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Abstract
Objective: To investigate the effect of generating mechanism on the relationship 
between interictal- like epileptiform discharges (IEDs) and the underlying High 
Frequency Oscillations (HFOs; Ripples, R, and Fast Ripples, FR).
Methods: Synchronous spontaneous IEDs were recorded from the CA1 area of 
hippocampal slices from adult rats, perfused by Mg2+- free ACSF (n = 41slices/14 
animals) or 4- aminopyridine (50 μM, n = 37slices/16 animals); IED filtering re-
vealed Rs and FRs and several metrics were calculated and compared (ampli-
tude, duration, relative onset, time lag, % overlap, peak frequency, peak power, 
FR/R).
Results: Longer IEDs and higher 1st Population Spike (PS) amplitude in Mg2+- 
free ACSF (vs 4- AP; P < .001, P < .001) correlated with longer duration and higher 
amplitude Rs (P < .0001, P = .001) and longer duration FRs (P < .001). In both 
media, Rs and FRs appeared before IED onset with Rs preceding FRs; R-  and FR- 
IED lag (P = .008, P = .01) as well as R- FR lag (P = .04) were significantly longer 
in Mg2+- free ACSF vs in 4- AP. R peak frequency and power were higher in Mg2+- 
free ACSF, while no such differences were observed in FRs. Inter- model differ-
ences were mostly reflected in Rs, not FRs, suggesting that mechanisms unique 
to R generation are more active in Mg2+- free ACSF vs in 4- AP. FRs appeared to 
contribute equally to IEDs irrespective of generating mechanism.
Significance: Several of the metrics used, particularly those regarding the tim-
ing between HFOs and IEDs, appear to correlate with the synchronizing mecha-
nism and we propose that they may be useful when investigating antiepileptic 
substance effects on neuronal network activity.
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1 |  INTRODUCTION

In the adult rodent brain, perfusion with Mg2+- free ACSF 
(i.e., where Mg2+ salts have been omitted) or with a low 
4- AP  concentration  (usually  50 μM)  generate  interictal- 
like discharges (IEDs) which are then used to investigate 
seizure onset, arrest, or propagation as well as the antiepi-
leptic potential of experimental substances. These in vitro 
models  are  often  used  in  parallel,  as  data  obtained  with 
one of them are not predictive of results with the other.

Filtering  electrophysiological  recordings  obtained  in 
vitro has revealed High Frequency Oscillations (HFOs) co-
inciding with IEDs,1– 4 that is, Ripples (Rs, 80– 200 Hz) and 
Fast Ripples (FRs, 200– 600 Hz), which are frequency bands 
obtained also in EEG recordings. HFOs are an integral part 
of normal brain function,5 including memory,5– 7 however, 
specific HFO types have been linked to specific seizure types 
or  discharges.8  Rs  and  FRs  have  been  recorded  in  acute 
and chronic models of epileptogenesis both in vivo and in 
vitro.2,9– 12  Both  increase  in  epileptic  tissue13– 15  and  their 
FR/R ratio increases as well.16 Rs are believed to reflect the 
interaction between pyramidal cells and interneurons.17– 21 
FRs depend on both intrinsic and synaptic neuronal prop-
erties,  are  blocked  by  excitatory  transmission  blockers12 
and they may reflect pathological hypersynchronous pop-
ulation spikes of bursting pyramidal cells.10,12,17 HFOs are 
potential “biomarkers” and recently their participation in 
therapeutic schemes has been considered.22

In  our  previous  work,  we  have  established  that  IED 
changes  do  not  always  coincide  with  parallel  HFO 
changes,  following  lesions  or  substance  perfusion.3,4  In 
this work, we have built upon these findings by focusing 
on HFO timing relative to IEDs and by using several met-
rics, some used for the first- time in vitro experiments. We 
employed  two  perfusion  media,  Mg2+- free  ACSF  and  4- 
AP, to investigate whether the R- FR- IED relationship de-
pends on the synchronizing mechanism in a measurable 
way, which would allow us to recommend the use of these 
metrics  in  in  vitro  experiments,  with  potential  applica-
tions in the investigation of synchronization mechanisms 
or the evaluation of antiepileptic substances. To the best 
of our knowledge, measurements of timing between IEDs 
and HFOs (relative onset, time lag, percent overlap) have 
not been undertaken in vitro to date; a single study mea-
suring R onset relative to spikes has been performed based 
on EEG recordings.23

