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Abstract 34 

Recent reports in human demonstrate a role of theta-gamma coupling in 35 
memory for spatial episodes and a lack of coupling in people suffering from 36 
temporal lobe epilepsy, but the mechanisms are unknown. Using multisite 37 
silicon probe recordings of epileptic rats engaged in episodic-like object 38 
recognition tasks we sought to evaluate the role of theta-gamma coupling in the 39 
absence of epileptiform activities. Our data reveal a specific association 40 
between theta-gamma (30-60 Hz) coupling at the proximal stratum radiatum of 41 
CA1 and spatial memory deficits. We targeted the microcircuit mechanisms with 42 
a novel approach to identify putative interneuronal types in tetrode recordings 43 
(parvalbumin-basket cells in particular) and validated classification criteria in the 44 
epileptic context with neurochemical identification of intracellularly recorded 45 
cells. In epileptic rats, putative parvalbumin basket cells fired poorly modulated 46 
at the falling theta phase, consistent with weaker inputs from Schaffer 47 
collaterals and attenuated gamma oscillations, as evaluated by theta phase 48 
decomposition of current-source density signals. We propose that theta-gamma 49 
interneuronal rhythmopathies of the temporal lobe are intimately related to 50 
episodic memory dysfunction in this condition. 51 

 52 

 53 

  54 
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Significance statement 55 

Cognitive deficits of temporal lobe epilepsy represent a major co-morbidity of 56 
this disease, but how epileptogenic microcircuits serve cognitive demands 57 
during seizure free periods remain poorly understood. Here, we investigate this 58 
issue using an experimental rat model of temporal lobe epilepsy. Our data link 59 
hippocampal theta phase-specific uncoupling in the slow gamma band with 60 
disruption of episodic-like memory function and microcircuit deficits resulting 61 
from poor oscillatory firing of parvalbumin basket cells. 62 
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Interaction between brain oscillators has revealed as a critical mechanism to 63 
orchestrate synchronization between neuronal circuits (Varela et al. 2001). One 64 
example is theta-gamma coupling, a phenomenon by which the phase of 65 
hippocampal theta (4-12 Hz) modulates the amplitude of gamma activity (30-66 
120 Hz; Canolty et al. 2006). Theta-gamma coupling can be expressed locally 67 
in hippocampal microcircuits (Bragin et al. 1995; Scheffer-Texeira et al. 2012; 68 
Schomburg et al. 2014) and distantly to control interaction with hippocampal 69 
targets such as the prefrontal cortex (Mitchell et al. 2008). It is believed that 70 
theta-nested gamma oscillations provide an efficient code for neuronal 71 
processing on demand (Montgomery and Buzsaki 2007; Mizuseki et al. 2009; 72 
Tort et al. 2009; Colgin et al. 2009; Bieri et al. 2014; Cabral et al. 2014) 73 

In the hippocampus, different gamma generators couple preferentially to distinct 74 
theta phases. Mid gamma (60-90 Hz) operates at the peak of the CA1 75 
hippocampal theta oscillation recorded at the stratum pyramidale (SP; 76 
Schomburg et al. 2014) in coordination with the arrival of entorhinal layer III 77 
temporoammonic inputs into the stratum lacunosum moleculare (SLM; Mizuseki 78 
et al. 2009). An intrahippocampal slow gamma (30-60 Hz) operates at the falling 79 
phase of theta coincident with CA3 Schaffer inputs arriving at the stratum 80 
radiatum (SR; Csicsvari et al. 2003; Lasztoczi and Klausberger 2014). A third 81 
even faster generator (>100 Hz) runs locally at SP during the negative peak of 82 
theta when CA1 pyramidal cells fire maximally (Schomburg et al. 2014; Butler et 83 
al. 2016).  A detailed proximodistal arrangement along the hippocampal axis 84 
from CA3 to subiculum implements entorhinal-hippocampal function (Henriksen 85 
et al. 2010; Bellistri et al. 2013; Schomburg et al. 2014; Laurent et al. 2015).  86 
Presumably, the unique role of hippocampus in episodic memory relies in such 87 
ability to segregate/bind activity from different communication channels while 88 
encoding and retrieving information about events.  89 

Temporal lobe epilepsy (TLE), a disease affecting the hippocampus and 90 
parahippocampal regions, is associated to a range of cognitive co-morbidities, 91 
and episodic memory deficit in particular (Helmstaedter 2002). Although 92 
investigating the mechanisms of epileptogenesis and ictogenesis draw 93 
attention, we still lack integrative theories to understand a range of cognitive co-94 
morbidities affecting this disease. Strikingly, if one considers the ictal dynamics 95 
across the temporal lobe, seizures seize the same microcircuits responsible for 96 
rhythmogenesis, suggesting shared grounds. For instance, dysfunction of 97 
temporoammonic pathway has been related both to seizures (Ang et al. 2006; 98 
Wozny et al. 2005) and to chronic theta rhythmopathies affecting memory 99 
function in TLE (Dugladze et al. 2007; Inostroza et al. 2013; Laurent et al. 100 
2015). Recently, it was suggested a critical role of theta-gamma coupling in 101 
episodic memory formation in healthy people and a lack of in the epileptogenic 102 
hippocampus (Shirvalkar et al. 2010; Lega et al. 2015, 2016). Whether 103 
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microcircuit dysfunction underlying epileptogenesis is related with theta-gamma 104 
rhythmopathies and the associated cognitive deficits remains unknown.  105 

Here, we demonstrate that disruption of theta-gamma coordination in the dorsal 106 
hippocampus of TLE rats is linked to specific aspects of episodic-like memory 107 
deficits in these animals in periods free of seizures or interictal activities. We 108 
elucidated the mechanisms of this phenomenon with a combination of multisite 109 
and single-cell recordings and found that dysfunction of parvalbumin (PV) 110 
basket cells, a resilient interneuronal population in TLE, may be central to this 111 
form of hippocampal rhythmopathy.     112 

Materials and Methods 113 

All experimental protocols and procedures were performed according to the 114 
Spanish legislation (R.D. 1201/2005 and L.32/2007), the European 115 
Communities Council Directives of 1986 (86/609/EEC) and 2003 (2003/65/CE) 116 
for animal research, and were approved by the Ethics Committee of the Instituto 117 
Cajal and the Spanish National Research Council (CSIC).  118 

TLE model 119 

Adult male Wistar rats (180 –200 g) were treated with multiple intraperitoneal 120 
injections of kainate (5 mg/kg) at hourly intervals until they reached status 121 
epilepticus. Diazepam (4 mg/kg) was injected 1 h later to stop convulsions. 122 
Animals received intraperitoneal injections of 2.5 ml 5% dextrose in saline and 123 
their diet was supplemented with fruit and powder milk during the following 2–3 124 
days. After 4-5 days post-status, rats behaved normally and were housed 125 
individually. Some rats were injected with saline instead of kainate and received 126 
treatments similar to epileptic animals. Untreated normal rats completed the 127 
control group, since no differences between them and saline-injected animals 128 
were detected in electrophysiological indices. All quantitative experiments 129 
started 8 weeks after status when rats already exhibited recurrent seizures 130 
being in the chronic phase. Seizures were either observed during animal 131 
handling or recorded electrophysiologically during behavioral tasks. In epileptic 132 
rats, periods of normal-like electrophysiological activity were intermixed with 133 
periods dominated by epileptiform events defined as convulsive or subclinical 134 
seizures and interictal discharges (Inostroza et al., 2013). Only data from 135 
sessions free from any sign of epileptiform activity within 2 hours were 136 
considered for analysis of hippocampal oscillations.  137 

A total of n=18 normal (12 untreated, 6 vehicle-treated) and n=17 epileptic rats 138 
were used in the study.  139 

Chronic electrophysiology  140 

To implant either multisite silicon probes or tetrodes, rats were anesthetized 141 
with isoflurane (1.5–2%) in oxygen (30%) and continuously monitored with an 142 
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oximeter (MouseOx; Starr Life Sciences). Epileptic and saline-treated rats were 143 
implanted 6-7 weeks after treatment to allow for at least one week of recovery 144 
and stabilization before quantitative experiments started. Implantation 145 
coordinates ranged from 3.9 to 6 mm posterior to Bregma and between 2 and 5 146 
mm from midline. Sixteen channels silicon probes (NeuroNexus; 0.3–1.2 Mohm 147 
site impedance; 100 µm resolution; 413 µm2 electrode area), were implanted 148 
either fixed or mounted on an adjustable microdrive (either custom-made or the 149 
nDrive from NeuroNexus). For tetrode recordings, microdrives (VersaDrive, 150 
Axona, UK) with 8 independent screws loaded with tetrodes (13 µm platinum-151 
iridium wires, California Fine Wire Company, USA) were used. All electrodes 152 
were implanted perpendicular to the skull surface. Two screws served as 153 
reference and ground at the occipital region. After surgery, rats received acute 154 
treatment of enrofloxacin 10 mg/kg, methylprednisolone 10 mg/kg and 155 
buprenorphine 0.05 mg/kg. 156 

After recovering, electrophysiological recordings were obtained using a 157 
multichannel amplifier (Dacq system; Axona). LFP signals from multisite silicon 158 
probes were acquired with a 16-channel headstage, amplified by 400 and 159 
stored at 4800 Hz/24-bits precision in a 1–2400 Hz frequency band after analog 160 
filter. Signals from tetrodes were obtained with 32-channel headstages, 161 
amplified (400 to 1000x), band pass filtered (0.3 Hz to 24 KHz, Dacq system, 162 
Axona, UK) and stored at 24 KHz/24-bits precision. In all cases, the rat’s 163 
position in the arena (x,y) was estimated from an infrared LED coupled to the 164 
headstage and imaged from a ceiling camera (100 Hz, 300 pixels/meter).  165 

All electrophysiological recordings began 3-7 days after surgery when animals 166 
had already recovered. For multisite probes, we checked that indices of theta 167 
power and coherence between layers were stable (<10% variability) over 168 
consecutive days for a given animal before starting experiments. In animals 169 
carrying microdrives, the position of the silicon probe was adjusted in depth to 170 
target similar layers over different days. For tetrodes, a screening was 171 
performed to check for the ability to record units and to infer the electrode 172 
position by lowering each tetrode independently towards the hippocampus. 173 
Every day, single tetrodes were advanced individually till unit firing and 174 
recognizable hippocampal activities (sharp-wave ripples, high amplitude theta) 175 
were identified. Recordings were obtained daily from Monday to Friday between 176 
2 and 7 pm over 1–3 weeks while the animals performed different cognitive 177 
tasks.  178 

