameters of drug trials differed significantly from seizure parameters of control trials, reflecting the known anticonvulsant efficacy of VPA in kindled rats. SS, Seizure severity; SD, seizure duration; ADD,
afterdischarge duration.

***p � 0.0001, Wilcoxon’s signed rank test.
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pharmacokinetics of VPA described previously for rats (Dickin-
son et al., 1979).

Effect of VPA on spontaneous discharge pattern (regularity)
The regularity of SNr firing before and after systemic application
of VPA was analyzed based on the ISIH parameters coefficient of
variation, kurtosis, and skewness. Kurtosis and skewness were
significantly changed toward a more regular neuronal discharge
pattern after injection of VPA compared with predrug values
(Table 3). Means � SEM for kurtosis were 21.2 � 2.9 before and
11.1 � 2.2 after VPA injection; means � SEM for skewness were
3.8 � 0.3 before and 2.7 � 0.3 after VPA injection (Wilcoxon’s
signed rank test, p � 0.0156 for both comparisons). The coeffi-
cient of variation was not significantly altered by VPA (Table 3).

Injections of saline during electrophysiological measurements
did not significantly change ISIH parameters (Wilcoxon’s signed
rank test, p � 0.375 for skewness and coefficient of variation,
respectively; p � 0.625 for kurtosis).

Effect of VPA on spontaneous discharge pattern (burstiness
and periodicity)
Using the method described by Kaneoke and Vitek (1996) for
evaluation of bursting and oscillatory properties, we detected
bursts and oscillations in predrug discharge patterns in six of
seven rats. The effect of VPA both on burstiness and on period-
icity of SNr discharge patterns was inconsistent (summarized in
Table 4).

Only neurons with bursts (n � 4) or oscillations (n � 5),
respectively, were used for statistical analysis of the effect of VPA
on spontaneous SNr burstiness and oscillation parameters. Sig-
nificant differences between predrug and postdrug values were
found neither for burstiness parameters (i.e., burst periods per
second, burst periods per 1000 spikes, mean number of spikes in
an burst, mean ISI of a burst period) nor for the dominant oscil-
lation frequency (Table 4), assuming that the injection of VPA
did not lead to a significant change in bursting and oscillatory
properties of SNr neurons.

Results in poor and good VPA responders
Effects of VPA on ADTs and seizure parameters in kindled rats
To compare the efficacy of VPA between different animals (i.e.,
ADT increase after VPA), individual means of at least four con-
trol ADTs were set at 100% and compared with the individual
mean of at least four ADTs determined after injection of VPA for
each individual animal. As described above, VPA significantly
increased ADTs in all animals tested (range, 25– 640%). Marked
interindividual differences in the extent of ADT increases in re-
sponse to VPA revealing good responders (individual ADT in-
crease above mean group increase of ADT of 234%) and poor
responders (below mean group increase of ADT) to VPA were
observed (Fig. 3C). A poor (Fig. 3A) or good (Fig. 3B) response to
VPA was reproducible in each rat and not just a chance event,
indicating that the individual response to VPA was a characteris-
tic feature of the animal. Seizure severity, seizure duration, and
afterdischarge duration at ADT were significantly reduced after
injection of VPA compared with respective seizure parameters of
control trials (Wilcoxon’s signed rank test; p � 0.0001; Table 1),
but there was no correlation between the magnitude of ADT
increase in response to VPA and the extent of reduction of seizure
parameters (not illustrated).

There were no significant correlations between the extent of
ADT increase after VPA injection in individual rats and parame-
ters accessed during kindling development [i.e., initial ADT,
number of days until first stage 5 seizure, number of days until
fully kindled state, cumulative seizure duration, and cumulative
afterdischarge duration, respectively, for stages 2, 4, and 5 (not
illustrated)]. In other words, a good or poor response to VPA was
not related to prekindling seizure thresholds and kindling rates.