2 |  MATERIAL AND METHODS

Experiments  were  carried  out  on  30  Wistar  rats,  14  of 
which were used in the Mg2+- free ACSF model and 16 in 
the 4- AP model. The animals were housed at the University 

of Ioannina Animal Facility; they had free access to pellet 
food  and  water  and  were  exposed  to  a  12 h  light/dark 
cycle.  Animal  treatment  and  experimental  procedures 
complied with ARRIVE guidelines and were conducted in 
accordance to the Directive 2010/63/EU of the European 
Parliament  and  of  the  Council  for  animal  experiments; 
they  were  approved  by  the  Prefectural  (Epirus)  Animal 
Care and Use Committee (EL33- BIO01). Throughout this 
protocol, every care was taken to minimize suffering and 
the number of animals used.

Hippocampal  slices  were  prepared  from  adult  male 
animals  aged  3 months  average  (range  of  2– 6 months). 
Animals were decapitated under deep ether anesthesia; 
the brain was quickly removed, and the hippocampi were 
separated. Transverse 500 - μm thick slices were cut from 
the middle third of each hippocampus using a McIlwain 
Tissue  Chopper.  Throughout  the  preparation  process, 
the tissue was hydrated or submerged in cool (4°C), ox-
ygenated  (95% O2/5% CO2) artificial cerebrospinal  fluid 
(ACSF)  of  the  following  composition  (in  mM):  NaCl 
124, KCl 2, KH2PO4 1.25, CaCl2 2, MgSO4 2, NaHCO3 26, 
glucose 10, at pH 7.4; all reagents were purchased from 
Sigma. Slices were then placed in two independent Haas- 
type interface chambers (Haas, Schaerer, and Vosmansky 
1979),  where  they  were  perfused  with  32 ± 1°C  warm, 
oxygenated ACSF containing no added Mg2+ (Mg2+- free 
ACSF,  n  =  41  slices  from  14  animals)  or  alternatively, 
50 μM  4- AP  (n  =  37  slices  from  16  animals)  and  were 
allowed  to  equilibrate  for  at  least  1  h  before  the  onset 
of  recording.  The  volume  of  each  submersion  channel 
was  0.28 mL  and  the  perfusion  rate  was  ~1– 2  mL/min. 
Extracellular  recording  electrodes  (borosilicate  glass, 
filled with 4 M NaCl) were placed in the CA1 hippocam-
pal pyramidal  layer. Signals were amplified  (AxoClamp 
2B or 900A) and stored in a PC using AxoScope software 
(both  from  Molecular  Devices).  After  recording  stabil-
ity was ensured (observation periods of >20 minutes), a 
3– 5 minutes recording was acquired and stored for  fur-
ther analysis, that was conducted offline.

Key Points

•  R duration and amplitude and FR duration cor-
relate to those of IEDs.

•  Time  lags  (R- IED,  FR- IED,  R- FR)  depend  on 
generating mechanism.

•  R contribute more to IEDs following NMDA- R 
activation.

•  FRs contribute equally  to  IEDs  irrespective of 
generating mechanism.
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Stored  recordings  (25 kHz/8  kHz  anti- aliasing  filter) 
were band- pass filtered at the R (80– 200 Hz) and FR (200– 
600 Hz) frequency ranges using a custom script for Spike2, 
which applied a Finite Impulse Response (FIR) band- pass 
digital filter after downsampling the recorded signal by a 
magnitude of 5. A custom FIR filter was created in Python 
for each  frequency band with a  transition gap of 0.5 Hz 
in its upper bound in order to avoid artifacts in the power 
spectra.  Recorded  events  in  the  filtered  waveforms  were 
considered  HFOs  after  a  visual  inspection  revealed  that 
they were comprised of at  least 4 oscillation cycles mea-
sured peak- to- peak.24,25 HFOs were observed to always co-
incide temporally with an IED.

