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Abstract Epilepsy is characterized by impaired circuit

function and a propensity for spontaneous seizures, but

how plastic rearrangements within the epileptic focus

trigger cortical dysfunction and hyperexcitability is only

partly understood. Here we have examined alterations in

sensory processing and the underlying biochemical and

neuroanatomical changes in tetanus neurotoxin (TeNT)-

induced focal epilepsy in mouse visual cortex. We doc-

umented persistent epileptiform electrographic discharges

and upregulation of GABAergic markers at the comple-

tion of TeNT effects. We also found a significant

remodeling of the dendritic arbors of pyramidal neurons,

with increased dendritic length and branching, and overall

reduction in spine density but significant preservation of

mushroom, mature spines. Functionally, spontaneous

neuronal discharge was increased, visual responses were

less reliable, and electrophysiological and behavioural

visual acuity was consistently impaired in TeNT-injected

mice. These data demonstrate robust, long-term remod-

eling of both inhibitory and excitatory circuitry associated

with specific disturbances of network function in neo-

cortical epilepsy.

Keywords Tetanus neurotoxin � Visual cortex � Dendritic
spines � Spontaneous activity � Visual acuity � Epilepsy

Introduction

Epilepsy is characterized by recurrent spontaneous sei-

zures and in about one third of the patients cannot be

controlled adequately by conventional anticonvulsant

therapy (Simonato et al. 2012). In lesional forms of focal

epilepsy, such as mesial temporal lobe epilepsy, degen-

eration of interneurons and sprouting of pyramidal cells

shift the balance of excitation and inhibition towards

excitation (Dudek and Sutula 2007). In cases where no

brain damage is evident (non-lesional epilepsy), propen-

sity to spontaneous seizures is likely generated by altered

synaptic function at excitatory and/or inhibitory terminals

(Corradini et al. 2014; Farisello et al. 2013; Ferecsko

et al. 2014). In particular, chronic epilepsy is thought to

result from rearrangements in synaptic organization that

leave permanent marks on cortical networks (Pitkanen

et al. 2013). The same circuit rearrangements may lead to

network dysfunction (i.e. cognitive deficits and impaired

information processing) even during interictal phases

(Grant 2005). However, the cellular changes leading to

altered synaptic drive onto hyperexcitable cortical neurons
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and consequent circuit dysfunction are only partly

understood.

Injection of minute amounts of tetanus neurotoxin

(TeNT) into the brain induces a chronic epileptic focus

(Jefferys and Walker 2006). TeNT is a metalloprotease

that enters synaptic terminals and cleaves the synaptic

vesicle protein VAMP/synaptobrevin, resulting in selec-

tive blockade of neurotransmitter release (Rossetto et al.

2013; Schiavo et al. 2000). TeNT-induced epilepsy has

been characterized in great detail with intrahippocampal

(e.g., Jiruska et al. 2010; Whittington and Jefferys 1994)

and intracortical injections (Hagemann et al. 1999; Louis

et al. 1990; Mainardi et al. 2012; Nilsen et al. 2005;

Wykes et al. 2012). In particular, delivery of TeNT to the

adult cortex results in refractory epilepsy with electro-

graphic seizures persisting for several months (Nilsen

et al. 2005). Thus, hyperexcitability of the cortical net-

work clearly outlives TeNT proteolytic activity (Mainardi

et al. 2012).

TeNT appears to be particularly effective on GABAer-

gic inhibitory neurons with a relative sparing of excitatory

transmitter release. Recently, Jefferys and colleagues

(Ferecsko et al. 2014) have demonstrated that TeNT

reduces spontaneous excitatory postsynaptic currents

(EPSCs) to 38 % of control, while almost completely

abolishing both spontaneous and evoked inhibitory post-

synaptic currents (IPSCs). Thus, during the time window of

TeNT action, hyperexcitability may be explained by a

dramatic loss of inhibition with relative preservation of

excitatory synaptic transmission (Ferecsko et al. 2014).

However, the mechanisms that maintain propensity to

spontaneous seizures after the completion of TeNT action

are incompletely understood.

Recently, we have described the general features of

TeNT-induced epilepsy in mouse visual cortex (Mainardi

et al. 2012). We found that electrographic seizure activity

and interictal discharges persist even when the toxin has

been cleared from the system. At the anatomical level,

there was no evidence for neuronal loss and gliosis

(Mainardi et al. 2012). These data prompt the search for

synaptic changes that maintain the network in a persis-

tently hyperexcitable state. In this context, the excellent

knowledge of the neuroanatomical and functional features

of visual cortex provides a strong foundation for the

elucidation of epileptogenic mechanisms. Here, we used

this model to determine the biochemical and morpho-

logical rearrangements that underlie long-term network

hyperexcitability. We also performed a quantitative anal-

ysis of electrophysiological and behavioral visual

responses in the TeNT-infused cortex to examine distur-

bances of baseline perceptual function within the seizure

focus.

Materials and methods

Animals and TeNT injections

Adult (age[ postnatal day 60) C57BL/6J mice were used

in this study. Animals were reared in a 12 h light/dark

cycle, with food and water available ad libitum. All

experimental procedures conformed to the European

Communities Council Directive n� 86/609/EEC and were

approved by the Italian Ministry of Health. TeNT injec-

tions were performed as previously described (Mainardi

et al. 2012). Briefly, injections were performed into the

primary visual cortex, i.e. 0.0 mm anteroposterior and

2.7 mm lateral to the lambda suture. TeNT (Lubio,

Lucerne, Switzerland; 300 nL total volume; 0.1–1 ng) in

phosphate-buffered saline (PBS) containing 2 % rat serum

albumin (RSA) was injected at a cortical depth of 650 lm.

Control animals received RSA alone.

After surgery, a glucose solution (5 % in saline) was

subcutaneously administered and recovery of animals was

carefully monitored. Paracetamol was added in drinking

water for 3 days.

Local field potential (LFP) recordings

LFP recordings were performed as previously described

(Mainardi et al. 2012). Briefly, bipolar recordings were

collected by placing a couple of Nichrome wire electrodes

to sample the local electrical activity originating in the

TeNT-injected visual cortex. Under Hypnorm/Hypnovel

anesthesia (1.4 ml/100 g body weight), mice were placed

in a stereotaxic apparatus, and two electrodes were posi-

tioned epidurally (2.5 and 3.5 mm lateral and 0.0 mm

anteroposterior to lambda); a ground screw was placed in

the occipital bone. Recordings were performed at 10

(n = 2) and 45 days (n = 3) following TeNT injections.

Animals were habituated for 1 h to the test cage before a

1 h recording session, using a digital acquisition system.

Cortical LFP signals were acquired with a sampling rate of

200 Hz as the differential between the two adjacent elec-

trode sites, 50,000X amplified and 0.3–100 Hz band-pas-

sed. Analysis of epileptiform activity was performed using

a custom-made application, based on LabView (National

Instruments), as described previously (Antonucci et al.

2009; Mainardi et al. 2012). The program first identified

epileptiform alterations and spikes in the EEG using a

voltage threshold, which was set to 3 times the standard

deviation of the EEG signal (determined during periods of

baseline activity). Spikes were grouped in clusters when

they were spaced by less than 1.5 s and defined as seizures,

when they lasted more than 4 s (Antonucci et al. 2009;

Mainardi et al. 2012). Frequency of epileptiform events in
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the animals used in the present study was comparable to

what reported previously (Mainardi et al. 2012).