We implanted silicon probes in n=10 control (4 untreated; 6 vehicle-treated) and 179 
n=10 epileptic rats. After completing experiments, some of these rats were 180 
recorded in the dead condition (after overdose of anesthesia) with the silicon 181 
probe in place before fixation, to evaluate aspects of the 1/f spectral behavior 182 
(n=2 untreated control, n=2 epileptic). For tetrode recordings, n=3 control 183 
(untreated) and n=3 epileptic rats were used. 184 



 

7 
 

 185 

Object recognition tasks 186 

We used the ‘what-where-when’ paradigm of object recognition tasks to test for 187 
episodic-like memory in TLE rats (Inostroza et al. 2013). The test apparatus 188 
consisted of a square open field (80x80x50 cm) situated in an evenly 189 
illuminated room (15 lx) with ambient noise masked by white-noise and several 190 
cues visible on the surrounding walls. Animal behavior was monitored with a 191 
video camera, and exploration was analyzed offline either with Ethovision 192 
(v1.90, Noldus IT) or by routines written in Matlab. Odor cues were removed 193 
after each trial with 0.1 % acetic acid. Before the task, animals were habituated 194 
over 3-4 days to open field exploration and LFP recordings, to get them familiar 195 
with the tethered system.  196 

During the task, animals encountered four copies of an object during a first 197 
sample phase (old familiar objects A, 3 min duration). Objects were chosen 198 
after confirming no specific preferences and were big enough to avoid climbing 199 
or dropping (10-15 cm tall, 8-10 cm base). A second sample phase (3 min 200 
duration) followed 50 min after, in which rats found four copies of another object 201 
(recent familiar objects B, see scheme in Fig.4a). The second objects occupied 202 
either a new location or the same location than objects seen before. The test 203 
phase (3 min duration, 50 min after) consisted in exposing rats to 2 old and 2 204 
recently familiar objects seen in the previous sampling phases. During the inter-205 
trial period (50 min) animals were left in a home cage to which they were 206 
previously habituated. Rats entered the arena from a fixed position, randomized 207 
between animals. 208 

Control rats exhibited strong exploratory preference for the old familiar 209 
stationary object (A1), presumably reflecting a temporal component of episodic-210 
like memory, and for the recent familiar displaced object (B2), reflecting spatial 211 
memory for events (Kart-Teke et al. 2006). The ‘’what-where-when’ task, 212 
together with the ‘what-where-which’ (Eacott and Easton 2010) and other 213 
single-trial object recognition tasks (Ennanceur and Delacour 1988) are 214 
considered valid cognitive tests to evaluate episodic-like memory abilities in 215 
rodents. Electroencephalographic recordings were obtained continuously during 216 
the different phases of the task to ensure epileptiform activities were identified. 217 

To quantify performance in the task, a discrimination index was estimated for 218 
every object by dividing the time spent at each object by the total exploratory 219 
time and tested against chance level (0.25; one-sample t-test). We also defined 220 
an index of the spatial memory component (‘Where’ index) as the proportion of 221 
time spent exploring the displaced object B2 against the other stationary object 222 
seen in sample phase 2 divided by the total time spent with them two (Inostroza 223 
et al. 2013; see scheme in Fig.4a). Similarly, an index of the temporal memory 224 
component (‘When’ index) was defined as the proportion of time spent exploring 225 
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the old stationary object A1 seen in sample phase 1 against the recent 226 
stationary object seen in sample phase 2 divided by the time spent exploring 227 
them together (see Inostroza et al. 2013 for details). For these indices, a value 228 
of zero indicates no preference (chance level). 229 

We also used a one-sample object recognition task to test for spatial recognition 230 
memory (‘where’) independently (Ennanceur and Delacour 2010; Inostroza et 231 
al. 2013). In this task, two identical objects were used in the sample phase (3 232 
min). The rat exploratory preference for a displaced object was tested in a test 233 
phase (3 min duration) 50 or 100 min after. Animals entered the arena 234 
allocentrically between phases. A discrimination index was calculated as the 235 
ratio between the time spent with the displaced object and the total exploratory 236 
time.  237 

For these experiments, n=6 control (4 untreated, 2 vehicle-treated) and n=6 238 
epileptic rats implanted with silicon probes were tested in the ‘what-where-239 
when’ task. We also tested n=4 (2 untreated, 2 vehicle-treated) and n=4 240 
epileptic rats in the one sample ‘where’ task. Two epileptic rats and one control 241 
rat were tested in both tasks. In addition, for rats implanted with tetrodes, we 242 
ran the ‘what-where-when’ task in n=1 control (untreated) and n=1 epileptic rat 243 
and the ‘where’ task in n=2 control (untreated) and n=2 epileptic rats. 244 
Remarkably, all these epileptic rats were free of epileptiform activities within 2 245 
hours of the tasks. In 4 epileptic rats, seizures and/or interictal activities were 246 
recorded during the ‘what-where-when’ task and they were analyzed separately. 247 
In 3 of these animals, episodic-like memory was re-tested on a different day in 248 
the absence of any sign of epileptiform activities.  All memory tasks were 249 
performed at equivalent time of the day. 250 

Open field exploration and pellet chasing tasks  251 

We used sessions of free exploration of different arenas without objects (50x25 252 
cm, 50x50 cm and 80x80 cm; all 50 cm tall) to screen hippocampal layers and 253 
units. These sessions were intermixed with the object recognition tasks, either 254 
as habituation sessions for the task itself or as independent screening sessions. 255 
After completing object recognition tasks, we ran standard pellet chasing 256 
sessions to improve unit sampling from tetrodes and to eventually establish 257 
their place cell behavior. To this purpose, rats implanted with tetrodes were 258 
food-deprived up to 85-90% of their original weight. Initially, animals were let to 259 
explore freely the open field during 3-5 minutes. During each session (10-15 260 
min), small pellets of food dropped in every 20 s to random locations within the 261 
open field, keeping the animal in continuous locomotion and allowing a full 262 
sampling of the arena. Electroencephalographic recordings were obtained 263 
continuously during free exploratory and pellet chasing sessions. 264 
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All rats implanted with tetrodes were tested with these tasks (n=3 untreated 265 
control, n=3 epileptic). Some rats implanted with silicon probes were tested with 266 
pellet chasing but data are not discussed (n=1 untreated control, n=1 epileptic). 267 

Spectral analysis  268 

Signals were analyzed using routines written in Matlab (Mathworks v.10b) 269 
and/or Octave (www.octave.org v.3.6.4). One session (300 sec) free of artifacts 270 
(mostly due to interactions between headstage and objects during rat’s 271 
exploration) and with > 14 functional channels spanning around SR and SLM 272 
were selected from analysis of multisite LFPs from each animal. CSD signals 273 
were calculated using the second spatial derivative of LFPs at 100 µm 274 
resolution. Smoothing and defective site interpolation was used for visualization 275 
purposes only. CSD signals from the SP layer could not be consistently 276 
evaluated since they were typically sampled by the first or none recording 277 
channel. LFP signals from tetrodes were analyzed similarly.  278 

Data segments (1 sec, non-overlapping) with continuous theta were identified 279 
from different recording sessions (300 sec each) using spectral criteria as 280 
previously described (Laurent et al. 2015). Control and epileptic animals 281 
expended similar time exploring objects and the open field, resulting in 282 
comparable epochs of exploratory theta activity (see Fig.5 in Inostroza et al. 283 
2013). For analysis of the entire frequency band (1-2400 Hz), a Hamming 284 
window and the Fast Fourier Transform (FFT) at 1 Hz resolution were used. For 285 
analysis of gamma activity, spectral power was estimated from the 5-Hz-step 286 
FFT from 30 to 250 Hz. Contribution of 50 Hz and harmonics was filtered out 287 
and data between the filter limits interpolated. To overcome the effect of decay 288 
across gamma bands, power spectra were detrended (see Fig.1), similarly to 289 
pre-whitening but without fitting to an autoregressive model that may be either 290 
too rigid to capture the multi-component 1/f or too flexible in removing part of 291 
the spectral structure. We found roughly similar mean spectral indices across 292 
different exploratory sessions (habituation, open field, sample and test phases 293 
of object exploration) for each rat, suggesting they capture basal spectral 294 
features of hippocampal microcircuits (Inostroza et al. 2013). For visualization of 295 
the full gamma band across layers (Fig.2c) power spectra were estimated with a 296 
Gabor wavelet. 297 

The positive peak of theta waves at SP was used as a reference to study theta-298 
gamma modulation using phase decomposition approaches (Schomburg et al. 299 
2014). To estimate theta peaks accurately we took advantage of stronger theta 300 
oscillations at SLM in multisite recordings. Thus, we first filtered LFP signals 301 
from SLM between 4-12 Hz to detect negative theta peaks, which were then 302 
realigned using the 1-100 Hz (50 Hz excluded) filtered signal. We next identified 303 
the associated positive theta peak at SP whenever the time lapse between two 304 
successive troughs corresponded to an instantaneous frequency in the 6-10 Hz 305 
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frequency range. Realignment using the wider band filtered signal was critical to 306 
avoid differences of theta wave asymmetry between groups confounding the 307 
analysis of theta-gamma interaction. In 3 rats where the SP layer was not 308 
sampled the theta peak was inferred by extrapolation cycle by cycle (see phase 309 
reversal curve in Fig.2B). The accuracy of this approach was confirmed in rats 310 
with SP recordings (estimated phase error at SP: -0.86 ± 0.76º). Tetrode data 311 
was analyzed similarly but only theta peaks were detected at the cell body 312 
layer. Theta peaks and troughs were defined as one peak between two 313 
successive previously detected troughs and one trough between two 314 
successive previously detected peaks, respectively. Filtering and peak/trough 315 
detection was performed with a sliding window (1 sec, 50 % overlap). The 316 
timestamps of peaks and troughs were matched to define a single time series 317 
for the entire session. For each theta cycle, a peak-centered segment was 318 
defined with duration equal to 2.2 times the average cycle duration in the 319 
session. This allowed accounting for slight difference of theta frequency 320 
between rats and groups (Inostroza et al. 2013). 321 

To evaluate theta-phase coupling of gamma activity the following phases were 322 
defined with respect to the theta peak at SP: -2π, - 3/2π, -π, -π/2, 0, π/2, π, 3/2π, 323 
2π. Phase segments were defined based on the average cycle duration. The 324 
FFT was calculated for each phase segment, and detrended in each session 325 
considering all the available segments. The need for detrending led us to make 326 
use of these detrended Fourier coefficients instead of other phase-amplitude 327 
measurements (Canolty et al., 2006). Data from the first and last phases were 328 
discarded to avoid border effects. Detrended gamma power was estimated from 329 
phase segments in various frequency ranges: γs=30-60 Hz, γm=60-90 Hz and 330 
γf=90-140 Hz, corresponding roughly to the slow, mid and fast gamma ranges 331 
previously validated by source separation with independent component analysis 332 
(Schomburg et al. 2014).  333 