The rates of IED recurrence (Hz) and the amplitude of 
the 1st Population Spike (PS in mV; calculated as the half 
distance of the two positive peaks to the negative peak) were 
measured manually. The time points of onset and arrest of 
IEDs, Rs, and FRs were marked manually. The IED onset 
was defined as the time point where the signal crossed the 
baseline before the first PS and the IED arrest as the time 
point where the signal crossed the baseline after the field 
EPSP. The time points of R and FR onset and arrest were 
defined as the points where the signal crossed the baseline 
before the first and after the last oscillation that was visu-
ally distinguishable from the background noise. This was 
followed by measurements in the time domain, which were 
taken using a custom script for Spike2. These included the 
amplitude and duration of the HFOs, the duration of IEDs, 
the time delay of each band (R, FR) relative to IED onset 
and  to each other,  the  temporal superimposition of  IEDs 
and Rs or FRs, as well as the percentage of events where 
the oscillation with the maximal amplitude of the R pre-
ceded that of  the coinciding FR. The maximal amplitude 
(referred to simply as amplitude from this point) of Rs and 
FRs was defined as the amplitude of the waveform at the 
point of maximal positive deflection from the baseline. The 
positive peak was chosen as the negative peak usually co-
incided with the largest IED population spike, which could 
potentially affect its amplitude A custom script for Spike2 
was also used to take measurements in the frequency do-
main.  The  power  spectrum  of  each  frequency  band  was 
calculated with the use of a Fast Fourier Transform (2048 
points Hamming window). A novel approach was used to 
remove the main hum and other baseline noise from the 
power spectra, without affecting the biological signal being 
measured.  After  the  initial  power  spectrum  was  gener-
ated from the summation of 10 events, a spectral analysis 
of  equal  duration  of  the  inter- event  baseline  signal  was 
generated and subtracted from it. Following this, the peak 
spectral power for each frequency band was measured and 
the FR/R spectral power ratio was calculated. The custom 
scripts for the Spike2 software were written by the author 
KK. A custom FIR filter module for each frequency band 
was written in Python.

Results  are  expressed  as  Mean ± SD.  Each  sample 
group was first tested for normality, using a Kolmogorov– 
Smirnov  normality  test.  Statistical  comparisons  between 
sample groups with a normal distribution and equal vari-
ance were performed using the two- tailed Student's t- test 
for unpaired samples, while the effect size was measured 
using  Cohen's  d  with  95%  confidence  intervals;  In  cases 
where  sample groups were characterized by normal dis-
tributions  but  had  unequal  variances,  the  Welch's  t- test 
was  used  instead.  The  effect  size  for  one- tailed  t- test 
measurements  was  reported  as  95%  confidence  bounds. 
Comparisons of sample groups with a nonnormal distri-
bution were performed using  the nonparametric Mann– 
Whitney  U- test,  while  effect  size  was  measured  using 
Cliff 's  delta  with  95%  confidence  intervals.  All  statistics 
were performed using R in the RStudio integrated devel-
opment  environment  and  Prism  6  (Graphpad  Software 
Inc.).  P  values  >.05  were  considered  nonsignificant  and 
are  not  mentioned;  P  values  reflecting  one- tailed  differ-
ences are marked as “1- t”. Furthermore,  in all Figures P 
values  have  been  replaced  by  stars  as  follows:  *P < .05, 
**P ≤ .01, ***P ≤ .001, ****P ≤ .0001.

3 |  RESULTS

3.1 | IED features

Perfusion with either Mg2+- free ACSF (n = 41 slices/14 an-
imals) or 4- AP (50 μM, n = 37 slices/16 animals) induced 
the appearance of synchronous  interictal- like discharges 
(IEDs)  composed  of  a  positive  field  EPSP  topped  with 
several  Population  Spikes  (PS;  Figure  1A).  Quantitative 
analysis  showed  that  IEDs  in  Mg2+- free  ACSF  IEDs 
had  longer  duration  vs  those  in  4- AP  (P < .001,  Cliff's 
delta  =  −0.698,  95%  CI  [−0.837,  −0.474]),  larger  1st  PS 
(P < .001, Cliff's delta = −0.432, 95% CI [−0.634, −0.175], 
see also Figure 2C), and lower frequency (P < .001, Cliff's 
delta = 0.637, 95% CI [0.43, 0.781]). Results are summa-
rized in the upper section of Table 1.