Western blot

Western blot was performed as previously described

(Baldini et al. 2013; Restani et al. 2011, 2012). Briefly,

visual cortices were dissected and frozen on dry ice. Pro-

teins were extracted with lysis buffer (20 mM Tris–HCl,

pH 7.45, 150 mM NaCl, 10 mM EDTA, 0.1 mM Na3VO4,

1 mM PMSF, 1 g/ml leupeptin, 1 g/ml aprotinin, 1 %

Triton X-100, and 10 % glycerol) and total concentration

of the samples was assessed with a protein assay kit (Bio-

Rad) using a bovine serum albumin-based standard curve.

Total proteins loaded per lane were 10 lg to detect each

target protein, 50 lg were loaded only for cleaved-

VAMP2. Protein extracts of each sample were separated by

electrophoresis and blotted; filters were blocked and incu-

bated overnight at 4 �C with primary antibodies (anti-

VAMP2, mouse monoclonal, 1:10,000; anti vGAT, mouse

monoclonal, 1:1000; anti- vGlut1, rabbit polyclonal,

1:5000; all from Synaptic Systems; anti-GAD65/67, rabbit

polyclonal, 1:5000, Sigma-Aldrich; anti-vGlut2, mouse

monoclonal, 1:500, Millipore; anti-SNAP25, mouse mon-

oclonal, 1:1000, Covance; anti-cleaved VAMP2, rabbit

polyclonal, 1:100). Filters were also probed with anti-a-
tubulin antibody (mouse monoclonal, Sigma-Aldrich, or

rabbit polyclonal, Abcam; at 1:15,000 dilution) as an

internal standard for protein quantification. Secondary

antibodies conjugated with infrared-emitting dyes (anti-

mouse IRDye 680LT at 1:30,000 or anti-rabbit 800CW at

1:20,000; Li-Cor Biosciences) were used. Filters were

scanned using an Odyssey IR scanner (Li-Cor Bio-

sciences), and densitometry analysis was performed with

Image Studio software version 3.1 (Li-Cor Biosciences).

Antibody signal was calculated as integrated intensity of

the region defined around the band of interest.

Immunohistochemistry

Ten days after TeNT, mice were deeply anaesthetized with

intraperitoneal injections of chloral hydrate (12.5 % solu-

tion; 4 mL/kg) and perfused through the heart with freshly

prepared 4 % paraformaldehyde in 0.1 M phosphate buf-

fer, pH 7.4. Immunohistochemistry was performed as

previously described (Mainardi et al. 2012; Restani et al.

2011). Briefly, brains were dissected and postfixed for 2 h

at 4 �C. Brain sections (40 lm thick) were cut with a

freezing microtome.

For immunostaining, sections were blocked with 10 %

normal donkey serum in PBS containing 0.5 % Triton

X-100 and then incubated overnight at 4 �C with the mouse

monoclonal anti-VAMP2 (1:500 dilution; Synaptic

Systems) or with the guinea-pig polyclonal anti-NeuN

(1:1000, Millipore). On the following day, sections were

rinsed and incubated for 2 h at room temperature in solu-

tions containing secondary antibodies diluted 1:500, and

conjugated with Rhodamine Red-X (Jackson ImmunoRe-

search Laboratories). Sections were washed in PBS and

mounted using an anti-fading agent (Vectashield; Vector

Laboratories).

Sections were scanned with a microscope (Axio Ima-

ger.Z2, Zeiss) equipped with Apotome.2 (Zeiss) at reso-

lutions of 1350 9 1024 pixels. Images were obtained using

a 109 EC-PLAN-NEOFLUAR objective (NA 0.3) or a

409 EC-PLAN-NEOFLUAR oil objective (NA 0.75).

Extracellular recordings in anesthetized mice

Recordings were performed as described previously

(Gianfranceschi et al. 2003; Pinto et al. 2009). Mice were

anesthetized with urethane (7 ml/kg; 20 % solution in

saline, i.p.; Sigma) and placed in a stereotaxic apparatus.

Analysis of epileptiform alterations was not performed in

these animals due to the well-known effects of urethane

anesthesia on EEG activity (e.g. Avoli and de Curtis 2011;

Friedberg et al. 1999). Body temperature during the

experiments was constantly monitored with a rectal probe

and maintained at 37 �C with a heating blanket. The

electrocardiogram was also continuously monitored. The

depth of anesthesia was evaluated by pinch withdrawal

reflex and other physical signs (respiratory and heart rate),

as well as by observation of the EEG patterns and their

dominant frequencies (after Fourier analysis of the signals;

Caleo et al. 2003; Friedberg et al. 1999). A portion of the

skull overlying the occipital cortex was drilled on one side,

and a tungsten electrode (FHC; 1 MX) was mounted on a

three-axis motorized micromanipulator and inserted into

the portion of visual cortex previously injected with TeNT

or vehicle solution (coordinates: 3–3.3 mm lateral and in

correspondence with lambda). Three penetrations were

performed per animal. Visual evoked potentials (VEPs)

were recorded at a depth of 100–150 lm within the cortex.

The multiunit spiking activity was also recorded mainly

from layers II–III and IV (i.e., within a depth of

400–500 lm from the cortical surface).

Visual stimuli and data analysis

All visual stimuli were computer-generated on a display

(Sony; 40 9 30 cm; mean luminance 15 cd/m2) by a VSG

card (Cambridge Research Systems).

Transient VEPs were recorded in response to abrupt

reversal (1 Hz) of a horizontal square wave grating (spatial

frequency, 0.06 c/deg; contrast 90 %). Signals were

amplified (5000-fold), band pass filtered (0.5–100 Hz), and
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fed into a computer for storage and analysis. At least 30

events were averaged in synchrony with the stimulus

contrast reversal. The response to a blank stimulus (0 %

contrast) was also frequently recorded to estimate noise.

Transient VEP responses were evaluated by measuring the

peak to through amplitude of the major positive

component.

Steady-state VEPs were recorded in response to reversal

(4 Hz) of a horizontal sinusoidal grating of different spatial

frequencies and contrast. For each stimulus, at least 100

events were averaged in synchrony with the contrast

reversal. VEP amplitude was quantified by measuring the

amplitude of the second harmonic of the Fourier transform

computed from the recorded signal, as previously described

(Caleo et al. 2003; Ferrari et al. 2013; Pietrasanta et al.

2014). The response to a blank (0 % contrast) stimulus was

also frequently recorded to estimate noise. For signal-to-

noise analysis, we took the mean VEP amplitude evoked by

stimulation with an optimal stimulus grating (0.06 c/deg,

90 % contrast, 4 Hz) divided by the average noise level

(blank stimulus). Visual acuity was assessed after presen-

tation of gratings of variable spatial frequencies (90 %

contrast) and was taken as the highest spatial frequency

that evoked a VEP response greater than the mean value of

the noise.