A modulation index was defined for each gamma band by estimating the 334 
difference between the maximal and the minimal gamma power modulated 335 
across the theta cycle using data from -π to π. To test the modulation index 336 
statistically we chose a conservative surrogate design that destroy phase-337 
specific gamma coupling while preserving unspecific non-stationarities of the 338 
original data. In preliminary tests we noted that phase segment shuffling 339 
resulted in equalized gamma activity across theta. To avoid this effect, we cut 340 
the 13 phase segments at random points and exchanged the resulting two 341 
phase vectors along 5000 realizations thus preserving the original non-342 
stationarities (Canolty et al. 2006). In multisite recordings gamma modulation 343 
indices were evaluated for each layer separately both from LFP and CSD 344 
signals. In tetrode recordings, the modulation index from each tetrode was 345 
estimated as the mean modulation index calculated from the less multi-unit 346 
contaminated wire over different sessions. 347 
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Unit isolation  348 

Single units were isolated from tetrode recordings using cluster cutting 349 
techniques (OFS, PlexonInc and Klustakwik v1.6). Initial discrimination of 350 
clusters and manual refinement was performed using principal components, 351 
spike amplitude and other parameters. To verify cluster quality isolation the 352 
probability of cluster overlapping was calculated as described before (Hill et al. 353 
2011). Spike trains were analyzed by generating interval time histograms and 354 
temporal autocorrelograms (± 0.025 sec). Only units with >100 spikes, none of 355 
them in the refractory period of the inter-spike time histogram (1-2 ms), and with 356 
spike amplitudes 3-4 times above background noise, typically 20-30 µV, were 357 
included.  Putative pyramidal cells and interneurons were differentiated 358 
following our previous criteria (Bellistri et al., 2013), including trough-to-peak 359 
duration of the non-filtered spike (automatic classification threshold at 0.4 ms), 360 
an asymmetry index (0.4; Bellistri et al. 2013) and the first moment of the 361 
autocorrelograms (autocorrelation peak classification threshold at 10 ms; 362 
Csicsvari et al. 1999). The firing rate was not used as a classificatory criterion 363 
given large variability, especially between interneuronal types and states 364 
(Lapray et al. 2012; Katona et al. 2014). The initial automatic classification was 365 
refined in some units based on a holistic evaluation of their activity with 366 
additional criteria (recording depth as judged from sharp-wave-ripples and 367 
phase-locking to theta, see below). Units that could not be clearly separated 368 
were left unclassified.  369 

Unit phase-locked firing and rhythmicity analysis 370 

We evaluated theta phase-locking behavior of unit firing by using phase 371 
histograms of spike timing around theta peaks recorded at SP. Phase 372 
histograms were represented as firing probability from -2π to 2π by dividing 373 
each phase bin (8.7º bin size) by the total number of spikes. Phase-locking was 374 
quantified using the mean vector length of phase distribution which is a 375 
measure of phase consistency between spikes and LFP from 0 to 1. A minimum 376 
of 1000 spikes were required to estimate this measure accurately. 377 

To evaluate theta rhythmicity of unit firing, we estimated the power spectrum of 378 
the autocorrelogram built at ± 0.5 sec windows (1 msec bin size). A theta 379 
autocorrelation index was defined from the normalized area in the 4-12 Hz 380 
band. We also evaluated gamma rhythmicity similarly, by computing the power 381 
spectrum of autocorrelograms in the 40-90 Hz band to define a gamma 382 
autocorrelation index.  383 

Simulation of theta phase-locked firing 384 

We ran simulations of theta modulated firing to evaluate the sensitivity of 385 
indices of theta phase-locking, i.e. the phase vector length and autocorrelation 386 
index. Spikes (2000-2500 spikes in a 300 sec window) with different degree of 387 
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phase-locking to a sinusoidal theta wave (8-9 Hz) were used. We evaluated the 388 
effect of mean firing rate reduction in the synthetic time series by randomly 389 
deleting a fixed proportion of individual spikes every run (100 simulation runs). 390 
The large number of spikes (>1500) used ensures poor effect of spike counts 391 
on measures. Phase and autocorrelogram distribution histograms similar to 392 
those used for unit data were computed for each simulation run. The mean ± 393 
95% confidence interval value of the phase vector length and autocorrelation 394 
index was reported. 395 

Interneuronal type classification  396 

We exploited cell-type specific features of firing dynamics that were previously 397 
described for neurochemically identified hippocampal GABAergic interneurons 398 
to sub-classify putative interneurons from tetrode recordings (Somogyi and 399 
Klausberger 2005). Theta phase preference and firing during sharp-wave 400 
ripples (SPW-ripple) were used as classificatory criteria (Czurko et al. 2011; 401 
Diba et al. 2014). The preferred theta phase of each unit was transformed in 4 402 
categories according to whether the unit fired maximally (mean ± SD) at the 403 
peak (±0.43 radians, 25º), the trough (from ±1.8 to ±3.14 radians, 103-180º), the 404 
descending (0.61-1.8 radians, 35-103º included) or the ascending phase (0.61-405 
1.8 radians, 35-103º included) of theta cycles recorded at SP. Firing during 406 
SPW-ripples were quantified as the ratio between the basal firing rate (from 200 407 
to 100 ms before the SPW event) and mean firing around the ripple peak (±50 408 
ms) using 1 ms bin peri-event smoothed (boxcar 3 points) histograms. SPW-409 
ripple events (>10 per unit) were identified in tetrode recordings using standard 410 
semi-automatic approaches applied to filtered signals (100-600 Hz) as 411 
previously reported (Valero et al. 2015). Significance of the SPW-ripple ratio 412 
was tested against 1 for each unit using a one sample t-test (p<0.05). We also 413 
exploited the behavior-dependent specialization of identified interneurons to 414 
sub-classify them according to their firing dynamics during run/stop transitions 415 
(Lapray et al. 2012; Katona et al. 2014). To this purpose, we identify transitions 416 
between running and immobility periods using the tracking signal (>10) and 417 
estimated a Run/Stop ratio by calculating the mean firing rate around the 418 
transition period (± 0.5 sec) from 5 ms bin histograms smoothed with boxcar 419 
averaging (3 points). Significance of the Run/Stop ratio was tested against 1 for 420 
each unit using one sample t-test similar as before. 421 

Putative GABAergic interneurons were sub-classified as PV- and CCK-basket 422 
cells, OLM and bistratified interneurons based on the following criteria: 423 

− PV-basket cells fired in the descending phase of theta, had SPW ripple ratios 424 
significantly >1 and Run/Stop ratios significantly >1 (Somogyi and 425 
Klausberger 2005; Lapray et al. 2012) 426 

− CCK-basket cells fired at the theta peak and did not consistently participate 427 
of SPW-ripples (one sample t-test not significant) (Somogyi and Klausberger 428 
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2005). Their behavior at run/stop transitions is not reported and no criterion 429 
was adopted. 430 

− OLM interneurons fired at the theta trough, had SPW-ripple ratios 431 
significantly <1 and did not significantly modulate firing during run/stop 432 
transitions (Run/Stop ratios not significantly different than 1) (Somogyi and 433 
Klausberger 2005; Katona et al. 2014)  434 

− Bistratified interneurons fired at the trough of theta, had SPW ripple ratios 435 
significantly >1 and Run/Stop ratios <1 (Somogyi and Klausberger 2005; 436 
Katona et al. 2014) 437 

Interneurons that did not meet these criteria were not sub-classified. 438 
Classification was performed manually based on the quantitative criteria 439 
described above.  440 

To validate some of these classification criteria in the TLE context we obtained 441 
intracellular recordings in urethane anesthetized normal and epileptic rats (1.2 442 
g/Kg), as previously reported (Valero et al. 2015). Briefly, anesthetized rats 443 
were fastened to stereotaxic frame and body temperature kept constant at 37º. 444 
A 16-channel silicon probe (NeuroNexus; 100 µm resolution) was used to 445 
record LFPs from different hippocampal layers. Cells were targeted at the 446 
dorsal CA1 with sharp pipettes (1.5 mm/0.86 mm outer/inner diameter, 447 
borosilicate glass; A-M Systems, Inc) filled with 1.5 M potassium acetate and 448 
2% Neurobiotin (Vector Labs, Inc) for subsequent histological verification. 449 
Recorded interneurons (as judged by their electrophysiological features) were 450 
successfully recovered for histological studies, including immunostaining 451 
analysis in n=5 control (untreated) and n=4 epileptic rats.  452 

Tissue processing and immunohistochemistry 453 

After completing recordings rats were transcardially perfused with 4% 454 
paraformaldehyde (PFA) and 15% saturated picric acid in 0.1 M, pH 7.4 455 
phosphate buffered saline (PBS). Brains were postfixed overnight at room 456 
temperature (RT), washed in PBS and serially cut in 70 µm coronal sections 457 
(Leica VT 1000S vibratome). Sections containing the probe and tetrode tracks 458 
were identified with a stereomicroscope (S8APO, Leica). Sections containing 459 
Neurobiotin-labeled cells were localized by incubating them in 1:400 Alexa 460 
Fluor488-conjugated streptavidin (Jackson ImmunoResearch 016-540-084) with 461 
0.5% Triton X-100 in PBS (PBS-Tx) for 2 hours. Sections were analyzed in an 462 
inverted epifluorescence microscope (Leica, DMI6000B). Those containing the 463 
recorded soma were selected for immunofluorescence characterization. 464 

For immunohistochemistry, we used a battery of antibodies including 465 
monoclonal anti-NeuN (1:1000, Bachem MAB377), polyclonal anti-netrinG1 466 
(1:10) and anti-netrinG2 (1:100; both gift of S.Itohara), polyclonal rabbit anti-467 
PCP4 (1:300, Sigma HPA005792), monoclonal mouse anti-PV (1:4000, Swant 468 
PV-235) and polyclonal rabbit anti-somatostatin-14 (1:2000, Peninsula T4103). 469 
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Some sections were also stained with bisbenzimide or a Nissl reaction with 470 
toluidine blue. Immunostaining was performed on floating sections using either 471 
the biotin-avidin-peroxidase method or fluorescent secondary antibodies.  472 

For silicon probe recordings, NeuN and netrins G1 and G2 were used to identify 473 
electrode tracks across layers and regions (Laurent et al. 2015). For tetrodes, 474 
we used NeuN for similar purposes and PCP4 to delineate the limits between 475 
CA1 and CA2 regions (Valero et al. 2015). The approximate coordinates of all 476 
electrode tracks were inferred from the Paxinos atlas using typical anatomical 477 
landmarks. We assigned each electrode track as proximal (close to CA2) or 478 
distal (close to the subiculum) in the CA1 region, as previously described 479 
(Laurent et al. 2015; see also Fig.2D). In tetrode recordings, tracks were 480 
followed along the dorsoventral axis to identify the deepest targeted region. 481 
Tracks that did not penetrate the hippocampus were discarded, independent on 482 
whether theta phase-locked units were detected.  483 