However, good responders tended to have lower control
ADTs (compare Fig. 3B) than poor responders (Fig. 3A). We
therefore analyzed group differences between rats arbitrarily al-
located to good and poor responders as shown in Figure 3C. As
shown in Table 5, the initial (prekindling) ADT did not differ
between groups, while postkindling (control) ADT was signifi-
cantly lower in good versus poor responders. Kindling rate (cal-
culated as number of daily stimulations to first stage 5 seizure) or
the cumulative afterdischarge duration until stage 5 did not differ

Figure 3. Mean individual increase of afterdischarge threshold after injection of valproate.
Individual control thresholds as well as individual responses to VPA were reproducible in each
rat from trial to trial and not just a chance event, indicating that the individual response to VPA
was a characteristic feature of the animal. A, Control thresholds and subsequent ADTs after
intraperitoneal injection of 200 mg/kg VPA in a poor responder. B, Control thresholds and
subsequent ADTs after VPA injection in a good responder. The animal names are given in A and
B for comparison with C. C, Individual means of at least four drug values were compared with
the individual mean of at least four predrug (control) values for each animal. When all animals
were tested (n � 27), relative ADTs determined 30 min after VPA injection were significantly
higher compared with predrug values (mean increase � SEM; 234 � 31.0% of predrug values;
calculated by averaging all individual percentage ADT increases; paired t test, p � 0.0001).
Mean group increase of ADTs (234%) is indicated in the figure by the horizontal dotted line.
Marked interindividual differences in the relative ADT increase in response to VPA were ob-
served (range, 25.0 – 640.7% above predrug values), revealing good (above average increase of
234% after VPA) and poor (�234%) responders to VPA. After testing of VPA response in
kindled rats, in vivo single-unit recordings were performed and evaluated in seven of these
animals (white bars) within 14 d after the last VPA injection and 24 h after a kindled secondarily
generalized seizure.
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significantly between groups (Table 5). The average ADT follow-
ing VPA (increase in percentage of individual control ADT) was
significantly (more than three times) higher in good than in poor
responders (Table 5).

VPA plasma levels in kindled rats
To verify that individual differences in response to VPA were not
due to differences in VPA plasma levels, the amount of VPA in
plasma was determined after each VPA trial. There was no corre-
lation between ADT increase and plasma level of VPA in the trials
evaluated (n � 121; Spearman’s correlation, r � 0.0849, p �
0.3545), meaning that the individual response to VPA was not
due to interindividually different plasma levels. This is also illus-
trated by the average VPA concentration determined in good
and poor responders, which was about the same in both
groups (Table 5).

Side effects induced by VPA in kindled rats
To verify whether a good or poor response to VPA is a general
characteristic of the brain (i.e., is reflected on the severity of VPA-
induced side effects), we evaluated putative correlations between
side effects and anticonvulsant response to VPA. There was no
correlation between the severity of ataxia, hypolocomotion/seda-
tion, abdominal muscle tone decrease, or body temperature mea-
sured 10 and 23 min after VPA injection, respectively, and the
individual anticonvulsant response to VPA in kindled rats (n �
20, mean of four trials per rat; Table 6). Wet dog shakes were
counted continuously beginning immediately after the VPA in-
jection and ending with current stimulation. There was no cor-
relation between the mean individual number of wet dog shakes
and the individual anticonvulsant response to VPA in kindled