In each animal, we also evaluated the contrast gain

function (contrast 10, 20, 30, 90 %) in response to 0.06 c/

deg gratings. We fitted offline the contrast response func-

tion of each mouse with a standard hyperbolic ratio func-

tion (Albrecht and Hamilton 1982):

½RC ¼ R0 þ Rmax � CnC50n þ Cn�

where C is the contrast level and the response R is given

by the VEP amplitude. We took into account the effects of

baseline activity and total responsiveness by estimating R0

and Rmax as the average over trials of the response at

minimum and maximum tested contrast (Contreras and

Palmer 2003). We then estimated the sensitivity parameters

C50 and n with the nlinfit function in Matlab Statistics

Toolbox (Mathworks, Natick, MA), which finds optimal fit

values using the Levenberg–Marquard algorithms to min-

imize squared errors (Contreras and Palmer 2003). We

finally compared the parameters distribution in sessions

with TeNT- and Vehicle- injected mice (Vaiceliunaite et al.

2013) to assess whether the animals in the two conditions

displayed different contrast sensitivity.

For recordings of spiking activity, the visual stimulus

consisted of a light bar (contrast, 100 %; thickness, 3�;
speed, 28�/sec) drifting in the central part of the visual

field. Signals were amplified 25,000-fold and bandpass

filtered (500–5000 Hz). Spikes were discriminated from

background by a voltage threshold, which was set as 4.5

times the standard deviation of noise, as described

previously (Cerri et al. 2010; Resta et al. 2007; Restani

et al. 2009). Peak responses were determined from peris-

timulus time histograms (bin size = 33 ms), averaged over

15 stimulus presentations. Drifting light bars were pre-

sented interleaved with blank-screen stimuli to evaluate

spontaneous discharge. Pre-stimulus activity was estimated

as the average firing rate (spikes/sec) measured in 1 s-in-

tervals before stimulus onset.

We also measured the percentage of failures, i.e. the

proportion of stimulus presentations unable to elicit a sig-

nificant modification of spiking activity in TeNT- and

vehicle treated mice. A trial was considered as a failure

when the visually-driven response was neither aligned nor

comparable in magnitude with the average response (i.e., at

least two-fold lower than the average peak discharge dur-

ing 15 bar passages).

All analysis of electrophysiological data was performed

blind to animal treatment.

Behavioral assessment of visual acuity

Behavioral assessment of visual acuity was performed

starting from 45 days following TeNT or vehicle injec-

tions. Mice were tested, blind to treatment, in the visual

water task as described previously in rodents (Baroncelli

et al. 2012; Caleo et al. 2007; Pizzorusso et al. 2006;

Prusky et al. 2000). Briefly, the device consisted of a

trapezoidal-shaped pool, filled with water, partially divided

at one end in two arms by a divider. Visual stimuli con-

sisted of gratings of various spatial frequencies or gray

fields, which were generated with two computer monitors

placed at the end of each arm. A hidden platform was

placed below the grating. Animals were released from the

undivided end of the box and trained to associate the

stimulus grating with the submerged platform (i.e., escape

from water). The position of the grating and the platform

was alternated in a pseudorandom sequence. The visual

water task trains animals to distinguish initially a low

(0.1 c/deg) spatial frequency vertical grating from gray and

then tests the limit of this ability at higher spatial fre-

quencies. The limit of discrimination was estimated by

increasing the spatial frequency of the grating until per-

formance fell below 70 % accuracy (Prusky et al. 2000).

Golgi-Cox staining

Mice were deeply anaesthetized with chloral hydrate

(500 mg/kg i.p.) and perfused transcardially with 0.9 %

saline solution. After perfusion, brains were dissected and

immediately immersed in a Golgi-Cox solution (potassium

dichromate 5 %, mercuric chloride 5 % and potassium

chromate 5 %) and kept in the dark for 6 days at RT. On

the seventh day, brains were transferred into a 30 %
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sucrose solution (Gibb and Kolb 1998). Coronal sections

(200 lm thickness) were cut with a vibratome (reservoir

was filled with 6 % sucrose and blade prepared for sec-

tioning by immersion in xylene for 5 min). Slices were

immediately collected on 2 % gelatin-coated microscope

slides. Golgi staining was developed in the dark at RT as

follows: sections were washed in distilled H2O, incubated

in ammonium hydroxide (Sigma-Aldrich) for 30 min,

dipped in Kodak Fix solution (Rapid fixer; Sigma-Aldrich)

for 30 min, washed in distilled H2O, dehydrated, sunk in

solution x (1/3 chloroform, 1/3 xylene, 1/3 Absolute

ethanol) for 15 min and in xylene for 15 min. Sec-

tions were then mounted with Eukitt Fluka (Sigma).

Dendritic branching and spine density analysis

The Golgi-impregnated neocortical neurons were analyzed

at high magnification (100X oil immersion objective) with

the Neurolucida software (MicroBrightField Inc., Willis-

ton, USA) and a Zeiss microscope equipped with a

motorized stage interfaced to a computer. We analyzed

neurons located in the superficial layers of primary visual

cortex, i.e. within the area covered by TeNT injection and

sampled in our electrophysiological experiments. To select

pyramidal neurons in visual cortex the following criteria

were used: (i) characteristic triangular soma shape; (ii) full

impregnation of the neurons with no apparent dendritic

truncation; (iii) presence of at least two primary basilar and

one apical dendrites, each of which branched at least once,

and numerous dendritic spines (Colciaghi et al. 2014).

Only protrusions with a clear connection of the head of the

spine to the shaft of the dendrite were counted as spines

using the Neurolucida software. The analysis was restricted

to spines arising from basal dendrites. We used common

conventions of spine subtype classification (Marchetti et al.

2010; Sorra and Harris 2000), and classified our spine

sample into three distinct morphological classes (mush-

room, thin and stubby). Number of spines/neurons per each

group were as follows: Veh, 2739/45 from 9 animals;

TeNT 10 days, 1191/23 from 4 animals; TeNT 45 days,

2642/35 from 5 animals.

A total of 25 neurons from vehicle-injected or naı̈ve

mice, and 30 neurons from TeNT-injected mice (10 and

20 cells at 10 and 45 days, respectively) were fully

reconstructed three-dimensionally. These numbers are in

line with previous publications using Golgi staining

(Colciaghi et al. 2014; Marchetti et al. 2010) and are

sufficient to yield a power greater than 0.90 in statistical

comparisons. Dendrites arising from the cell body were

considered as first-order until they bifurcated into second-

order segments and so on. The following parameters were

quantified for each reconstructed neuron with the software

program NeuroLucidaExplorer (MicroBrightField Inc.):

(i) total dendritic length; (ii) dendritic branch number;(iii)

total dendritic spine density (expressed as the ratio

number of spines/length of dendritic segment, except first

order ones), (iv) percentage of different morphologies for

all the dendritic spines. For each neuron, the dendritic tree

complexity was also quantified using Sholl analysis as

follows: a transparent grid with concentric rings 10 lm
apart was automatically placed by the software over the

dendritic drawings and the number of ring intersections

was used to estimate the total dendritic length and

arborization. The number of dendritic intersections

crossing each 10 lm-radius circle progressively more

distal from the soma was automatically counted. For each

of these parameters, an average was calculated for each

neuron. An investigator blind to the experimental condi-

tion carried out all analyses.