The identity of intracellularly recorded cells was confirmed by co-localization of 484 
different neurochemical markers and streptavidin. Sections containing the 485 
somata of the recorded cell were immunostained against PV and somatostatin 486 
overnight followed by incubation for 2 hours at RT with appropriate secondary 487 
antibodies including goat anti-rabbit Alexa Fluor633 (1:500, Molecular Probes, 488 
A21070), and goat anti-mouse Rhodamine Red (1:200, Jackson Immuno-489 
Research, 115-295-003) in PBS-Tx-1%FBS. Streptavidin-positive recorded cells 490 
were identified using a confocal microscope (Leica SP5 with LAS AF software 491 
v2.6.0 build 7266) as previously described (Valero et al. 2015). 492 

Statistical analysis 493 

Statistical analysis was performed either with the SPSS software (IBM corp) or 494 
with Matlab. No statistical methods were used to predetermine sample sizes, 495 
but they were similar to those reported previously (Inostroza et al. 2013; Laurent 496 
et al. 2015).  497 

Normality was confirmed for spectral indices (either directly or after logarithmic 498 
transformation) using the Kolmogorov–Smirnov test. Homoscedasticity was 499 
tested using the Levene test. Gamma power values from each band (either 500 
detrended or in absolute values) were analyzed with ANOVAs of various factors 501 
(group, gamma band and recording location along the proximodistal axis). To 502 
quantify theta-gamma modulation power measurements estimated from LFP 503 
and CSD signals from each gamma band were compared between groups, 504 
layers and location for a given band, and between bands and groups from 505 
different layers and phases. Theta phases were restricted to the 4 central 506 
phases around the peak recorded at SP (the central one, one before and two 507 
after), to include only one theta cycle into the analysis. Comparisons between 508 
groups and proximodistal location were evaluated using Welch’s t-tests. 509 
Correlation between electrophysiological indices or spectral and behavioral 510 
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indices was evaluated with the Pearson product-moment correlation coefficient, 511 
which was tested against 0 (i.e. no correlation was the null hypothesis) at 512 
p<0.05 (two-sided). Both the Pearson coefficient and p value are reported to 513 
facilitate interpretation. 514 

Normality and homoscedasticity (Levene test) was not confirmed for firing rate 515 
and theta-phase preference data of units sorted from tetrodes. They were 516 
analyzed with the Bartlett’s test for variance, and posteriorly compared with 517 
Welch’s t-tests. Rayleigh circular statistics, equivalent to t-test, was used to 518 
characterize phase-locking behavior whenever required. The phase-locking 519 
vector length and theta and gamma autocorrelation indices from units were 520 
analyzed with ANOVA for groups and recording locations, after confirming 521 
normality.  522 

Results are represented as mean ± SD for indices meeting the normality test. 523 
Results are represented as whisker-box plots or as mean ± SD with individual 524 
points when normality distribution was not confirmed. 525 

 526 

Results  527 

Contrasting wide-band differences of CA1 gamma oscillations  528 

To examine layer-specific theta-gamma coupling we used 16-channel silicon 529 
probes to record LFPs from rats engaged in object recognition tasks that tested 530 
for the spatial and temporal aspects of episodic-like memory (Methods; 531 
Inostroza et al. 2013). To meet methodological constraints required for 532 
estimation of current source density signals (CSDs, Methods), we used data 533 
from either the sample or the test sessions as we found similar LFP spectral 534 
indices (r-Pearson>0.7, p<0.01 for between-session comparisons; Inostroza et 535 
al. 2013). Seizures and epileptiform activities were not recorded during these 536 
sessions. A total of n=10 normal and n=8 epileptic rats met these requirements. 537 

We first noted that the typical 1/fn trend of the LFP power spectrum complicated 538 
examination of the full range of gamma activity from 30 to 150 Hz in different 539 
layers (Fig.1a; only data from SLM are shown). Different frequency bands did 540 
not follow similar scale laws, in contrast to the case when no biological activity 541 
was recorded (dead condition; Fig.1a). The n-factor that better fitted the 1/f 542 
power law was band-dependent at each layer (Fig.1b data from SLM; one-way 543 
ANOVA for 4 bands in control: F(3,36)=52 p<0.0001; and epileptic: F(3,28)=61, 544 
p<0.0001), possibly reflecting that distinct gamma generators contribute 545 
unevenly to scale-free dynamics across different layers (He et al., 2014). More 546 
importantly, differences between groups were found for the n-factor that better 547 
fitted the 150-500 Hz band (Fig.1b; Student’s t-test, p=0.0245). Overall, the 548 
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absolute power poorly accounted for group differences across gamma bands 549 
(Fig.1c), as we reported before (Inostroza et al. 2013). 550 

To overcome these limitations, we estimated the n-factor between 30 and 210 551 
Hz to detrend power spectra accordingly at different layers. Removing the linear 552 
trend facilitated identification of spectral differences between groups along 553 
bands (Fig.1d for SLM), including the typical gamma bands being identified 554 
before: the slow (γs; 30-60 Hz), mid (γm; 60-90 Hz) and fast gamma (γf; 90-140 555 
Hz; Schomburg et al. 2014). We therefore adopted this approach to quantify 556 
gamma oscillations between groups. 557 

 558 

Layer-specific gamma activity distribution in normal and epileptic rats 559 

Theta-gamma dynamics in TLE rats (Fig.2a) was similar to that described in 560 
normal animals (not shown; Scheffer-Teixeira et al. 2012; Schomburg et al. 561 
2014). Short runs of slow gamma waves (30-60 Hz) were typically seen during 562 
the descending theta phase at SP (Fig.2a, black arrowheads) while runs of 60-563 
90 Hz (mid gamma) tended to occur at the theta peak (gray arrowheads). 564 
Importantly, the contribution of slow and mid gamma varied dynamically on a 565 
cycle-by-cycle basis, possibly reflecting independent activity at different input 566 
streams. Given similar phase distribution of theta cycles between groups 567 
(Fig.2b), we aimed to look for differences of theta-gamma modulation in TLE 568 
using detrended power spectra. 569 

Examination of the distribution of LFP gamma activity across layers showed a 570 
typical laminar profile both in control and epileptic rats (Fig.2c). Broad-band 571 
gamma dominated at hilar regions, while different contribution from slow to fast 572 
gamma was found at SR and SLM. Given the strong proximodistal organization 573 
of theta and gamma in the hippocampus (Schomburg et al. 2014; Laurent et al. 574 
2015) we chose to evaluate quantitatively the contribution of different gamma 575 
bands across proximal and distal CA1 layers (Fig.2d; proximal: n=5 control, n=4 576 
epileptic; distal: n=5 control, n=4 epileptic).  577 

For LFP signals, we found effect for group only at the fast gamma band in SP 578 
(two-way ANOVA for groups and location, F(1,11)=25,1; p=0.0004; in 3 rats the 579 
SP was not sampled) and a not significant trend in SR (F(1,14)=4.1, p=0.063; 580 
Fig.2e; no proximodistal effect, no interaction). Post hoc Bonferroni corrected 581 
Welch’s t-tests suggested increased fast gamma activity in epileptic rats both at 582 
proximal and distal locations (Fig.2e). We also detected group and 583 
proximodistal effects on mid gamma at SLM (group: F(1,14)=5.9, p=0.0293; 584 
proximodistal: F(1,14)=15.5, p=0.0015; interaction p=0.0067) but these were 585 
associated with a decreased gamma power at proximal locations instead 586 
(Fig.2e). Importantly, only this decreased mid gamma survived in CSD signals 587 
of control and epileptic rats (F(1,14)=4.8, p=0.0451 for groups, no proximodistal 588 
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effects but significant interaction at p=0.0013), suggesting that increased fast 589 
gamma activity at SP may be contaminated by neuronal firing (Ray and 590 
Maunsell 2011). No speed or exploratory differences accounted for these 591 
effects. Thus, given potential differences of 1/f between groups for >150 Hz and 592 
discrimination issues affecting separation of gamma from the firing spectral 593 
leakage, we chose to adopt techniques that better distinguish the contribution of 594 
different gamma CSD generators across theta phases (Schomburg et al. 2014). 595 

Layer-specific disruption of proximal CA1 slow gamma in TLE rats 596 

To dissect the contribution of different gamma generators from high frequency 597 
spectral leakage we exploited their theta phase and layer specificity validated 598 
before with source separation techniques (Schomburg et al. 2014). Different 599 
gamma bands segregated across layers and theta phases referenced against 600 
SP. In control rats, the power of slow gamma was higher during the falling 601 
phase especially at SR for both LFP and CSD signals (Fig.3a). Instead, the mid 602 
gamma band was stronger at SLM during the theta peak. CSD signals at SR 603 
and SLM clearly separated these two gamma generators consistently with 604 
Schaffer- and temporoammonic-associated sinks observed in CSD plots 605 
(Fig.3a, arrows and gray arrowheads). As previously reported (Schomburg et al. 606 
2014), these two gamma bands can be phase-segregated in LFP recordings at 607 
SP (Fig.3a, top left SP channel), which facilitate their identification with tetrodes. 608 
The phase of fast gamma activity (90-140 Hz) was tightly associated to multi-609 
unit activity (MUA) making difficult their examination (Fig.3a, black arrowhead at 610 
SP). 611 

In epileptic rats, we found roughly similar phase segregation of mid gamma at 612 
SLM both in LFP and CSD signals (Fig.3b). However, in contrast to control rats 613 
the slow gamma was attenuated at the SR (Fig.3b, white arrowhead), 614 
consistent with smaller Schaffer-associated CSD sinks at the SR of epileptic 615 
rats (p=0.0467; Fig.3b, gray arrowheads). The fast gamma band could not be 616 
reliably isolated from MUA (Fig.3b, black arrowhead at SP) further supporting 617 
the idea that the increased power in TLE shown before reflected contaminated 618 
firing (Fig.2e). 619 