Figure 4. Individual effect of valproate on spontaneous discharge rates. For evaluation of electro-
physiological data, mean 1 min bins were calculated from firing rates relative to the mean individual
predrug value (5 min of recording time before drug injection), which was set at 100%. Systemic
application of VPA significantly reduced discharge rates of SNr neurons when all animals were consid-
ered (n � 7). Importantly, marked individual differences in response to VPA became evident. A,
Comparison of maximum reduction of SNr discharge rates within 20 min after injection of VPA reveals
marked interindividual differences between animals. The filled rhombs below bars indicate the two
animals that were chosen to illustrate representative examples of VPA-induced effects on SNr firing in
a poor (B) and a good (C) responder. Relative discharge rates are shown during 5 min before and 20
minafterintravenousinjectionof100mg/kgVPAintravenous(dottedline).Representativerecordingsofthe
two sample neurons are also shown in B and C. Superimposed spikes (n � 5) of SNr neurons showing
biphasic positive-negative waveforms as well as trains of discriminated spikes drawn as raster plots are
shownforrecordingsbefore(predrug)andafter(atthetimeofmaximumreductionoffiringrate)injectionof
VPA, respectively. Superimposed spikes (calibration: 0.5 ms, 25 �V) express biphasic positive-negative
waveforms in predrug as well as in postdrug recordings. Raster plots (each with 5 s duration) reflect burst
firing pattern independent of the presence of VPA in most of the recordings (refer to Table 4). The mean
dischargeratesoftheshownneuronsbeforeorafter injectionofVPAaregivenabovethetrains.

Table 2. Control afterdischarge thresholds and SNr baseline firing rates and
correlation with SNr response to valproate

Animal

Control ADT (in
fully kindled
rats) (�A)

SNr baseline
(predrug) firing
rate (Hz)

SNr responsiveness**
(reduction of
firing rate by
valproate) (%)

Kt 24 122.5 25.1 �17.0
Kt 11 131.7 17.4 �29.7
Kt 33 82.5 22.8 �31.7
Kt 34 110.0 20.3 �32.7
Kt 25 42.0 8.8 �44.8
Kt 20 64.0 23.2 �61.0
Kt 13 29.2 21.4 �79.4
Median 82.5 21.4 �32.7
Mean � SEM 83.1 � 15.1 19.9 � 2.1 �42.3 � 8.1

Seven animals could be used for evaluation of recordings of SNr neurons. There was no correlation between baseline
(predrug) SNr firing rates and postkindling (control) ADTs determined after injection of saline (Pearson’s correlation;
r � 0.3095; p � 0.4994). There was further no correlation between baseline SNr firing rates and the extent of
reduction of SNr discharge rates by systemic application of VPA (Pearson’s correlation; r � 0.5944; p � 0.1593).
However, the reduction of SNr firing rate by VPA was significantly negatively correlated with the control ADTs
(Pearson’s correlation; r � �0.8432; **p � 0.0172). In other words, the lower the control ADT, the more marked
VPA reduced SNr firing.

Table 3. Effect of valproate on the regularity of SNr firing

ISIH parameters Predrug After VPA p

Kurtosis 21.2 � 2.9 11.1 � 2.2* 0.0156
Skewness 3.8 � 0.3 2.7 � 0.3* 0.0156
Coefficient of variation 1.2 � 0.1 1.1 � 0.8 0.3750

The regularity of firing of SNr neurons before and after systemic application of VPA was analyzed based on the ISIH
parameters coefficient of variation, kurtosis, and skewness. Kurtosis and skewness were significantly changed
(marked by asterisk) after injection of VPA compared to predrug values indicating a change towards a more regular
neuronal discharge pattern caused by VPA. The coefficient of variation was not significantly altered by VPA (mean�
SEM; Wilcoxon’s signed rank test; n � 7).
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rats. Rotarod performance also revealed no differences between
good and poor VPA responders (both not illustrated).

Effect of VPA on spontaneous discharge rates
The VPA-induced reduction of SNr firing rates was individually
more or less pronounced (Fig. 4B, poor responder; C, good re-
sponder), ranging from 17.0 to 79.4% maximum reduction of
basal firing rates between the individual animals within 20 min
after injection of VPA (Fig. 4A). This reduction in firing rate
occurred rapidly in all investigated rats, independent of a good or
poor response to VPA, and occasionally showed slow and mod-
erate recovery (Fig. 4). According to our hypothesis, the extent of
reduction of SNr discharge rates by systemically applied VPA
(100 mg/kg, i.v.) exhibited a significant positive correlation with
the extent of the anticonvulsant efficacy of VPA in kindled rats
(Fig. 5A; Pearson’s correlation; r � 0.8654; p � 0.0119).