Statistical analysis

Statistical analysis was performed with SigmaPlot (version

12; Systat Software Inc., San José, CA, USA). Differences

between two groups were assessed with Student’s t test

when the observed treatment effects were normally dis-

tributed, or with the Mann–Whitney rank sum test when the

samples were not drawn from normally distributed popu-

lations with the same variances. Differences between three

or more groups were evaluated with one-way ANOVA,

followed by a Tukey’s or Holm–Sidak test for data nor-

mally distributed and with Kruskal–Wallis one-way

ANOVA with Dunn’s post hoc test for data non-normally

distributed. Normality of distributions was assessed with

Kolmogorov–Smirnov test.

The number of intersections in the Sholl analysis was

examined with two-way ANOVA, followed by Holm–Si-

dak test. For contrast response curves, data were analysed

by two-way repeated measures ANOVA followed by

Holm–Sidak test, as a series of stimuli at different contrasts

were presented to the same animal. Level of significance

was p\ 0.05.

Results

Persistent reduction in VAMP2 expression

and hyperexcitability in TeNT-infused mice

We initially used Western blotting to determine the time

course of TeNT proteolytic action in the adult mouse

visual cortex. In keeping with our previous report

(Mainardi et al. 2012). TeNT-truncated VAMP2 peaked at

10 days and was completely extinguished 45 days after

injection (Suppl. Figure 1a). At 10 days, we used

immunostaining to assess the regional extension of TeNT
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proteolytic activity. We employed an antibody directed

against the intact form of VAMP2 and we showed a

strong reduction in VAMP2 levels throughout the injected

primary visual cortex (Fig. 1a). We also analyzed whether

this decrease in VAMP2 level may induce neurotoxicity

at the peak of TeNT action. Immunohistochemistry for

the specific neuronal marker NeuN showed similar corti-

cal layering and neuronal structure in TeNT- and vehicle-

injected animals (Suppl. Figure 1b). This is consistent

with our previous neuronal counts and analysis of

microglial activation showing lack of neuropathological

signs following TeNT (Mainardi et al. 2012).

We also followed longitudinally the expression of the

intact form of VAMP2 (Fig. 1b) and we found that

VAMP2 levels were maximally reduced at 10–21 days

with respect to naı̈ve, uninjected mice. This was followed

by a recovery that however remained incomplete (about

80 % of control) at days 45–60 (one-way ANOVA fol-

lowed by Holm-Sidak test, p\ 0.009; Fig. 1b). Thus, the

reduction in intact VAMP2 appears to outlast the duration

of TeNT proteolytic activity. These data were further

confirmed by a quantitative comparison of Western blot

signals from visual cortex samples of vehicle- and TeNT-

treated mice 45 days after injection (Fig. 1c). Indeed, we

Fig. 1 Spread of TeNT action and persistent decrease of VAMP2 in

the visual cortex. a Immunostaining for intact VAMP2 in a coronal

section through the occipital cortex of an adult mouse, 10 days after

TeNT injection. Note loss of VAMP2 labeling in the region

corresponding to primary visual cortex (delimited by arrows), with

respect to the medial and lateral areas (red staining). Scale bar

500 lm. Insets (1, 2) are magnifications of central (1, left) and medial

(2, right) portion of the injected cortex. The asterisk indicates the

injection site. Scale bar 10 lm. b Levels of intact VAMP2 at different

times after one single toxin injection. Note incomplete recovery of

intact VAMP2 at the completion of TeNT effects (45–60 days; one-

way ANOVA followed by Holm-Sidak test, p\ 0.009). For each

time point, n = 4–8 mice. c Comparison of intact VAMP2 expression

in vehicle- and TeNT-infused mice at 45 days. Note reduced VAMP2

levels in TeNT samples (t test, p\ 0.012) n = 7–9 mice. *p\ 0.05.

d Expression of SNAP-25 in vehicle- and TeNT-infused mice at

45 days. No differences are detectable between the two groups (t test,

p = 0.35); n = 5–6 mice
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found that VAMP2 expression was significantly reduced in

TeNT-treated animals as compared to controls injected

with vehicle solution (t test, p\ 0.012). Another SNARE

protein, synaptosomal associated protein of 25 kDa

(SNAP-25) showed no significant variation in TeNT-in-

fused mice (t test, p = 0.35; Fig. 1d), highlighting the

specificity of the effect.

A subset of mice treated with the same TeNT batch were

implanted with chronic bipolar electrodes for LFP record-

ings and evaluation of spontaneous epileptiform activity. In

keeping with our recent report (Mainardi et al. 2012),

interictal spiking and seizure activity were evident in the

TeNT-treated cortex at both 10 and 45 days after injection

(Suppl. Figure 1c). Behavioral seizures (e.g. twitches typ-

ically observed after TeNT delivery to the motor cortex;

Nilsen et al. 2005) were not detected in TeNT animals,

consistent with the fact that cleavage of VAMP2 remains

spatially restricted to primary visual cortex (Fig. 1a) and

does not spread to adjacent cortical areas (Mainardi et al.

2012). These data confirm that TeNT leads to the estab-

lishment of a chronic epileptic focus following the com-

pletion of toxin effects.

Upregulation of GABAergic markers

within the epileptic focus

We next wondered whether specific alterations in either

inhibitory or excitatory markers are associated to the

epileptic phenotype of toxin-infused mice. To this aim, we

measured by Western blot the expression of a battery of

glutamatergic and GABAergic proteins in vehicle- and

TeNT-treated mice at 10 and 45 days. We found no dif-

ferences in the expression of vesicular glutamate trans-

porters 1 and 2 (Fig. 2a, b; one way ANOVA, p[ 0.5 for

both comparisons) that label intracortical and thalamocor-

tical excitatory synapses, respectively (Mainardi et al.

2010; Nahmani and Erisir 2005). On the contrary, we

found a significant increase of both the 65 and 67 kDa

isoforms of the GABA biosynthetic enzyme GAD (gluta-

mate decarboxylase) in TeNT-injected mice at 45, but not

10 days (Fig. 2c; one way ANOVA followed by Dunn’s

test, p\ 0.05 for both isoforms). The vesicular GABA

transporter vGAT also showed a trend for increased

expression in TeNT-injected animals at 45 days (Fig. 2d;

one way ANOVA, p = 0.22). Thus, the GABA biosyn-

thetic enzymes are significantly upregulated in the chron-

ically epileptic cortex.

Changes in dendritic structure and spine densities

in the epileptic cortex

To investigate structural underpinnings of the epileptic

phenotype, we carried out a morphological reconstruction

of Golgi-stained neurons in visual cortex (Fig. 3a, b) and

quantified total dendritic length, dendritic complexity and

spine densities. We focused on pyramidal neurons of

superficial layers since these have been shown to be most

sensitive to plasticity-inducing paradigms in the adult

visual cortex (Goel and Lee 2007). We found that total

dendritic length was similar in control (Veh) and TeNT-

injected mice at 10 days, but significantly increased by

about one-third in TeNT-treated mice at 45 days (one-way

ANOVA followed by Dunn’s test, p\ 0.05; Fig. 3c).

Dendrite complexity was examined by Sholl analysis and

the results showed only minor variations between controls

and epileptic mice at 10 days (Fig. 3d). In contrast, robust

differences were apparent between control and TeNT-

treated neurons at 45 days. Indeed, we detected signifi-

cantly increased numbers of intersections between den-

drites and Sholl circles at a distance of 80–110 lm from the

cell soma in the TeNT-treated group at 45 days (two-way

ANOVA, p\ 0.001; post hoc Holm-Sidak test, p\ 0.05;

Fig. 3d). Thus, overall dendritic length and dendritic

complexity are consistently increased in the chronically

epileptic cortex.