We confirmed adequate separation of the slow gamma at SR and mid gamma 620 
at SLM in CSD signals within the control (within group two-way ANOVA for 2 621 
bands and 4 phases, F(1,72)=30.5, p<0.0001, Fig.3c, upper plot) and the 622 
epileptic group (F(1,56)=8.4, p=0.0053, Fig.3c, bottom plot; no phase effect, no 623 
interaction). However, gamma appeared strongly attenuated in TLE rats. This 624 
was further supported by comparing each laminar gamma generator at proximal 625 
and distal locations separately, using a two-way ANOVA for groups and 4 626 
phases. We found that statistical differences concentrated only at proximal 627 
layers (Fig.3d). The power of both the slow (F(1,28)=4.8, p=0.0373; Fig.3d, 628 
upper plot) and the mid gamma (F(1,28)=17.3, p=0.0027; Fig.3d, bottom plot) 629 
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was reduced in TLE rats at the proximal SR and SLM, respectively. An index of 630 
theta-phase gamma modulation was computed for the slow and the mid CSD 631 
gamma and statistically tested against 5000 surrogates computed by random 632 
phase transposition to preserve unspecific non-stationarities of the data (see 633 
Methods). Theta phase amplitude modulation of slow and mid gamma activity 634 
was confirmed statistically both in control (p<0.00001) and epileptic rats 635 
(p<0.001). Importantly, we detected group differences of modulation indices at 636 
proximal locations for the slow (F(1,14)=3.7, p=0.0445; two-way ANOVA for 637 
groups and location) but not for mid CSD gamma (Fig.3e, upper plot), with LFP 638 
signals demonstrating similar effects (F(1,14)=5.7; p=0.012; Fig.3e, bottom 639 
plot). The LFP modulation index of the slow gamma at SR significantly 640 
correlated with the theta power of CSD signals measured at this layer in TLE 641 
rats (r=0.83, p=0.011) and in both groups (r=0.58, p=0.0146; Fig.3f), suggesting 642 
that its disruption may reflect weaker activation of CA1 by Schaffer collaterals.  643 

Therefore, using phase decomposition methods we identified a specific 644 
discoordination between theta and slow (30-60 Hz) gamma oscillations at the 645 
proximal SR in TLE rats. Theta-phase preference of CA1 gamma has been 646 
associated to specific mechanisms of CA3 and entorhinal cortical inputs during 647 
encoding and retrieval of information (Schomburg et al. 2014; Trimper et al. 648 
2014; Zheng et al 2016). We thus asked whether their disruption in TLE may be 649 
associated to episodic-like memory dysfunction reported in this condition 650 
(Inostroza et al. 2013; Lega et al. 2015).  651 

Disruption of theta-slow-gamma coupling linked to memory deficits  652 

Cognitive associates of theta-gamma disruption were investigated by examining 653 
the correlation between spectral and cognitive indices derived from the 654 
episodic-like memory task (‘what-where-when’) in n=6 control and n=6 epileptic 655 
rats (the remaining 4 control and 2 epileptic rats performed a different version of 656 
recognition tasks, see Methods). During these tasks rats discriminate between 657 
objects carrying different degree of novelty (Fig.4a), requiring spatial and 658 
temporal recognition memory abilities (Kart-Teke et al. 2003). Importantly these 659 
animals were free of seizures and interictal activities during the entire session. 660 

First, we aimed to quantify the effect of epileptiform activities in cognitive 661 
performance. Epileptic animals free of epileptiform events within 2 hours of the 662 
task (n=6) explored similarly to control rats (n=6; Fig.4b; black versus blue). In 663 
contrast, when seizures and/or interictal activities were recorded (n=4 epileptic 664 
rats), animals tended to be less exploratory as compared with their epileptic 665 
mates (p=0.0087; Fig.4b, red versus blue). Three of these rats were re-666 
evaluated in the task on different days allowing for a longitudinal analysis when 667 
no seizures or interictal activities were recorded. They exhibited improved 668 
exploration (p=0.0157; paired t-test; Fig.4c). Thus we concluded that with our 669 
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experimental approach we were able to weight LFP oscillations over peri-ictal 670 
effects on cognitive performance.  671 

As previously reported for another group of animals (Inostroza et al. 2013), 672 
epileptic rats free of any sign of epileptiform events, explored objects A1 and B2 673 
of the ‘what-where-when’ task at chance level in contrast to normal rats (Fig.4d, 674 
left plot). Group statistical differences concentrated in the discrimination index of 675 
A1 (p<0.0001) and B2 (p=0.0293). The other two objects (Fig.4a) were not 676 
discriminated differently between groups (not shown). Differences were also 677 
detected for the ‘Where’ (p=0.0013) and ‘When’ indices (p=0.0024, Methods) of 678 
the spatial and temporal components of recognition memory (Fig.4d, right plot), 679 
as previously reported (Inostroza et al. 2013).  680 

Individual variability in the TLE group and between-group difference of animal 681 
performance could be explained by variability in the slow gamma modulation 682 
index at SR from CSD signals (Fig.4e). We found significant Pearson 683 
correlation between this modulation index and discrimination abilities for B2 684 
within the epileptic group (r=0.78; p=0.0465) and for both groups together 685 
(r=0.78, p=0.0024; Fig.4e). We also found a strong effect for both groups in the 686 
‘Where’ index but not for either group alone, preventing us to conclude due to a 687 
clustering effect dominating correlation (Fig.4f). No correlation was found 688 
between the slow gamma modulation index and any index for object A1.  689 

Thus, disruption of CA1 theta-slow-gamma coupling at the proximal SR linked 690 
to spatial memory deficits in TLE, reflecting a microcircuit rhythmopathy. Recent 691 
data suggest that input pathways and interneuron-pyramidal cell interactions 692 
determine the organization of theta-nested slow gamma oscillations (Mizuseki 693 
et al. 2009; Schomburg et al. 2014; Lasztoczi and Klausberger 2014). We thus 694 
looked for the mechanisms of theta-gamma disruption in TLE at single-cells. 695 

Disrupted firing rate in the epileptic hippocampus 696 

Tetrodes were used to isolate firing from pyramidal cells (PCs) and interneurons 697 
from the proximal and distal CA1 during object recognition and pellet chasing 698 
tasks (Fig.5a,b; n=3 control, n=3 epileptic). We sorted n=87 PCs (45 proximal, 699 
42 distal) and n=23 interneurons (13 proximal, 10 distal) from control animals. A 700 
total of n=66 PCs (35 proximal, 31 distal) and n=20 interneurons (10 proximal, 701 
10 distal) were sorted from epileptic rats. Some units were left unclassified 702 
(n=12 control, n=9 epileptic) and not included in the analysis (Fig.5c).  703 

PCs from normal rats exhibited proximodistal differences in the mean firing rate, 704 
with lower values at the distal CA1 (Welch’s t-test; p=0.0021), similar to recent 705 
reports (Oliva et al. 2016). In contrast, such a proximodistal segregation of PC 706 
firing rate was not present in epileptic rats (Fig.5d; p=0.6189: left). A Bartlett’s 707 
test for variance across groups and location suggested strong difference in the 708 
variability of firing rate values of PCs (x2(3)=17.9, p=0.0005). In spite of this 709 
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variability, we found a lower mean firing rate at proximal PCs of the epileptic 710 
group as compared to control (Fig.5d, left, Welch’s t test, p=0.0045). No group 711 
(p=0.1340) nor proximodistal effects (p=0.2898) were confirmed for putative 712 
interneurons, that exhibited large variability within groups (Fig.5d, right). 713 

Reduced theta modulation of CA1 proximal interneurons in TLE rats 714 

We next asked about theta phase-locking behavior of individual PCs and 715 
interneurons in control (Fig.6a) and epileptic rats (Fig.6b). To analyze spike-field 716 
interactions we chose units with >1000 spikes in the recording session (>300 717 
sec) and with at least one tetrode wire suitable for spectral analysis (57 control 718 
PCs: n=24 proximal, n=33 distal; 37 epileptic PCs, n=12 proximal, n=25 distal; 719 
19 control interneurons: n=10 proximal, n=9 distal; 16 epileptic interneurons, 720 
n=8 proximal, n=8 distal). First, we confirmed similar trends in the slow gamma 721 
modulation index in LFP signals in rats recorded with tetrodes versus those 722 
recorded with multisite probes (Fig.6c). Differences between tetrode and silicon 723 
probe data were likely to be related with technical issues affecting these 724 
recording modalities, preventing quantitative comparisons. 725 

We noted different phase-locking behavior especially for interneurons in 726 
epileptic rats (Fig.6d versus e). The phase vector length failed to capture 727 
differences between groups and exhibited large variability (Fig.6f, upper plots). 728 
Instead, the autocorrelation index appeared more sensitive with group 729 
differences for interneurons (two-way ANOVA for groups and locations, 730 
F(1,31)=6.8, p=0.0163; Fig.6f, bottom plot; no proximodistal effects, no 731 
interaction). For PCs, proximodistal (F(1,90)=5.9, p=0.0168) but not group 732 
effects dominated statistical differences (no interaction).  733 

To better understand this point we investigated the sensitivity of the two theta 734 
modulation indices to capture changes of firing behavior using synthetic spikes 735 
(100 random simulations; Methods). We chose to evaluate the effect of 736 
reducing the mean firing rate to simulate trends detected in control and epileptic 737 
rats (Fig.5d). The phase vector length was less sensitive to decreases of the 738 
mean firing rate than the autocorrelation index (Fig.6g, independent on the 739 
spike count), especially for cells exhibiting initially strong theta phase-locked 740 
firing. Decrease of the basal firing rate had stronger impact on the 741 
autocorrelation index than in the mean phase vector length (Fig.6h,i).  742 

Thus, our data suggest that theta modulated firing of proximal CA1 interneurons 743 
is reduced in the epileptic hippocampus, pointing to specific mechanisms. 744 
However, different sensitivity of modulation indices and individual variability 745 
between interneuronal types precluded strong group differences. Given the role 746 
of proximal PV-basket cells in slow gamma oscillations at the falling theta phase 747 
(Lasztoczi and Klausberger 2014), we asked for more specific links with 748 
decreased slow gamma modulation in TLE. 749 
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Specific alteration of theta and gamma rhythmicity of PV-basket cells  750 

PV-positive interneurons represent a major population involved in the 751 
generation of gamma oscillations (Wulff et al. 2009; Zemankovics et al. 2013). 752 
Importantly, recent data suggest that PV-basket cells in particular are critical for 753 
theta-nested slow gamma at the proximal CA1 (Lasztoczi and Klausberger 754 
2014). CA1 PV-basket cells have their somata between the stratum oriens and 755 
the cell body layer being therefore easily accessible with tetrodes. Considering 756 
their phase firing preference and the specific disruption of slow gamma 757 
oscillations at the falling phase of theta in TLE rats, it was tempting to examine 758 
the specific behavior of this interneuronal population more closely. 759 

To evaluate this point further, we exploited cell-type specific firing features and 760 
sub-classified putative interneurons recorded with tetrodes in four different 761 
classes, i.e. PV- or CCK-basket cells, OLM and bistratified interneurons 762 
(Methods). This approach was adopted before (Czurko et al. 2011; Diba et al. 763 
2014), but instead on relying only on theta and SPW-ripples we also analyzed 764 
behavioral dependency during runs and stops (Lapray et al. 2012; Katona et al. 765 
2014).  766 