Prekindling seizure thresholds and kindling rates did not in-
fluence later efficacy of VPA on SNr firing rate. There were no
significant correlations between the extent of reduction of SNr
firing rates by systemic VPA and parameters accessed during kin-

dling development [i.e., initial ADT, days until first stage 5 sei-
zure and until fully kindled state, cumulative seizure duration,
and cumulative afterdischarge duration, respectively, for stages 3,
4, and 5 (not illustrated)]. The extent of reduction of SNr dis-
charge rates by systemic VPA was further not correlated with
seizure parameters recorded at ADT determinations [i.e., sei-
zure stage, seizure duration, and afterdischarge duration (not
illustrated)]. Also, the extent of reduction of SNr discharge rates
by systemic VPA was not correlated with the baseline (predrug)
SNr firing rates (Table 2). However, the extent of reduction of
SNr firing rates by systemic VPA was significantly negatively cor-
related with the postkindling (control) ADTs [i.e., the lower the
postkindling (control) ADT, the higher the ability of VPA to
reduce SNr firing] (Table 2; Pearson’s correlation; r � �0.8432;
p � 0.0172).

Effect of VPA on spontaneous discharge pattern (regularity)
We observed a significant correlation between ADT increase and
the change of skewness in the neuronal discharge pattern by VPA
(Spearman’s correlation; r � �0.8214; p � 0.0341; Fig. 5B). In

Table 4. Effect of valproate on burstiness and periodicity of SNr firing

Burstiness Oscillations

Predrug After VPA Predrug After VPA Predrug After VPA p

Animala

Kt 11 � � � �
Kt 13 � � � �
Kt 20 � � � �
Kt 24 � � � �
Kt 25 � � � �
Kt 33 � � � �
Kt 34 � � � �

Parameterb

Burst periods per second 2.2 � 0.5 1.8 � 0.5 0.1782
Burst periods per 1000 spikes 106.6 � 15.9 114.7 � 16.0 0.5564
Mean number of spikes in an burst 2.9 � 0.2 3.3 � 0.5 0.3232
Mean ISI of a burst period 3.9 � 0.4 4.3 � 0.9 0.5527
Dominant oscillation frequency 3.4 � 0.0 2.9 � 0.6 0.8750

Bursts and oscillations were present in six of seven predrug discharge patterns.
aThe effect of VPA on the burstiness as well as on the periodicity of discharge patterns of SNr neurons was inconsistent (�, present; �, absent).
bOnly neurons with bursts (n � 4) or oscillations (n � 5), respectively, were used for further statistical analysis. No significant differences were found for burstiness parameters or for the dominant oscillation frequency (mean � SEM;
Wilcoxon’s signed rank test before and after systemic application of VPA).

Table 5. Kindling parameters and effect of valproate in good and poor valproate responders

Parameter Poor responders Good responders p

Kindling development
Initial ADT (�A) 190.6 � 28.6 (110 –590) 159.1 � 23.3 (90 –330) 0.2384
Kindling rate (number of stimulations until stage V) 7.4 � 0.5 (5–12) 7.7 � 0.9 (5–12) 0.8011
Cumulative afterdischarge duration until stage V (sec) 151.9 � 12.2 (52–250) 210.1 � 28.3 (110 –385) 0.1747

Effect of VPA on ADTs in kindled rats
Control ADT (�A) in fully kindled rats 83.3 � 8.3 (39 –145) 55.8 � 6.7 (29 –110)* 0.0246
VPA ADT (% of individual control ADT) 123.3 � 16.2 (25–233) 394.8 � 34.5 (245– 640)*** �0.0001
VPA plasma level (�g/ml) 383.7 � 10.0 (320 – 461) 380.5 � 14.9 (303– 441) 0.7860

For comparison of kindling development and the effect of VPA on ADTs, the group of 27 kindled rats was divided into poor responders (individual ADT increase after 200 mg/kg VPA, i.p., below mean group increase of ADT of 234%; n � 16)
and good responders (individual ADT increase �234%; n � 11). Good and poor responders did not differ in kindling development (Mann–Whitney U test). Good and poor responders significantly differed in the predrug (control) ADT
determined after injection of saline and in the effect of VPA on ADTs (Student’s t test; marked by asterisks). The average VPA concentration was about the same in good and poor responders (Mann–Whitney U test). Data are means � SEM
(range).