We also examined density and morphology of spines on

basal dendrites of cortical pyramidal neurons (Fig. 4a). We

measured spine density in the second, third and fourth

branch order and we found a consistent spine loss in TeNT-

infused animals, either at 10 or 45 days post-treatment

(one-way ANOVA on Ranks followed by Dunn’s test,

p\ 0.05 for TeNT 10 days and p\ 0.01 for TeNT

45 days; Fig. 4b). Interestingly, in epileptic animals at

either timepoint there was a significant increase in the

proportion of mature and stable mushroom spines, and a

corresponding decrease in the proportion of less mature,

thin and stubby spines (Fig. 4c, one-way ANOVA,

p\ 0.01; followed by post hoc test: p\ 0.01 for mush-

room; p = 0.02 for thin; p = 0.02 for stubby). We also

calculated the density of each spine subtype in the different

animal groups. Consistent with the greater proportion of

mushroom spines in epileptic animals, there was no sig-

nificant reduction in the density of this morphological type

of spine in TeNT-injected mice (one-way ANOVA on

ranks, p = 0.145; data not shown). These findings show an

overall loss of dendritic protrusions with selective sparing

of mushroom (i.e., mature) spines in epileptic animals.

Persistent modifications of spontaneous discharge

and visual responsiveness in epileptic mice

To evaluate functional changes induced by TeNT injection,

we performed extracellular spiking and field potential

recordings from the visual cortex of anesthetized mice at

10 and 45 days after toxin (or vehicle) delivery. Analysis

of multiunit activity revealed a profound enhancement of
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Fig. 2 Altered levels of the GABAergic markers in the visual cortex

of TeNT-infused mice. Western blot analysis of cortical glutamatergic

and GABAergic marker levels in vehicle and TeNT-treated mice, 10

and 45 days following injection. In all panels, the inset is a

representative immunoblotting showing the corresponding protein

levels in the cortex of animals in the three experimental groups

(vehicle, TeNT 10 and 45 days). Expression of the presynaptic

excitatory markers vGlut-1 (a) and vGlut-2 (b) in vehicle- and TeNT-

injected mice. There is no significant difference between the two

groups (one way ANOVA, p[ 0.5 for both markers). Expression of

the GABAergic markers GAD65/67 (c) and vGAT (d) in vehicle- and

TeNT-injected mice. The statistical analysis indicates consistent

increases in GAD65/67 (one way ANOVA followed by Dunn’s test,

p\ 0.05) in chronically epileptic animals. vGAT levels were

increased at 45 days but this trend only approached statistical

significance (one way ANOVA, p = 0.22). For each histogram

n = 5–10 mice. *p\ 0.05. Data are mean ± SEM

Brain Struct Funct

123



spontaneous firing of cortical neurons in TeNT-treated

mice at 10 days (Fig. 5a; one-way ANOVA on ranks,

p\ 0.001; followed by Dunn’s test, p\ 0.01). This

enhancement persisted at 45 days, i.e. when TeNT effects

are cleared from the system (Fig. 5a; one-way ANOVA on

ranks, p\ 0.001; followed by Dunn’s test, p\ 0.01). We

also quantified the peak response of cortical neurons to

visual stimulation, i.e. the passage of an optimally oriented

light bar within the receptive field. We found a profound

depression of visually-driven discharges at 10 days (likely

due to ongoing TeNT-mediated interference with synaptic

transmission), but peak firing rates recovered at 45 days

(one-way ANOVA on ranks, p\ 0.001; followed by

Dunn’s test p\ 0.01 for TeNT 10 days; Fig. 5b). We also

computed cell responsiveness as the peak-to-baseline ratio,

i.e. the peak discharge divided by spontaneous activity and

we observed a very significant drop in visual

responsiveness at the peak of toxin activity (10 days), with

significant but incomplete recovery at 45 days (one-way

ANOVA on ranks, p\ 0.001; followed by Dunn’s test,

p\ 0.01 for TeNT 10 days and p\ 0.05 for TeNT

45 days, Fig. 5c).

The decrease in peak-to-baseline ratio in TeNT could be

due to a decrease in the number of responsive units, in the

sensitivity of responsive units, or both. To investigate

whether the overall fraction of responsive units differed

between vehicle and TeNT animals at 45 days, we com-

puted the percent frequency distribution of the respon-

siveness (defined as the percentage of stimuli that elicited a

response peak higher than mean ? 2 SD of the average

baseline activity in the same unit) in the two animal groups.

We found that the fraction of units with a responsiveness

less than 30 % increased from 9.3 % in vehicle to 29.7 %

in TeNT, while the fraction of units with a responsiveness

Fig. 3 Increased dendritic branching in epileptic mice. a Represen-

tative image of Golgi-impregnated cells in a coronal section through

the mouse primary visual cortex. Scale bar 400 lm. b Neurolucida

tracings of Golgi-stained cortical pyramidal neurons in vehicle-

infused (Veh) and TeNT-injected animals at 10 and 45 days. Note the

increase in total dendritic length in the epileptic cortex 45 days after

TeNT. Scale bar 10 lm. c Quantitative analysis of total dendritic

length reveals a statistically significant increase at 45 days, but not

10 days, following TeNT delivery (one-way ANOVA, p\ 0.05;

followed by Dunn’s test, p\ 0.05). d Sholl analysis of cortical

neurons in vehicle- and TeNT-infused mice, 10 and 45 days

following delivery. Symbols indicate statistically significant differ-

ences across the dendritic trees between TeNT animals and vehicle

controls (two-way ANOVA, p\ 0.001; followed by Holm Sidak

test). *p\ 0.05; #p\ 0.01, §p\ 0.001. Data are mean ± SEM
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higher than 70 % decreased from 47.7 % in vehicle to

24.7 % in TeNT (Two-sample Kolmogorov–Smirnov test,

p\ 0.05, Fig. 5d). We conclude that the fraction of

responsive units is reduced in the chronically epileptic

cortex. Interestingly, however, if we compare the peak-to-

baseline ratios using only the set of responsive units for

vehicle and TeNT animals, the difference is still significant

(p\ 0.05, t test). So both a decrease in the number of

responsive units and a reduction in their sensitivity occur in

TeNT mice.

The data described above suggest that the dampened

peak-to-baseline ratio in neurons from chronically epileptic

animals may be due to a reduced reliability of visual

responses. Indeed, we found a higher incidence of failures

(i.e., the proportion of light bar passages unable to modify

spontaneous activity) in TeNT- vs. vehicle-treated mice

(t test, p\ 0.006; Fig. 5e). We checked whether failure

trials were characterized by higher spiking activity before

stimulus presentation, with respect to trials with normal

responses in the chronic TeNT group. Indeed we found that

pre-stimulus firing rates were significantly higher when

response failed (paired t test, p = 0.008) in TeNT-treated

mice at 45 days (Fig. 5f). These results indicate that

spontaneous, stimulus-independent activation of the

hyperexcitable network substantially interferes with visu-

ally-evoked firing of cortical units in the epileptic cortex.