3.2 | High- frequency oscillation features

Filtering  the  recordings  demonstrated  that  HFOs  in  the  R 
and  FR  frequency  bands  coincided  temporally  with  every 
IED  (Figures  1A,B,  2A).  Their  characteristics  are  summa-
rized in the middle (Rs) and lower (FRs) sections of Table 1. 
Briefly, the mean duration of both Rs and FRs was signifi-
cantly longer in Mg2+- free ACSF vs in 4- AP (P < .001, Cohen's 
d = 1.84, 95% CI [1.35, 2.43] and P < .001, Cohen's d = 1.32, 
95% CI [0.86, 1.86], respectively; Figure 2B). The amplitude 
of  Rs  was  larger  in Mg2+- free ACSF  vs  in 4- AP  (P =  .001, 
Cliff's delta = −0.425, 95% CI [−0.629, −0.167]; Figure 2C).
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Power  spectra  generated  using  a  FFT  indicated  that 
Rs had significantly higher peak frequency (P = .03, one- 
tailed,  Cliff 's  delta  =  −0.256,  95%  CI  [−0.48,  −0.001]) 
and that the power of the R peak frequency was also sig-
nificantly higher (P = .03, Cliff 's delta = −0.288, 95% CI 
[−0.515,  −0.024])  in  Mg2+- free  ACSF,  whereas  for  FRs 
both metrics were similar in the two media.

The  temporal  overlap  between  HFOs  and  IEDs  was 
as  follows.  Rs  (~95%  of  slices)  and  FRs  (~70%  of  slices) 
appeared  before  IED  onset  with  Rs  preceding  FRs,  in 
both media. The amount of time (time lag) by which Rs 
(P  =  .008,  Cohen's  d  =  0.61,  95%  CI  [0.17,1.09])  or  FRs 
(P = .01, Cohen's d = 0.58, 95% CI [0.14,1.06]) preceded 
IEDs, as well as this by which Rs preceded FRs (P = .04, 
one- tailed,  95%  confidence  bound  [−∞,  −1.04 × 10−6]) 
was  significantly  longer  in  Mg2+- free  ACSF  vs  in  4- AP. 
Furthermore,  the  percentage  of  IED  duration  overlap-
ping  with  Rs  was  marginally  longer  in  Mg2+- free  ACSF 
(P = .04, one- tailed, 95% confidence bound [−∞, −0.431]), 
however, the percentage of IED duration overlapping with 
FRs was the same in both media (Table 1).

4 |  DISCUSSION

4.1 | IED differences in the two models

Spontaneous IEDs in Mg2+- free ACSF had significantly longer 
duration, higher amplitude 1st PS, and lower frequency than 
in 4- AP (see also Ref. [26]), presumably reflecting differences 

in  the  respective  network  synchronization  mechanisms  in 
the 2 models. Perfusion with Mg2+- free ACSF generates IEDs 
mainly via NMDA receptor activation,27 although secondary 
mechanisms like the reduction in surface charge screening 
also play a role.28,29 In 4- AP, IEDs are primarily a result of the 
blockade of IA

30,31 and ID
32 K+ currents increasing neuronal 

excitability and transmitter release33,34 and are insensitive to 
NDMA receptor antagonists.33