Table 6. Lack of correlation between the severity of side effects induced by valproate and the response to valproate in kindled rats

Time after injection of VPA

Ataxia Hypolocomotion/sedation Muscle relaxation Increase in body temperature

r p r p r p r p

10 min �0.1170 0.6234 �0.06195 0.7953 0.2243 0.3418 �0.3991 0.0813
23 min 0.2147 0.3634 �0.1294 0.5865 0.1836 0.4385 �0.04523 0.8498

For evaluation of side effects, individual means of tests starting 10 and 23 min after VPA injection (200 mg/kg, i.p.) were compared with the individual mean effect of VPA on ADTs in kindled rats (n � 20). There was no correlation between
the mean individual severity of ataxia, hypolocomotion/sedation, abdominal muscle tone decrease, or increase in body temperature after VPA injection and the mean individual response to VPA (Spearman’s correlation).
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other words, the more pronounced VPA increased the ADT, the
more pronounced was the VPA-induced regularity of SNr firing.
However, there was no significant correlation between ADT in-
crease and the change of kurtosis by VPA (not illustrated).

Discussion
The main findings of the present study were (1) that good and
poor VPA responders can be selected in kindled rats and (2) that
this good or poor response is neither correlated to VPA plasma
levels nor to VPA-induced side effects, but (3) the anticonvulsant
response is significantly correlated with the ability of VPA to
reduce firing rates of nondopaminergic, presumably GABAergic
SNr neurons and to induce a regular firing pattern of SNr
neurons.

Good and poor anticonvulsant response to VPA
In the phenytoin nonresponder model described by Löscher and
Rundfeldt (1991), kindled female Wistar rats were selected as
responders or nonresponders based on their sensitivity to the
anticonvulsant effect of a repeatedly administered high dose of
phenytoin (75 mg/kg, i.p.). Löscher et al. (1993) showed that, in

80% of phenytoin nonresponders, VPA (200 mg/kg, i.p.) was also
not efficient to increase ADTs. We now successfully selected kin-
dled rats as good and poor responders to VPA. As demonstrated
by our data, this strategy is useful both for better understanding
mechanisms of anticonvulsant action of AEDs and potential
mechanisms of AED resistance.

We assume that poor VPA responders can be considered
difficult-to-treat or pharmacoresistant, because their relatively
weak ADT increase was obtained at a dose (200 mg/kg) that is
associated with severe adverse effects. In other words, it is very
likely that lower, better tolerable doses of VPA would have still
increased ADT in good but not poor responders. Despite com-
parable plasma concentrations, rats responded differently to
VPA, thus excluding differences in elimination rate of VPA as a
cause of the interindividual differences in anticonvulsant re-
sponse. Furthermore, good and poor VPA responders showed
equal severity of VPA-induced side effects, indicating that mech-
anisms contributing to a good versus poor anticonvulsant re-
sponse to VPA are different from those involved in side effects,
and that a good or poor response is not a general characteristic of
the brain.

Similar to phenytoin responders and nonresponders (Löscher
et al., 1993), kindling development was not correlated to the later
response to VPA in fully kindled rats. The only significant differ-
ence in kindling parameters was that the average postkindling
control ADT was lower in good than poor VPA responders. Such
a difference had previously also been observed in phenytoin re-
sponders versus nonresponders (Löscher et al., 1993) and, to-
gether with data from selective breeding of responders and
nonresponders, had added to the hypothesis that the genetic
background of an individual rat determines whether it becomes a
responder or nonresponder to AEDs following the kindling pro-
cess (Ebert and Löscher, 1999).