Contrast response function in epileptic animals

We used VEP recordings to further characterize visual

responsiveness in chronically epileptic mice (45 days after

TeNT). We found a significant reduction of absolute VEP

amplitudes in TeNT-treated vs. vehicle-infused mice (t test,

p\ 0.05; Fig. 6a). Latency of visual drive (i.e. of the

major positive VEP peak) was unaltered by treatment

(Mann–Whitney rank sum test, p = 0.465; data not

shown). Similar to the spiking activity, we also found a

reduction in the signal-to-noise ratio, i.e. the ratio of VEPs

evoked by 90 % contrast gratings and by a blank screen in

the TeNT-infused mice (t test, p = 0.007; Fig. 6b). We

also evaluated visual responses at different contrast levels

and we found that visual responses in TeNT mice were

depressed across a range of visual contrasts (two-way

repeated measures ANOVA followed by Holm-Sidak test;

p\ 0.05 for 20 % and 30 %; p\ 0.001 for 90 %; Fig. 6c).

bFig. 4 Reduction of spine density in epileptic mice. a Representative

images of a dendritic segment in vehicle (top), and TeNT-infused

mice at 10 days (middle) and 45 days (bottom). Raw images have

been similarly processed with Adobe Photoshop tools to enhance

visibility of spines. Scale bar 2 lm. b Overall density of dendritic

protrusions in vehicle (Veh) and TeNT-infused mice at 10 and

45 days. Neurons of epileptic animals show a consistent and highly

significant decrease in the density of spines (one-way ANOVA on

ranks p\ 0.01; followed by Dunn’s test, p\ 0.05 for TeNT 10 days

and 0.01 for TeNT 45 days). The horizontal lines in the box chart

denote the 25th, 50th, and 75th percentile values. The error bars

denote the 5th and 95th percentile values, while the square indicates

the mean of the data. c Changes in the proportion of spine

morphological subtypes in the epileptic mice. In both groups of

TeNT-injected mice there is an increase in the proportion of

mushroom spines and a decrease in the proportion of both thin and

stubby ones (one-way ANOVA, p\ 0.01; followed by post hoc test:

p\ 0.01 for mushroom; p = 0.02 for thin; p = 0.02 for stubby).

*p\ 0.05; #p\ 0.01. Data are mean ± SEM
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We next investigated if the changes in responsive-

ness measured as absolute value of the response in

TeNT-injected mice were associated to a different shape

of the response function. We modelled the contrast-re-

sponse function as standard hyperbolic ratio function

separately for each animal as shown in Fig. 6d (Al-

brecht and Hamilton 1982; Contreras and Palmer 2003).

Then, following the analysis performed in Vaiceliunaite

et al. (2013), we compared the parameters indicating

the sensitivity of the response, i.e., the semisaturation

contrast and the response exponent, in vehicle- and

TeNT-injected mice (see Methods for details). We

found that the semisaturation contrast was not signifi-

cantly different in the two conditions (unpaired t test,

p[ 0.7, 26.5 ± 7 % in Veh, 28 ± 7 % in TeNT) and

the same was true for the exponent (unpaired t test,

p[ 0.75, 2.3 ± 0.6 in Veh, 2.5 ± 1 in TeNT). These

results overall indicate that following TeNT injection

the VEP contrast response function is rescaled but its

shape is not affected.
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Reduced spatial resolution (acuity) of the epileptic

cortical network

Spatial resolution is a fundamental property of primary

visual cortex and underlies the ability to see fine detail. To

ascertain whether visual acuity was affected in adult

epileptic mice, we recorded VEPs elicited across a series of

spatial frequencies of the stimulus grating in vehicle- and

TeNT-treated mice at 45 days, in the injected hemisphere.

The data showed that VEP visual acuity was consistently

lower in epileptic animals as compared to controls (t test,

p\ 0.001; Fig. 7a). Interestingly, VEP visual acuity was

similarly impaired also in the contralateral, untreated

hemisphere of TeNT-injected mice (n = 4; one-way

ANOVA followed by Holm-Sidak, p = 0.001 for Veh vs

TeNT contralateral; p = 0.37 for TeNT ipsilateral vs TeNT

contralateral; data not shown).

To examine whether overall visual abilities were

affected also at the behavioral level in TeNT-infused mice,

we tested the animals in a classical two-alternative forced-

choice visual discrimination task, the Prusky water box

(Prusky et al. 2000). In this task, animals learn to associate

a stimulus grating with the presence of a submerged plat-

form. We found that epileptic mice were significantly

slower in task acquisition, as demonstrated by the increase

in the number of sessions required to reach criterion (t test,

p\ 0.01; Fig. 7b). Interestingly, only two-thirds (6 out of

9) of the TeNT animals were able to learn the task, while

all the vehicle mice (7 out of 7) did so. Behavioral visual

acuity (i.e. the highest spatial frequency that could be

discriminated) was measured only in the animals that

effectively learned the task. The results showed that

behavioral acuity was significantly lower in TeNT-injected

mice as compared to controls (Veh, t test, p\ 0.05;

Fig. 7c). Altogether, these data demonstrate robust

impairments in sensory processing in epileptic mice.

Discussion

TeNT injection has been previously used to induce focal

epilepsy in the brain (Jefferys and Walker 2006). Delivery

of TeNT into the hippocampus provides a model of tem-

poral lobe epilepsy (Ferecsko et al. 2014; Jiruska et al.

2010), while injection into the motor cortex results in focal

neocortical epilepsy resembling epilepsia partialis continua

(Louis et al. 1990; Nilsen et al. 2005). TeNT-induced

chronic epilepsy lacks an initial status epilepticus and is

accompanied by minimal or no neuronal loss (Jefferys and

Walker 2006; Mainardi et al. 2012). Thus, the epileptic

syndrome likely depends on alterations in synaptic function

and imbalances in inhibitory vs. excitatory neurotrans-

mission, making the TeNT model an ideal system to

investigate the mechanisms at the basis of seizure genera-

tion in non-lesional epilepsy. TeNT-induced seizures are

also resistant to conventional anti-epileptic drugs (Nilsen

et al. 2005), suggesting the potential of this model for drug

screening.

While most of the previous work on TeNT-induced

epilepsy was carried out in the hippocampus or motor

cortex, here we have exploited TeNT delivery into the

visual cortex to measure quantitatively alterations in sen-

sory processing in the epileptic zone and the biochemical

and anatomical underpinnings of cortical dysfunction.

Specifically, we measured visual responses together with

biochemical and morphological changes at the peak of

TeNT proteolytic action (10 days) and at the completion of

toxin effects (45 days). This allowed us to determine those

circuit alterations that outlast toxin activity and may be at

the basis of the persistent epileptic phenotype.