Apparently,  the  excitation  brought  about  by  direct 
NMDA- R  activation  generates  larger  population  events 
compared to the facilitation of transmitter release induced 
by  4- AP.  These  then  activate  long- lasting  hyperpolarizing 
conductances, which may explain the lower IED frequency 
in  Mg2+- free  ACSF.  Conversely,  hyperpolarizing  conduc-
tances are blocked or diminished in 4- AP, hence the higher 
IED rates there. The variable activation of interneurons in 
the two models35 may also contribute to the observed dif-
ferences. Currents IA and ID (reduced/blocked by 4- AP) are 
present  in  all  interneuron  types,36– 40  so  interneuron  exci-
tation and contribution to network synchronization in 4- AP 
might  be  considered  universal.  By  contrast,  interneuron 
activation in Mg2+- free ACSF is very likely type- specific, as 
NMDAR subunit composition as well as the ratio between 
AMPA and NMDA currents varies in interneuron types,41– 48

4.2 | HFO differences in the two models

The longer IED duration in Mg2+- free ACSF was also 
reflected  in  the  longer  duration  of  both  Rs  and  FRs. 

F I G U R E  1  IEDs, Rs, and FRs generated by perfusion in Mg2+- free ACSF in the time and frequency domains. A, Unfiltered waveforms 
of IEDs (top), with the temporally co- occurring Rs (middle) and FRs (bottom). The waveforms of the HFOs were generated through 
application of a band- pass (R:80– 200 Hz, FR:200– 600 Hz) FIR filter to the original signal, as described in Methods. B, Expanded view of a 
single IED and the superimposed Rs and FRs. The same calibration bars apply for both Rs and FRs. C, Power spectra of Rs (left) and FRs 
(right) generated from n > 10 separated events.
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However,  the  higher  1st  PS  amplitude  of  IEDs  was 
only reflected on the higher R amplitude in the Mg2+- 
free  model,  in  line  to  earlier  findings,  where  IED 
changes  were  associated  to  only  one  band  (R  or  FR) 
changes.3,4

In both models, Rs and FRs were detected earlier than 
the onset of IEDs reflecting the synchronization mecha-
nisms at play before the onset of synchronous discharges 
and indicating that HFOs are a precipitating factor bring-
ing about the epileptiform discharges. A similar finding 
of  Rs  preceding  spikes  has  been  reported  in  an  EEG 
study.23 The sequence of their appearance, Rs appearing 
first followed by FRs (second) and then IEDs (third) was 
the same in the vast majority of recorded events in both 
models, suggesting its independence from the generating 
mechanism. Calculation of the delays between each ac-
tivity type showed that the R- IED and FR- IED lag were 
longer in Mg2+- free ACSF (vs in 4- AP), an indication of 
slower  synchronization,  in  line  to  the  thoughts  men-
tioned earlier about interneuron activation in this model. 
Computation  of  IED  duration  overlapping  with  Rs  or 
FRs showed longer R- IED overlap in Mg2+- free ACSF (vs 

in 4- AP) but similar FR- IED overlap in the two models, 
an observation suggesting that termination mechanisms 
may  depend  on  generating  mechanisms  for  Rs  but  not 
for FRs.

In  the  frequency  domain,  Rs  - but  not  FRs-   had  a 
higher  peak  frequency  characterized  by  higher  peak 
power in Mg2+- free ACSF, indicating their potentiation 
there.  Differences  in  peak  frequency  between  the  two 
models may reflect the different network configurations 
generating  them  in  either  one.49  Mathematical  models 
of  networks  generating  Rs  and  FRs  have  shown  that 
their  peak  frequency  can  be  affected  by  many  factors 
ranging from changes in excitation to inhibition ratio50 
to  differences  in  the  innate  firing  properties  of  pyra-
midal  neurons.49  Finally,  the  FR/R  ratio  that  has  been 
reported  to  increase  in  epileptic  tissue16  did  not  differ 
between the two models.