Good and poor response of SNr neurons to VPA
VPA has been shown to increase GABA synthesis in the SNr,
leading to inhibition of GABAergic projection neurons in this
region (Löscher, 2002). Inhibition of GABAergic nigral neurons
is thought to cause a disinhibition of nigral efferences in the
midbrain and brainstem, which then can mediate anticonvulsant
effects (Depaulis et al., 1994; Nolte et al., 2006; Gale et al., 2008).
It was suggested before that suppression of spontaneous SNr neu-
ronal firing may be one important mechanism through which
VPA exerts its anticonvulsant properties (Kerwin et al., 1980;
Waszczak et al., 1986; Farrant and Webster, 1989; Löscher et al.,
1995; Rohlfs et al., 1996). The present findings using good and
poor VPA responders substantiate this concept.

We previously observed that the efficacy of VPA to reduce SNr
discharge rates was significantly decreased in amygdala-kindled
rats compared with naive controls and concluded a kindling-
induced change of SNr sensitivity to VPA (Gernert et al., 2004).
Amygdala kindling does not induce neurodegeneration in the
SNr (Freichel et al., 2004), but amygdala-kindled rats differ from
nonkindled controls in a reduced activity of the GABA-
synthesizing enzyme GAD (glutamate decarboxylase), reduced
nerve terminal (synaptosomal) GABA concentrations, and re-
duced GABA receptor binding in the SNr (Löscher and Schwark,
1985, 1987). This likely explains that kindled rats are less sensitive
than nonkindled rats to the effects of VPA on the SNr (Gernert et
al., 2004). Accordingly, interindividual differences in the effects
of kindling on GABA neurochemistry in the SNr could be in-
volved in the present findings.

Figure 5. Correlation between the effect of valproate on afterdischarge thresholds in kin-
dled rats and efficacy of valproate on SNr firing rate and pattern. A, The extent of reduction of
discharge rates of SNr neurons by systemic application of VPA was significantly positively cor-
related with the extent of the anticonvulsant efficacy of VPA in kindled rats (n � 7) (i.e., ADT
increase) (Pearson’s correlation; r � 0.8654; p � 0.0119). In other words, the more marked
VPA raised ADTs, the more marked was the reduction in SNr firing rate by VPA. B, High skewness
values reflect irregular firing while a skewness of zero reflects regular firing. The skewness of the
ISIH of SNr firing after systemic application of VPA was significantly negatively correlated with
the extent of the anticonvulsant efficacy of VPA in kindled rats (i.e., ADT increase) (n � 7;
Spearman’s correlation; r � �0.8214; p � 0.0341). In other words, the more marked VPA
raised ADTs, the more marked was VPA able to induce a regular firing pattern (mirrored as
lowered skewness).
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Interestingly, numerous studies showed that the properties of
the SNr to modulate seizure activity are dependent on many
different factors including rat strain (Moshé et al., 1994, 1995;
Velísková et al., 1998, 2001; Gernert and Löscher, 2001; Galano-
poulou et al., 2003; Velísek et al., 2005). Differences in genetic
background are then likely also involved in different pharmaco-
sensitivity of SNr neurons to VPA.

It is noteworthy that the SNr responsiveness to VPA was sig-
nificantly negatively correlated with the postkindling control
ADTs. In other words, the lower the control ADT, the higher was
the SNr responsiveness to VPA. Together with the lower control
ADTs in good responders, it seems that a higher seizure suscep-
tibility of kindled rats entails a better efficacy of VPA (on kindled
ADT as well as on SNr firing rate).

In addition to the effect of VPA on discharge rates, we ob-
served a correlation between the anticonvulsant effect of VPA
and its effect on SNr discharge pattern. The more the individual
ADT in kindled rats was increased by VPA, the more marked was
the ability of VPA to induce a regular SNr firing pattern in the
respective rat. Our findings emphasize the hypothesis that, in the
kindling model, an irregular neuronal discharge pattern reflects a
pathological condition while a regular pattern resembles a phys-
iological or therapeutically treated condition (Gernert et al.,
2004; Kücker et al., 2010).