Using these criteria, we could identify 10/19 control and 7/16 epileptic units with 767 
firing behavior compatible with either these classes (Table 1). In normal rats, 768 
putative PV-basket cells (n=4) and OLM interneurons (n=2) exhibited separate 769 
behavior during Run/Stop transitions (Fig.7a) and SPW-ripples (Fig.7b) and 770 
differently segregated in phase during theta cycles (Fig.7c), consistent with 771 
neurochemically identified cells (Somogyi and Klausberger 2003; Lapray et al. 772 
2012; Katona et al. 2014). Activity from other units in control rats were more 773 
compatible with CCK-basket cells (n=2) and bistratified interneurons (n=2), 774 
while the remaining putative interneurons could not be unequivocally sub-775 
classified (n=9; Table 1).  776 

We found putatively similar PV-basket cell behavior in several units recorded 777 
from epileptic rats (Fig.7d-f, blue), in spite that large amplitude fast ripples 778 
typical of the TLE hippocampus compromised sorting during some events 779 
(Fig.7e; Ibarz et al. 2010; Merricks et al. 2015). Actually, the SPW-ripple ratio 780 
(Methods) had a non-significant trend to lower values in putative PV-basket 781 
cells from epileptic rats (Student t’s test, p=0.0624), suggesting their weak 782 
feedforward activation by Schaffer collaterals. Thus, we validated our 783 
classification criteria for PV-basket cells in the TLE context with intracellular 784 
recordings from urethane anesthetized rats (n=5 control, n=4 epileptic). PV-785 
basket cells were neurochemically identified in 1/5 (control) and 1/4 (epileptic) 786 
interneurons. They were immunoreactive to PV but not to somatostatin and had 787 
several synaptic boutons around pyramidal cell bodies (Fig.7h). Their firing 788 
dynamic during theta and SPW-ripples was consistent with previous 789 
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juxtacellular data from control rats under urethane (Fig.7i; Klausberger and 790 
Somogyi 2003), giving support to our tetrode classification in the TLE context. 791 

A total of n=4 putative PV-basket cells were unequivocally identified in tetrodes 792 
from TLE animals (Table 1). Other interneuronal types were also recognized but 793 
sample size prevented comparisons. Importantly, except for one control unit all 794 
putative PV-basket cells were from proximal locations allowing for direct 795 
comparisons between groups (Table 1). Group differences in the phase vector 796 
length and autocorrelation index were stronger for putative PV-basket cells than 797 
for all interneurons (Fig.7j; Table 1). Strikingly, a gamma autocorrelation index 798 
(40-90 Hz) was significantly lower in epileptic PV-basket cells (Student’s t test, 799 
p=0.0115; Fig.7j) but not when all interneurons were considered (p=0.2048; 800 
Table 1), supporting the idea that poor rhythmic firing of this specific 801 
interneuronal population may explain disruption of slow gamma coupling to 802 
theta in the epileptic hippocampus. 803 

 804 

Discussion 805 

Our data identify a cognitive link for theta-gamma disruption in TLE rats, 806 
pointing to a microcircuit rhythmopathy in periods free of seizures and/or 807 
epileptiform activities. We found that layer-specific theta-nested slow (30-60 Hz) 808 
gamma oscillations are attenuated in the proximal CA1 region of epileptic rats. 809 
Strikingly, poorly modulated slow gamma at SR explains part of the variability of 810 
spatial memory abilities in an episodic-like memory task. Identification of 811 
putative GABAergic interneurons and PV-basket cells in particular, suggest that 812 
disruption of their firing at the falling theta phase may be at the basis of this 813 
rhythmopathy. Thus our data suggest that in periods free of interictal and ictal 814 
activities cognitive co-morbidities of TLE may be intimately related to specific 815 
microcircuit dysfunction in this neurological condition.  816 

Gamma oscillations are supposed to emerge locally either from interneuron-817 
interneuron (ING models) or pyramidal-interneuron interactions (PING models) 818 
(Bartos et al. 2007; Buzsaki and Wang 2012). Presumably, inputs that are 819 
segregated across theta phases engage different sets of local interneurons, 820 
bringing each gamma generator to motion. Layer III entorhinal inputs at SLM 821 
are in phase with the firing of CCK-basket and axo-axonic cells (Somogyi and 822 
Klausberger 2003; Schomburg et al. 2014), which may drive a mid-gamma 823 
generator (60-90 Hz) at the theta peak. Whether these cell types are better 824 
activated by entorhinal inputs is unknown, but their preferential perisomatic 825 
targeting of PCs is at odd with the mid-gamma isolated at the SLM sink (Fig.3a; 826 
Lasztoczi and Klausberger 2014; Schoomburg et al. 2014). Possibly, perforant 827 
path associated interneurons may play a role in this dendritic mid-gamma, 828 
either in response to layer II island cells (Sun et al. 2015) or due to entorhinal 829 
cortex long-range inhibition (Basu et al. 2016). Feedback disinhibition of PV-830 
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positive interneurons, including bistratified and axo-axonic cells, appears also 831 
necessary for mid gamma at the theta peak (Wulff et al. 2009). The basic 832 
mechanisms of mid-gamma oscillations are still unclear. 833 

We found that the theta peak-associated mid-gamma generator was attenuated 834 
in proximal SLM layers of TLE rats but similarly modulated by amplitude as 835 
compared to control rats (Fig.3d,e). This possibly reflects a lower theta power 836 
reported in TLE rats (Inostroza et al. 2013) due stronger sclerosis of layer III 837 
medial entorhinal neurons giving raise to the proximal temporoammonic 838 
pathway (Laurent et al. 2015). Changes in intrinsic and synaptic integration 839 
properties of OLM interneurons have been previously related with impaired 840 
theta rhythmogenesis in TLE with intact gamma oscillations (Dugladze et al. 841 
2007). Interestingly, entorhinal cells are more excitable in the epileptic temporal 842 
lobe (Kobayashi et al. 2003; Tolner et al. 2007), suggesting that modulation of 843 
perforant path associated interneurons should still be in place even though their 844 
proper recruitment may be compromised (Morin et al. 1998). Thus attenuated 845 
mid-gamma oscillations (60-90 Hz) at the proximal CA1 may be reflecting local 846 
changes occurring upstream at layer II and III of the medial entorhinal cortex 847 
(Laurent et al. 2015).  848 

More critically, the proximal slow SR gamma generator (30-60 Hz) at the falling 849 
theta phase was reduced and poorly modulated in TLE animals (Fig.3e,f). 850 
Recently, Schomburg et al., 2014 showed that local hippocampal theta-gamma 851 
coupling at 30-60 Hz is more prominent at the proximal CA1, where GABAergic 852 
interneurons are strongly driven by Schaffer collaterals (Oliva et al. 2016). Both 853 
in epileptic and control rats, slow gamma oscillations were in phase with CSD 854 
sinks at the SR, consistent with this feedforward activation model (Mann et al. 855 
2005; Butler et al. 2016; Zemankovics et al. 2014).  PV-basket cell firing at the 856 
falling theta phase have been involved in the mechanism a (Lasztoczi and 857 
Klausberger 2014). This interneuronal population represents a relatively 858 
resilient cell type in the CA1 epileptic hippocampus that innervates surviving 859 
CA1 PCs (Wyeth et al. 2010; Wittner et al. 2004). We found that theta and 860 
gamma rhythmicity of PV-basket cells was strongly compromised in TLE (Fig.7j) 861 
and this is likely to explain theta-gamma rhythmopathy in the slow frequency 862 
band at the CA1 proximal pole.  863 

Poor rhythmicity of PV-basket cell during theta oscillations may result from 864 
many factors. Reduced synaptic recruitment of specific classes of interneurons 865 
is reported in TLE (Morin et al. 1998), suggesting some of them may be failing 866 
to fire in response to timely inputs. Timely recruitment of PV-basket cells 867 
determine coordinated oscillations and spatial representation (Kortkova et al. 868 
2010). Interestingly, we noted a non-significant decline of the SPW-ripple ratio 869 
in PV-basket cells of TLE rats (Table 1) pointing to their ineffective activation by 870 
Schaffer collaterals, but this could be also reflecting a sorting collapse during 871 
fast ripples (Ibarz et al. 2010; Merricks et al. 2014). Actually, enhancement of 872 
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the fast gamma band (90-140 Hz) in TLE rats supports this view (Fig.2e). While 873 
CA3 PCs are relatively preserved in this TLE model (Inostroza et al. 2011) 874 
reduced Schaffer inputs could still fail to recruit CA1 interneurons (Ang et al. 875 
2006; Fig.3f). Indeed, fluctuations of the CA1 slow SR gamma power parallels 876 
the mean firing rate of upstream CA3 PCs during sleep/run-associated theta 877 
and novelty (Mizuseki et al. 2009; Schomburg et al. 2014). Changes of intrinsic 878 
excitability of PV-fast spiking cells due to deficits of Nrg1-Erbb4 signaling 879 
reported in TLE could also explain our data (Li et al. 2011). Epileptic PV-basket 880 
cells are particularly susceptible to enter depolarizing block (Karlocai et al. 881 
2014; Yi et al. 2015), but our intracellular recordings of identified cells suggest it 882 
is not likely to be the case (Fig.7h-i). Theta rhythmicity of PV-basket cells may 883 
result in part from septal inputs (Hangya et al. 2009) which are affected in TLE 884 
(Colom et al. 2006). Thus, the exact mechanism leading to CA1 PV-basket cell 885 
dysfunction in TLE is rather complex, requiring an independent investigation. 886 
Our data bring the focus to the interneuronal population and PV-basket cells 887 
specifically, as a key element of microcircuit rhythmopathies in the epileptic 888 
hippocampus.  889 

We found that variability in theta phase modulation of the slow gamma (30-60 890 
Hz) correlates with spatial memory deficits of epileptic rats in the episodic-like 891 
memory task (Fig.4e). This links theta-gamma coupling to episodic memory 892 
function and dysfunction, as demonstrated in humans (Lega et al. 2015; 2016). 893 
Importantly, our approach allows to weight the role of oscillatory disruption over 894 
effects caused by seizures or epileptiform activity, giving support to the role of 895 
hippocampal rhythmopathies in cognitive comorbidities. Our data is consistent 896 
with the view that the depth to which theta modulates gamma power predicts 897 
memory for recent spatial episodes (Shirvalkar et al. 2010; Chang and Huerta 898 
2012; Kemere et al. 2013; Trimper et al. 2014). In contrast, coordination 899 
between entorhinal and hippocampal regions appears instrumental for temporal 900 
aspects of episodic memory (Suh et al. 2011; Inostroza et al. 2013; Laurent et 901 
al. 2015). Gamma oscillations and their theta phase preference adjust on 902 
demand, reflecting the balance of input activity along the entorhinal-903 
hippocampal circuitry (Montgomery and Buzsaki 2007; Schomburg et al. 2014). 904 
This dynamic ability reinforces CA3-CA1 interactions during novelty (Lever et al. 905 
2010; Trimper et al. 2014), adjusts information flow from CA3 over the course of 906 
encoding and retrieval (Kunec et al. 2005; Douchamps et al. 2013) and 907 
organizes sequences of location across slow gamma phases (Zheng et al. 908 
2016), all of which may be impaired in the epileptic hippocampus. Still, the 909 
specific role of theta and gamma in spatial and temporal memory is possibly far 910 
more complex and does not support a reductionist view. For instance, theta 911 
rhythmicity appears dispensable for new spatial representation (Brandon et al. 912 
2014), theta-gamma coupling in the slow band underlies temporal coding (Allen 913 
et al. 2016) and fast but not slow gamma link to spatial based strategies 914 
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requiring integration along entorhinal-hippocampal networks (Cabral et al. 915 
2014). 916 