We outline here a possible series of events that link

functional observations with the underlying biochemical/

structural findings. In the acute phase immediately after

injection, TeNT acts selectively on presynaptic terminals

by cleaving the synaptic vesicle protein VAMP (Rossetto

et al. 2013). Ferecsko et al. (2014) have clearly shown

that TeNT dramatically reduces GABAergic inhibition

bFig. 5 Increased spontaneous discharge and reduced responsiveness

to visual stimuli in the TeNT-treated cortex. a Quantification of

spontaneous firing rates of cortical units in the vehicle-injected cortex

(Veh) and in the TeNT-treated cortex (TeNT), 10 and 45 days after

toxin delivery. Note the significant increase of spontaneous discharge

in both TeNT-injected groups (one-way ANOVA on ranks,

p\ 0.001; followed by Dunn’s test, p\ 0.01). b Quantification of

peak response of cortical units in vehicle- (Veh) and in TeNT-treated

cortex (TeNT), 10 and 45 days after toxin injection. TeNT mice at

10 days display a decrease in firing rates following visual stimulation,

which is recovered at 45 days (one-way ANOVA on ranks,

p\ 0.001; followed by Dunn’s test p\ 0.01 for TeNT 10 days).

c Visual responsiveness of cortical units calculated as the ratio

between peak discharge following visual stimulation and spontaneous

activity. In both TeNT-injected groups the visual responsiveness is

decreased (one-way ANOVA on ranks, p\ 0.001; followed by

Dunn’s test, p\ 0.01 for TeNT 10 days and p\ 0.05 for TeNT

45 days). In panels a, b and c, data are displayed as box chart plots.

The horizontal lines in each box denote the 25th, 50th, and 75th

percentile values. The error bars denote the 5th and 95th percentile

values. The square symbols denote the mean of the column of data.

Number of recorded cells are as follows: Veh: 183 cells from 11

animals; TeNT 10 days: 120 cells from 5 animals; TeNT 45 days:

161 cells from 10 animals. d Percentage frequency distribution of

responsiveness for units recorded in vehicle (left) and TeNT mice at

45 days (right). The two distributions are significantly different (Two-

sample Kolmogorov–Smirnov test, p\ 0.05, Veh n = 3, TeNT

45 days n = 7) e Percentage of failures (i.e. lack of response to a light
bar drifting into the receptive field) of cortical units. The reduced

responses in TeNT animals are due to a high percentage of failures

(t test, p = 0.001; Veh n = 3, TeNT 45 days n = 7). f Analysis of

pre-stimulus activity in TeNT group. Failure trials are preceded by

higher spiking activity (paired t test, p = 0.008, TeNT 45 days

n = 7)
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but has also effect on excitatory neurotransmission. This

double effect may explain the induction of epileptiform

activity (via silencing of inhibitory inputs) and also the

dampening of visual responsiveness (via downregulation

of excitatory transmission) at 10 days. Interestingly,

VAMP2 levels were strongly reduced at 10 days and did

not recover completely in the chronic stage (Fig. 1b).

This could indicate a persistent alteration in neurotrans-

mission that maintains hyperexcitability and reduced

visual responses even when the toxin has been cleared

from the system. At the structural level, epileptiform,

high-frequency activity in the acute phase may on one

hand damage the postsynaptic compartment (resulting in

‘‘dendrotoxicity’’ and reduced spine densities, Swann

et al. 2000; Wong and Guo 2013), and on the other hand

trigger the conversion of a subset of thin spines into

mushroom spines (Bourne and Harris 2007). This struc-

tural trace (i.e. higher proportion of mushroom spines)

persists in the chronic stage and may be responsible for

the higher frequency of spontaneous discharge in TeNT-

treated cortical neurons, and for the increased incidence

of failures (due to stimulus-independent activation of the

hyperexcitable network that occludes visually-evoked

responses).

Fig. 6 Reduced VEP responses and altered cortical gain control in

epileptic mice. All recordings were performed starting from 45 days

following cortical injection. a Transient VEPs amplitude in TeNT-

and Vehicle-injected mice. Representative VEPs responses for each

group are shown inside the histograms. Responses in TeNT-injected

mice are consistently lower compared to control (t test p\ 0.05; Veh

n = 17, TeNT n = 16). Visual stimulus: square wave grating

alternating at 1 Hz, spatial frequency 0.06 c/deg, contrast 90 %.

b Responsiveness of visual cortex in vehicle and TeNT-treated mice,

measured as the ratio between VEPs amplitude under optimal

stimulus conditions (sinusoidal grating alternating at 4 Hz, spatial

frequency 0.06 c/deg, contrast 90 %) and the VEP response to a blank

stimulus. Note the lower ratio in TeNT-injected mice (t test,

p = 0.007; Veh n = 11, TeNT n = 7). c The amplitude of steady-

state VEPs is plotted as a function of variable contrast (0, 10, 20, 30,

90 %) in control and TeNT-injected mice. VEPs responses are

strongly reduced in TeNT visual cortex with respect to Vehicle (two-

way repeated measures ANOVA followed by Holm-Sidak test;

p\ 0.05 for 20 and 30 %; p\ 0.001 for 90 %). Visual stimulus:

sinusoidal grating alternating at 4 Hz, spatial frequency 0.06 c/deg,

contrast 0, 10, 20, 30, 90 %; Veh n = 11, TeNT n = 7. d Normalized

hyperbolic ratio functions fitting VEP response contrast modulation in

different TeNT- (red) and Vehicle- (black) injected mice. Bold lines

represent averages over all animals for each group (Veh n = 11,

TeNT n = 7)
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This scenario is based on correlative evidence, but it has

been generally very difficult to demonstrate causal links

between structural and functional plasticity in the current

literature (Djurisic et al. 2013; Hofer et al. 2009; Holtmaat

and Svoboda 2009; Miquelajauregui et al. 2015; Tropea

et al. 2010). Despite the fact that the TeNT model is amply

employed, there is yet no consensus on the precise pro-

cesses that lead to a permanent hyperexcitable phenotype.

The present data significantly add to our understanding of

the cortical rearrangements by which TeNT induces a

persistent epileptic focus.

Alterations in sensory processing in the TeNT-

injected cortex

The data reported in this manuscript demonstrate substan-

tial alterations in spontaneous activity and sensory

responses in focal neocortical epilepsy induced by TeNT.

Specifically, we found that baseline discharge was

increased, whereas visual responses were less reliable in

the epileptic cortex. Alterations in visual responses were

evident both at the level of VEPs (that measure the inte-

grated subthreshold activity of a population of cortical

neurons; (Porciatti et al. 1999) and at the level of spiking

activity of cortical units. We used an anesthetized mouse

preparation that is not suited to the evaluation of epilepti-

form activity (due to the interfering effect of anesthesia)

but is ideal for mapping visual responses. Thus, the aim

was to monitor baseline changes of hyperexcitable circuits

that lead to dysfunction of the cortical network and

impaired sensory processing (Grant 2005).

Recordings of spiking activity showed a clear

enhancement of spontaneous discharge of cortical neurons.

This was evident well beyond the time window of TeNT

action, suggesting that intrinsic excitability of cortical

neurons is persistently modified in the epileptic cortex

(Wykes et al. 2012). Visual responsiveness was also per-

sistently affected. In particular, we noted a higher inci-

dence of failures in responding to visual stimuli in the

chronically epileptic cortex. Interestingly, trials with fail-

ures were preceded by higher spontaneous activity than

those with normal responses. In other words, TeNT treat-

ment appears to increase firing rates in baseline, unstimu-

lated conditions and to reduce the probability of activating

visually-evoked discharges. Altogether these findings

bFig. 7 Impaired electrophysiological and behavioral visual acuity in

epileptic mice. a Electrophysiological assessment of visual acuity in

vehicle and TeNT-injected mice. Visual acuity, assessed 45 days post

injection, is significantly reduced in TeNT-injected mice (t test,

p\ 0.001; Veh n = 5, TeNT n = 6). b Quantification of the number

of training sessions required to reach criterion (80 % correct choices)

for vehicle and TeNT-injected mice in the Prusky water box.