In the rat kindling model of TLE, kindling-induced network
plasticity distant to the epileptic focus (i.e., in the basal ganglia)
has been shown (Gernert et al., 2004; Nolte et al., 2006; Kücker et
al., 2010). The network hypothesis suggests that “epileptic net-
works” in pharmacoresistant patients differ from those in phar-
macosensitive patients. In our study, differences in kindling
development in individual rats did not correlate with the subse-
quent effect of VPA on ADTs, suggesting that the same kindling
process resulted in individually different kindling-induced net-
work or target changes on the level of the SNr. Further studies
hopefully will elucidate the main factors contributing to individ-
ual differences in VPA-induced suppression of SNr firing.

Alternative explanations for a good or poor response of SNr
neurons to VPA
Because we could only record one SNr neuron per animal to
investigate its response to systemically applied VPA, we cannot be
sure that all SNr neurons of a specific animal respond in the same
manner to VPA. In other words, it is conceivable that some neu-
rons in the SNr do not respond to VPA, independent of its effect
on ADT.

We have previously shown that the estrous cycle does not
affect seizure susceptibility (Wahnschaffe and Löscher, 1992) or
drug effects (Rundfeldt et al., 1990) in the kindling model of
epilepsy. It is therefore rather unlikely that an individually differ-
ent hormonal stage of the rats was responsible for differences in
the response of SNr neurons to VPA.

A comparable vigilance state of the animals during recordings
is important for assessment of individual differences in the re-
sponse of neurons to VPA. Stability of heart rate, blood pressure,
and expired CO2 level and the lack of episodic tachycardia indi-
cated similar vigilance during our electrophysiological record-
ings. It is interesting to note that we previously compared
different anesthetic protocols, including the one used in the pres-
ent study, on their influence on the response of SNr neurons to
VPA (Löscher et al., 1995). In this previous study, we could show
that the VPA-induced percentage decrease of individual baseline
firing rates did not differ between conscious rats and rats in which
the fentanyl/gallamine protocol of the present study was used,

while other protocols, such as the use of chloral hydrate, mark-
edly influenced the response of SNr neurons to VPA. We there-
fore assume that depth of anesthesia is unlikely to explain
differences in the response of SNr neurons to VPA.

Recording sites within the SNr were not correlated with the
efficacy of VPA to reduce neuronal activity. Nevertheless, because
of the low sample size, we cannot completely exclude that the
recording sites within the SNr might have influenced the respon-
siveness to VPA. This is especially noteworthy because previous
studies showed that kindling causes an increased firing rate only
in the posterior part of the SNr and a reduced efficacy of VPA to
lower firing rate only in the anterior SNr of adult female rats
(Gernert et al., 2004). In other studies, therapeutic manipulation
of the anterior rather than the posterior SNr was effective against
flurothyl-induced clonic seizures in adult male rats (Moshé et al.,
1995; Velísková et al., 1998).

Concluding remarks
Our study indicates that the effect of VPA on SNr activity is
critically involved in its anticonvulsant efficacy and represents
the first evidence that pharmacoresistance in a rat model for TLE
is reflected on the level of basal ganglia network activity. The
present evidence of a reflection of anticonvulsant AED responses
on the level of the SNr adds to a better understanding of the
pathophysiology of pharmacoresistant TLE and emphasizes the
role of the basal ganglia as a target structure for new treatment
options.
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Löscher W, Schwark WS (1987) Further evidence for abnormal GABAergic
circuits in amygdala-kindled rats. Brain Res 420:385–390.
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Nolte MW, Löscher W, Gernert M (2006) Pedunculopontine neurons are
involved in network changes in the kindling model of temporal lobe
epilepsy. Neurobiol Dis 23:206 –218.

Paxinos G, Watson C (2007) The rat brain in stereotactic coordinates, Ed 6.
Amsterdam: Academic.
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