Although our current understanding of the role of hippocampal oscillations in 917 
cognition and the underlying mechanisms is yet limited, data suggest there are 918 
strong links. We have identified a microcircuit rhythmopathy of theta-gamma 919 
coupling at the slow band in the proximal SR of TLE rats. Poor rhythmicity of 920 
PV-basket cells appears to be at the basis of this impairment. In models of 921 
Alzheimer, a disease linked to early onset temporal lobe epilepsy and reduced 922 
gamma activity, altered excitability of PV interneurons has been associated to 923 
similar cognitive deficits (Verret et al. 2012). We propose that cognitive co-924 
morbidities of temporal lobe diseases share common principles at the 925 
microcircuit level and that PV interneurons are a critical target. 926 
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Figure captions 1157 

Fig.1. Correction for 1/fn to evaluate group differences across different 1158 
gamma bands. A, The typical 1/f trend of the power spectrum complicate 1159 
examination of a range of gamma activity from 30 to 150 Hz. Representative 1160 
spectrum from LFP at the stratum lacunosum moleculare (SLM) from a control 1161 
and an epileptic rat is shown to exemplify the issue. The codes of the rats are 1162 
given in parenthesis. The factor n that better fits the 1/f power law change for 1163 
different frequency bands. Numbers at fitting lines identify the n factor for 1164 
different bands in the examples shown (4-2400 Hz, 30-210 Hz, 150-500 Hz and 1165 
500-2400 Hz. Note fitting consistency between bands when no biological 1166 
activity is recorded (dead condition for the epileptic rat; rightmost plot). B, Group 1167 
differences of the n scale factor for different frequency bands. Note similarities 1168 
between control and epileptic rats except for the 150-500 Hz high-frequency 1169 
band. *, <0.05. C, Mean group power spectrum (± 95% confidence interval) 1170 
from SLM channel of all control (n=10) and epileptic rats (n=8). Note some 1171 
spectral trends across gamma bands but poor difference between groups due 1172 
to 1/f scaling. D, Same data as in C after power law detrending between 30-210 1173 
Hz. Note differences between groups. 1174 

 1175 

Fig.2. Different types of CA1 gamma activity recorded in the dorsal 1176 
hippocampus of epileptic rats. A, Representative example of an epileptic rat 1177 
recorded with 16-channel silicon probes during object exploration. Left, Coronal 1178 
section immunostained against NeuN shows probe track. Scale bar 200 µm. 1179 
Right, Representative LFP signals. Note gamma activity along the descending 1180 
phase of some theta cycles at the stratum pyramidale (SP trace; 30-60 Hz, 1181 
black arrowheads). Mid gamma activity (60-90 Hz) is typically recorded at the 1182 
positive theta peak of some cycles (gray arrowheads). SR, Stratum radiatum; 1183 
SLM, stratum lacunosum moleculare; ML, molecular layer of the dentate gyrus. 1184 
B, Similar laminar phase shift of LFP and CSD theta cycles with respect to SLM 1185 
(mean ± 95% confidence interval; n=10 control, n=8 epileptic). C, Spatial 1186 
expression of gamma activity across hippocampal layers in a representative 1187 
control and epileptic rat (upper plot). Note stereotyped profiles characterized by 1188 
stronger activity at the hilus and distinct gamma bands at different layers. To 1189 
avoid the hilar saturating effect, a grand average of 3 control and 3 epileptic rats 1190 
recorded at comparable locations is shown at bottom along SP and SR layers. 1191 
D, Relative power after 1/f detrending from LFP signals recorded at the CA1 SP 1192 
(mean ± 95% confidence interval). Data are grouped according to proximal 1193 
(close to CA3) and distal (close to subiculum, sub) recording locations (see 1194 
scheme at right). The three gamma bands are indicated by different colors: slow 1195 
γs (30-60 Hz; light purple); mid γm (60-90 Hz; purple) and fast γf (90-140 Hz; 1196 
dark purple). Right, Nissl staining section showing proximal and distal locations 1197 
along with the probe track (arowheads). Scale bar 500 µm. E, Group differences 1198 
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on the three gammas for LFP recorded at SP, SR and SLM from all rats. Data 1199 
(mean ± SD) are presented as proximal (n=5 control, n=4 epileptic) and distal 1200 
(n=5 control, n=4 epileptic) for SR and SLM layers. Note strong statistical 1201 
differences accumulated at the fast gamma band. *, p<0.05. **, p<0.005 1202 

 1203 

Fig.3. Theta-phase modulation of gamma activity. A, Representative 1204 
example of theta-gamma modulation recorded from the control rat shown in 1205 
Fig.2c. Theta-phase modulation of LFP gamma activity is shown at left for SP, 1206 
SR and SLM channels (black-yellow plots). Current source density (CSD) 1207 
signals help to account for local gamma generators (blue-red plot at right). 1208 
Theta-phase modulation of CSD gamma activity is shown below the CSD plot 1209 
for SR and SLM channels. All signals are aligned by the theta peak recorded at 1210 
SP (vertical discontinuous line). Note clear theta phase segregation of the slow 1211 
and mid gamma bands from multi-unit activity recorded at the SP (MUA). Slow 1212 
gamma CSD activity (30-60Hz, γs) is better isolated at the SR during the 1213 
descending phase of theta cycles in association with the corresponding SR 1214 
theta sink (vertical arrows). Mid gamma CSD activity (60-90 Hz, γm) is isolated 1215 
at the SLM during the SP theta peak, in association with the corresponding SLM 1216 
sink. SR and SLM sinks are indicated by gray arrowheads in the CSD plot. B, 1217 
Same as in A for the epileptic rat shown in Fig.2c. Note poor slow activity as 1218 
compared with the control rat. C, Phase difference between the SR and SLM 1219 
CSD signals in all control (upper plot, n=10) and epileptic rats (bottom; n=8). 1220 
Note poor modulation of SR slow gamma in epileptic rats (only data from six 1221 
phases are shown). D, Group differences of the SR slow and SLM mid gamma 1222 
CSD generators were found only at proximal locations. The p-values refer to 1223 
group effects in a two-way ANOVA for groups and 4 phases. E, Differences of 1224 
the gamma modulation index between groups were found only in the slow 30-60 1225 
Hz band at proximal locations both for LFP and CSD signals. *, p<0.05. **, 1226 
p<0.005. F, Correlation between the LFP slow gamma modulation index at SR 1227 
and the theta power of the SR CSD signal for both groups together (black) and 1228 
within the epileptic group (blue). 1229 

 1230 

Fig.4. Relationship between slow gamma (30-60Hz) and performance in 1231 
the ‘what-where-when’ episodic-like memory task. A, Schematic 1232 
representation of the task. The scheme shows object configurations in the 1233 
sample and test phases (3 min each). The retention interval is 50 min. B, Group 1234 
data (mean ± SD) of the total exploratory time during the test phase for control 1235 
rats (n=6), epileptic rats tested in periods free of epileptiform activities (n=6) and 1236 
epileptic rats exhibiting seizures and/or interictal spikes within 2 hours of the 1237 
behavioural task (n=4; epileptic Sz/IS group), as judged from simultaneous 1238 
multi-site silicon probe recordings. Note reduced exploratory behavior of rats 1239 
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experiencing epileptiform activities as compared to their Sz/IS free epileptic 1240 
mates *, p<0.05. C, Data from three rats evaluated in the ‘what-where-when’ 1241 
task during periods with and without epileptiform events. Note different 1242 
exploratory behavior in the very same animals performing the task with or 1243 
without signs of epileptiform activities in the dorsal hippocampus. D, Group data 1244 
(mean ± SD) for the discrimination ratio of object A1 (black) and B2 (green in 1245 
A), carrying most of the temporal and spatial memory of the exploratory 1246 
episode. Note epileptic rats discriminate at chance level (0.25). Right plot shows 1247 
group data for the spatial and temporal memory indices, ‘Where’ and ‘When’, 1248 
respectively. *, p<0.05; **, p<0.005; ***, p<0.0001. Data from n=6 control, n=6 1249 
epileptic rats free from epileptiform activities. E, Correlation between the slow 1250 
gamma CSD modulation index and the discrimination index for object B2 (green 1251 
in A). Significant Pearson correlation was found for both groups (black) and the 1252 
epileptic group alone (blue). F, Correlation between the slow gamma CSD 1253 
modulation index and a spatial memory index ‘Where’ for both groups (black), 1254 
but not for either group alone.  1255 

 1256 

Fig.5. Tetrode recordings of single cell activity. A, Eight independent 1257 
tetrodes were advanced into the dorsal hippocampus to target CA1 cells at the 1258 
stratum pyramidale of normal and epileptic rats. Sections immunostained 1259 
against NeuN were used to identify proximal and distal recording locations. 1260 
Immunostaining against the CA2-specific protein PCP4 was used to validate 1261 
proximal CA1 locations. Blue is bisbenzimide used to stain cell nuclei. B, 1262 
Typical spike waveform and autocorrelogram of a putative pyramidal cell (red) 1263 
and an interneuron (blue) recorded from an epileptic rat (KWGAT6). C, Units 1264 
were classified according to several criteria, including spike width data. A group 1265 
of units remained unclassified (gray). The number of units is given in the figure. 1266 
Data from 3 control and 3 epileptic rats. D, Firing rate data from putative 1267 
pyramidal cells and interneurons recorded at proximal and distal locations in 1268 
control and epileptic rats. *, p<0.05, **, p<0.001.  1269 