In conclusion, several R and FR metrics, most applied 
for the first time in models of epileptiform discharges in 
vitro,  demonstrated  that  the  timing  of  HFOs  relative  to 
IEDs can be measurably different reflecting neuronal net-
work  activating  mechanisms. We  therefore  propose  that 

F I G U R E  2  Traces of IEDs and the underlying HFOs and graphic representation of differences in their characteristics. In the box- and- 
whiskers plots, the box extends from the 25th to the 70th percentiles while the whiskers are drawn down to the 10th percentile and up to 
the 90th; dots indicate individual data points; the line in the middle of the box is plotted at the median. A, Low speed records of IEDs and 
the underlying Rs and FRs from two slices, one on the left bathed in ACSF containing 50 μM 4- AP and the other on the right in Mg2+- free 
ACSF. B, IED, R, and FR duration in the two media. The number of slices was n = 37 in 4- AP and n = 41 in Mg2+- free ACSF; stars indicate 
****P < .001. C, R and FR peak amplitude in the two media. Number of slices is as in (B); stars indicate **P = .001. D, R and FR peak power 
in the two media. Number of slices is as in (B); stars indicate *P = .03.
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these metrics may be useful in investigating network acti-
vation in different experimental conditions in vitro and in 
deciphering  the  mechanisms  of  action  and  antiepileptic 
potential of pharmacological substances. Another finding 
of interest is that R generation is more favored in network 
configurations  similar  to  those  created  in  the  Mg2+- free 
ACSF,  thus  making  it  a  more  appropriate  tool  for  their 
study.
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T A B L E  1  Interictal- like discharge (IED), Ripple and Fast Ripple features recorded in CA1 area of hippocampal slices bathed in Mg2+- 
free ACSF or in 4- AP (50 μM)

Mg2+- free ACSF n = 41 
slices/14 animals

4- AP ACSF n = 37 
slices/16 animals P- value*

Effect size (Cohen's 
d, Cliff's δ) 95% CI

IEDs

IED Duration (ms) 92.1 ± 39.5 58.7 ± 18.7 P < .001 δ = −0.698 [−0.837, −0.474]

IED 1st PS 
Amplitude (mV)

13.9 ± 8.1 8.2 ± 6.1 P < .001 δ = −0.432 [−0.634, −0.175]

IED Frequency (Hz) 0.31 ± 0.21 0.53 ± 0.19 P < .001 δ = 0.637 [0.43, 0.781]

Ripples

Duration (ms) 79.0 ± 18.3 49.1 ± 13.28 P < .001 d = 1.84 [1.35, 2.43]

Amplitude (mV) 6.4 ± 3.7 3.8 ± 2.5 P = .001 δ = −0.425 [−0.629, −0.167]

Peak frequency (Hz) 147.7 ± 29.5 133.2 ± 31.9 P = .031−ta δ = −0.256 [−0.48, −0.001]

Peak power (mV2) 0.408 ± 0.444 0.276 ± 0.571 P = .03 δ = −0.288 [−0.515, −0.024]

R leading IEDs, % of 
events

94.7 ± 16.6 95.6 ± 11.2

R- IED lag (ms) 17.9 ± 8.7 13.3 ± 5.9 P = .008 d = 0.61 [0.17, 1.09]

% IED duration 
coinciding with 
Rs

71.0 ± 16.8 64.0 ± 18.1 P = 0.041−ta [−∞, −0.431]

R leading FRs, % of 
slices

87.3 ± 18.2 91.7 ± 13.5

R- FR lag (ms) 12 ± 6.1 10 ± 4.8 P = .041−ta [−∞, 
−1.04 × 10−6]

Fast Ripples

Duration (ms) 53.8 ± 8.8 33.1 ± 19.6 P < .001 d = 1.32 [0.86, 1.86]

Amplitude (mV) 4.4 ± 4.4 3.7 ± 3.8

Peak frequency (Hz) 228.4 ± 27.2 239.7 ± 34.9

Peak power (mV2) 0.134 ± 0.307 0.152 ± 0.456

% IED duration 
coinciding with 
FRs

54.7 ± 19.7 51.5 ± 14.8

FR leading IEDs, % 
of events

72.3 ± 30.9 68.4 ± 34.6

FR- IED lag (ms) 8.9 ± 5.7 6.1 ± 3.7 P = .01 d = 0.58 [0.14, 1.06]

FR/R 0.36 ± 0.47 0.45 ± 0.71
a1−t = one- tailed test (student's t- test or M- W U- test).
*P values >.05 have been omitted.
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