Epileptic mice took significantly longer to acquire the task (t test,

p\ 0.01; Veh n = 7, TeNT n = 9). c Summary of data on behavioral

visual acuity. Each symbol represents one animal, and only animals

that reached criterion were tested for spatial resolution (6 out of 9 in

TeNT group, 7 out of 7 in vehicle). Note the reduced visual acuity in

TeNT-injected animals compared to vehicle (t test, p\ 0.05; Veh

n = 7, TeNT n = 6)
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suggest that spontaneous, stimulus-independent activation

of the hyperexcitable network occludes visually evoked

depolarization and firing of cortical units.

In order to elucidate the cell identity of the recorded

units, we performed a spike waveform analysis (Mitchell

et al. 2007) in both vehicle and TeNT animals. We

examined the distribution of spike waveform widths and

we found a unimodal distribution with a median around

0.6 ms (data not shown). This result suggests that we

recorded only from one class of neurons which, based on

the broad median waveform width and the characteristics

of our electrode, likely correspond to pyramidal cells

(Mitchell et al. 2007). Further studies are needed to char-

acterize the patterns of spontaneous and evoked discharge

of inhibitory neurons within the TeNT-injected cortex.

Our data are consistent with previous observations of

altered responses to sensory stimuli in focal epilepsy. In

temporal lobe epilepsy, there is evidence for a reduction of

auditory event-related potentials ipsilateral to the epilep-

togenic zone (Abubakr and Wambacq 2003). Particularly

relevant for the present study, functional magnetic reso-

nance imaging has revealed abnormalities in visual acti-

vation maps following stimulation with alternating

checkerboard patterns in patients with occipital lobe epi-

lepsy (Masuoka et al. 1999). In these subjects, the abnor-

mal response to visual stimuli may be used for the

presurgical localization of the epileptogenic side (Masuoka

et al. 1999). Overall, the presence of specific perceptual

disturbances in focal epilepsy syndromes is well docu-

mented, with most of the studies pointing to impaired

sensory processing (Grant 2005). These data suggest that

epileptogenic alterations in cortical networks may not only

predispose to seizures and sudden bursts of activity, but

also interfere substantially with cortical function even

during inter-ictal periods.

Importantly, we documented a consistent reduction of

visual acuity in TeNT-injected mice. This was evident at

both the electrophysiological and behavioral level, with

epileptic mice taking longer to learn a visual discrimination

task and displaying poorer spatial resolution. Visual acuity

can be significantly impaired by manipulations of visual

experience during early development (Fagiolini et al.

1994), even when activity in primary visual cortex is

manipulated unilaterally (Caleo et al. 2007). Conversely,

acuity is much more resilient to changes in sensory input

during adulthood (Baroncelli et al. 2012). It is well known

that the developmental maturation of visual acuity in the

occipital cortex depends on maturation of GABAergic

neurotransmission (Huang et al. 1999) and that inhibitory

connections sculpt receptive fields of cortical neurons

(Harauzov et al. 2010; Ramoa et al. 1988). In this context,

the dramatic impact of TeNT on GABAergic neurotrans-

mission (Ferecsko et al. 2014) may lead to a persistently

altered sampling of the visual field, and consequent loss of

spatial resolution in the epileptic cortex.

Potential substrates of long-term hyperexcitability

In TeNT-induced cortical hyperexcitability, epileptiform

alterations are detectable well beyond the time window of

toxin action, indicating a reorganization of cortical circuits

that leads to a permanent epileptic state. It is of great

interest to determine the epileptogenic changes that leave a

lasting trace in cortical excitability. In this context, we

have shown a long-term depletion of the TeNT substrate

VAMP2 and upregulation of GABAergic markers such as

GAD65/67. GAD67 represents the major biosynthetic

enzyme for GABA while GAD65 is expressed at the

synapse to provide additional GABA release during intense

activity (Erlander et al. 1991; Reetz et al. 1991). In keeping

with the present results, upregulation of GAD mRNA was

previously reported in the TeNT-infused rat hippocampus

(Najlerahim et al. 1992). The enhancements in GABA

biosynthetic enzymes may be interpreted as adaptive or

homeostatic phenomena that tend to compensate for the

hyperexcitability phenotype. Similar compensatory chan-

ges have been described in other models of epilepsy. For

example, following limbic seizures granule cells express

high levels of GAD67, likely in the attempt to limit seizure

occurrence (Schwarzer and Sperk 1995). However,

increased GABA signaling may also play a paradoxical

role in synchronizing neuronal networks and promoting

epileptiform activity (Avoli and de Curtis 2011).

We have also found striking rearrangements in dendritic

structure of pyramidal neurons in the TeNT-treated cortex.

A reduction in spine density in TeNT-treated neurons was

already apparent 10 days after the toxin and persisted up to

45 days. Dendritic spines represent the major site of con-

tact for excitatory inputs to cortical neurons and play a key

role in the control of neuronal excitability. They are highly

motile and dynamic even in the adult cerebral cortex

(Holtmaat and Svoboda 2009). Reductions in spine densi-

ties have been found in other models of epilepsy [(Colci-

aghi et al. 2014; Singh et al. 2013; Swann et al. 2000); for a

review see (Wong and Guo 2013)], but the physiological

significance of such changes is still debated. Spine loss

could be a byproduct of intense seizure activity that dam-

ages the postsynaptic compartment (‘‘dendrotoxicity’’), or

result from excessive synaptic pruning due to enhanced

activity and synaptic competition within the epileptic focus

(Swann et al. 2000; Wong and Guo 2013).

Interestingly, despite the overall reduction in spine

density, an analysis of the proportion of morphological

spine types revealed that mushroom spines were signifi-

cantly preserved in TeNT-treated neurons at the expense of

thin, immature protrusions. To our knowledge, this is the
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first description of a redistribution of spine types in

epileptic brain tissue.

Mushroom spines are considered stable and ‘‘mature’’

contacts with a large head (Bosch and Hayashi 2012).

Interestingly, high frequency activity leads to an enlarge-

ment of thin spines into mushroom spines (Bourne and

Harris 2007). This finding suggests that sustained activity

(such as that occurring during epileptic discharges) may

triggers the ‘‘conversion’’ of small, thin spines into mature,

enlarged protrusions. Since spine volume is positively

correlated with synaptic strength, a preservation of mush-

room spines may maintain overall excitatory drive onto

cortical cells. Overall, excitatory input onto pyramidal

neurons may even be increased in the chronic epileptic

focus, taking into account the increased dendritic length of

neurons in the TeNT-treated animals at 45 days (see

Fig. 3c). Complexity of the dendritic tree (as shown by

Sholl analysis) was also persistently modified by TeNT.

Modelling work has clearly shown that dendritic mor-

phology is an important determinant of firing patterns in

neocortical pyramidal neurons (van Elburg and van Ooyen

2010), and may therefore impact on both seizure generation

and baseline information processing.

In summary, we have described long-term alterations in

spontaneous discharge and sensory responses within a

TeNT-induced neocortical epilepsy focus. These functional

modifications are accompanied by significant restructuring

of the dendritic arbors of pyramidal neurons and by an

upregulation of GABAergic markers. These changes likely

represent the underlying substrate of hyperexcitability and

deficits in information processing within the epileptic focus.
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