 1270 

Fig.6. Disruption of interneuronal firing patterns at the proximal CA1 of 1271 
epileptic rats. A, Representative tetrode recording from a control rat (only one 1272 
channel is shown). Spikes from individually sorted pyramidal cells and one 1273 
interneuron are shown in different colors. Large black ticks mark the position of 1274 
theta peaks at SP. B, Same as in A for an epileptic rat. C, Proximodistal group 1275 
differences (mean ± SD) of theta power as obtained from tetrodes (8 proximal 1276 
and 8 distal from 3 control rats, and 6 proximal and 6 distal from 3 epileptic rats) 1277 
and silicon probes (4 proximal and 5 distal from 9 control rats; and 3 proximal 1278 
and 3 distal from 6 epileptic rats). Different degree of spike contamination in 1279 
tetrode and silicon probe recordings likely prevents quantitative comparison 1280 
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between these datasets. D, Theta phase-locked firing (upper row) of the 1281 
interneuron and pyramidal cell shown in A. Firing phase modulation (8.7º bin 1282 
size) was quantified using the theta phase vector length. Bottom histograms 1283 
represent the unit firing autocorrelograms (1 ms bin size). Insets show the 1284 
power spectrum of the unit autocorrelogram, from which a theta autocorrelation 1285 
index was estimated. This interneuron was sub-classified as a putative PV-1286 
basket cell (see unit 0405RMN_OF_T1R-01_part1_1 in Table 1). E, Same as in 1287 
D for the interneuron and pyramidal cell shown in the epileptic rat in B. The 1288 
putative interneuron could not be quantitatively sub-classified but it resembled 1289 
an OLM interneuron (see unit 2911KWGAT6_OF_1_btp_01_T5R15-03_3 in 1290 
Table 1). F, Group data (mean ± SD) for the theta phase vector length (upper 1291 
plot) and the theta autocorrelation index (bottom) for all units. Note differences 1292 
between groups concentrated at the autocorrelation index for proximal 1293 
interneurons. *, p<0.05. G, Computer simulation of theta phase-locked firing 1294 
with different degrees of firing rate (mean ± SD from 100 simulations). 1295 
Decreasing the global firing rate had stronger impact in the autocorrelation 1296 
index than in the phase vector length, indicating different sensitivity of these 1297 
measures. Arrows point to simulations shown at left. H, I, Data from simulations 1298 
indicated by arrows in G. Both, the theta phase histograms (upper row) and 1299 
autocorrelograms (bottom) are shown. Note poor rhythmicity in the 1300 
autocorrelogram but not apparent change in theta phase firing preference when 1301 
the global firing rate decreases below 20%. 1302 

 1303 

Fig.7. Rhythmic firing of proximal parvalbumin basket cells is specifically 1304 
disrupted in epileptic rats. A, Putative interneurons were sub-classified 1305 
according to criteria previously confirmed in identified types, including PV-1306 
basket cells (PV-BC) and OLM interneurons. Firing dynamics at run/stop 1307 
transitions was one of these criteria. An example is shown for two tetrodes from 1308 
a control rat. Note poor firing modulation at run/stop transition of the interneuron 1309 
in tetrode 8 (OLM; see unit 0505RMN_TrD_1_T8_1 in Table 1) versus strong 1310 
modulation of the interneuron in tetrode 1 (PV-BC; unit 0505RMN_TrD_1_T1-1311 
03_1). The second unit shown at each tetrode was a putative pyramidal cell. 1312 
Bottom traces show LFP from one channel from each tetrode. B, Firing of the 1313 
units shown before during SPW-ripples enlarged from A (thick line). Note 1314 
different participation of interneurons classified as OLM and PV-BC in the peri-1315 
event histograms at right. One of the ripple events is expanded at the bottom. 1316 
C, Theta phase-locked firing of the units shown before. D, Same as in A for a 1317 
putative PV-basket cell in an epileptic rat showing modulation by run/stop 1318 
transition (see unit 1612KAW90_OF_T5R16-01.mat_2 in Table.1). E, Same as 1319 
in B. Histograms show SPW-triggered firing of the PV-BC shown at left and that 1320 
of the putative OLM cell shown in panel G. Note large amplitude high-frequency 1321 
oscillations typical of the epileptic hippocampus that saturate the voltage scale 1322 



 

36 
 

shown here. F, Theta phase firing histogram of the putative PV-BC shown 1323 
before. G, Theta phase firing histogram of a putative OLM interneuron from rat 1324 
KWGAT6 (unit 2911KWGAT6_OF_1_btp-01_T4-01_1). H, Neurochemically 1325 
identified PV-basket cell recorded intracellularly from an epileptic rat (arrow, 1326 
scale bar 50 µm). Note PV-positive synaptic boutons around pyramidal cell 1327 
somata shown at right (arrowheads, two 2 µm-thick optical section; scale bar 15 1328 
µm) and negative immunoreactivity to somatostatin (SOM) at bottom (scale bar 1329 
50 µm). I, Activity of the PV-basket cell shown in H during theta (left) and SPW-1330 
ripples (right) validate classification criteria in the context of TLE. J, Theta 1331 
phase vector length and autocorrelation index for theta and gamma from all 1332 
putative PV-basket cells (n=4 control, n=4 epileptic) confirm preferential 1333 
disruption of their rhythmicity in TLE. *, p<0.05; **, p<0.001 See also Table 1. 1334 
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Run/Stop 
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classification 

Control  
0405RMN_OF_T1R-01_part1_1 p 45,94 0,30 7,09 2,37 desc 2,05 0,38 PV-BC
0505RMN_TrD_1_T1-03_1 p 17,06 0,28 3,16 3,74 desc 2,21 0,37 PV-BC 
0505RMN_TrD_1_T8_1 p 5,65 0,10 3,28 0,19 trough 0,62 1,41 OLM 
1011RMP_OF_cond1-2_T2R17-02_2 p 6,05 0,10 1,10 1,42 trough 1,24 1,03 unclassified
1205RMN_4_btp_T2R1-04_aligned_1 p 16,14 0,06 1,83 1,05 desc 1,31 0,87 unclassified
1205RMN_4_btp_T7R31-01_1 p 9,58 0,08 2,87 1,94 desc 1,06 1,34 unclassified
H_1304RMN_TrD_1_btp_Tets_T7_1 p 10,90 0,09 2,39 1,62 desc 0,85 1,12 unclassified
1404RMN_T7R31_1 p 7,39 0,26 7,54 3,57 desc 3,08 0,19 PV-BC
1412RMP_OFEM_4_T7R_3 p 7,53 0,11 2,69 2,91 trough 0,14 1,34 OLM 
1504RMN_TrD_T5-04_1 p 35,18 0,31 5,89 3,89 peak 1,64 0,38 CCK-BC 
0405RMN_OF_T4R6-04_spl_t001-01_1 d 15,14 0,26 2,99 1,94 trough 3,42 0,30 bistratified 
0505RMN_TrD_1_T4-02_2 d 0,49 0,26 1,89 2,13 trough 1,67 0,10 unclassified 
H_1307RMO_TrD_mrg_sil_T3_1 d 1,92 0,23 4,16 5,71 trough 4,11 0,72 bistratified 
H_1307RMO_TrD_mrg_sil_T4_r_1 d 1,65 0,16 5,70 3,36 asc 4,95 0,63 unclassified 
1404RMN_T4R-01_1 d 44,47 0,24 0,67 4,62 desc 1,06 1,03 unclassified 
1407RMO_OF_T4-02_1 d 1,65 0,11 0,56 3,33 trough 1,83 1,19 unclassified 
1711RMP_OF_c12_T3_p1_r_m-01_3 d 5,65 0,11 1,55 1,86 trough 1,10 1,01 unclassified 
0912RMPTet5Cell3 d 15,43 0,26 5,69 3,86 desc 2,01 0,74 PV-BC 
0912RMP_OFEM_T4-01_1 d 15,30 0,12 0,85 1,69 peak 2,47 2,86 CCK-BC 

Epileptic 
0412KAW90_OF21_T8-01.mat_1 p 2,36 0,17 0,59 1,38 desc 1,60 0,54 PV-BC 
0712KWGAT6FEM_2_btp-01_T5_3 p 1,51 0,20 2,20 1,26 desc 2,37 0,01 unclassified 
0912KAW90_OF-01_T5R16-01_1 p 0,44 0,15 1,05 1,24 trough  3,39 unclassified 
1312KAW90_OF_T5R16-01_1 p 14,69 0,24 0,67 1,80 desc 1,79 0,32 PV-BC
1612KAW90_OF_T5R16-01.mat_2 p 6,01 0,22 1,19 0,53 desc 1,96 0,25 PV-BC 
2109gfp4_OF_3_T6R7-02_rev_2 p 4,87 0,07 3,22 1,64 peak 1,21 0,48 CCK-BC 
2911KWGAT6_OF_1_btp-01_T5R15-03_3 p 7,41 0,15 0,68 5,45 trough 1,13 0,93 unclassified (OLM) 
2610KWGAT6Tet6Cell1 p 26,42 0,06 1,54 2,27 desc 1,54 0,51 PV-BC 
0712KWGAT6Tet1Cell2 d 26,21 0,21 4,75 0,99 trough 0,62 unclassified
0610gf4_OF_T8_3 d 0,21 0,15 3,68 1,82 asc  0,95 unclassified
0712KWGAT6FEM_2_btp-01_T4_2 d 7,51 0,13 1,26 0,99 trough 1,72 0,31 unclassified (bist) 
H_1810gf4_Trd_1_btp_T8R1-01_2 d 14,61 0,11 4,68 2,99 trough 11,71 0,14 bistratified 
2511KWGAT6_OF_1_T8R20-05_rev_2 d 20,02 0,25 2,62 4,95 trough  0,71 unclassified (PV) 
2511KWGAT6_OF_1_T8R20-05_rev_4 d 9,80 0,20 2,09 1,97 trough  0,41 unclassified (bist) 
2911KWGAT6_OF_1_btp-01_T4-01_1 d 1,60 0,10 1,07 0,95 trough 0,38 0,64 OLM 
1812KAW90_OF-01_T2R1-01 (1)      d 2,03 0,30 5,79 3,17 trough 2,46 1,87 unclassified 

Between group comparisons 
Control vs Epileptic proximal (P-value)  0,1620 0,8009 0,0122 0,6224  0,3825 0,9131  
Control vs Epileptic distal (P-value)  0,8601 0,6724 0,5505 0,1881  0,3974 0,4663  
Control vs Epileptic (P-value)  0,2416 0,6582 0,1664 0,2048  0,4184 0,5657  
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Table 1 Firing characteristic of all extracellularly recorded CA1 interneurons and their putative classification  
Abbreviations used include prox: proximal; dist:distal; Autocor: autocorrelogram; PV-BC: parvalbumin positive basket cell; CCK-BC: cholecystokinin positive basket cell; OLM: oriens lacunosum 
moleculare interneuron; Bold numbers indicates values that are statistically significant at 0.05 for the SPW-ripple and Run/Stop ratios, and for comparisons between groups. Units were sub-classified 
according to criteria given in the text (see Methods). Units shown in Fig.7 are shadowed. 

Control PV-BC vs Epileptic PV-BC (P-value)  0,3979 0,0439 0,0030 0,0115  0,0624 0,8969  
Control PV-BC vs Epileptic PV-BC proximal  (P-value)  0,3817 0,0737 0,0091 0,0127  0,0556 0,4002  


