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Abstract

Objectives: Acute injuries or insults to the cortex, such as trauma, subarachnoid hemorrhage, 

lobar hemorrhage, can cause seizures or status epilepticus(SE). Neocortical SE is associated 

with coma, worse prognosis, delayed recovery, and the development of epilepsy. The anatomical 

structures progressively recruited during neocortical-onset status epilepticus (SE) is unknown. 

Therefore, we constructed large-scale maps of brain regions active during neocortical SE.

Methods: We used a neocortical injury-induced SE mouse model. We implanted cobalt (Co) 

in the right supplementary motor cortex (M2). We 16 hours later administered a homocysteine 

injection (845 mg/kg, intraperitoneal) to C57Bl/6J mice to induce SE and monitored it 

by video and EEG. We harvested animals for 1 hr (early-stage) and 2 hrs (late-stage) 

following homocysteine injections. To construct activation maps, we immunolabeled whole-brain 

sections for cFos and NeuN, imaged them using a confocal microscope and quantified cFos 

immunoreactivity (IR).

Results: SE in the early phase consisted of discrete, focal intermittent seizures, which became 

continuous and bilateral in the late stage. In this early stage, cFos IR was primarily observed in the 

right hemisphere, ipsilateral to the Co lesion, specifically in the motor cortex, retrosplenial cortex, 

somatosensory cortex, anterior cingulate cortex, lateral and medial septal nuclei, and amygdala. 

We observed bilateral cFos IR in brain regions during the late stage, indicating the bilateral spread 

of focal seizures. We found increased cFOS IR in the bilateral somatosensory cortex and the motor 

cortex and subcortical regions, including the amygdala, thalamus, and hypothalamus. There was 

noticeably different, intense cFos IR in the bilateral hippocampus compared to the early stage. In 
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addition, there was higher activity in the cortex ipsilateral to the seizure focus during the late stage 

compared with the early one.

Conclusion: We present a large-scale, high-resolution map of seizure spread during neocortical 

injury-induced SE. Cortico-cortical and cortico subcortical re-entrant circuits sustain neocortical 

SE. Neuronal loss following neocortical SE, distant from the neocortical focus, may result from 

seizures.
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supplementary motor cortex

Introduction

Status epilepticus (SE) is a neurological emergency characterized by prolonged self-

sustaining seizures that can lead to brain injury if not terminated (ILAE definition). There 

is growing recognition that acute cortical insults, such as subarachnoid hemorrhage, lobar 

hemorrhage, and trauma, cause seizures (Herman et al. 2015); (Vespa et al. 2016; Vespa 

et al. 2003). Acute seizures are associated with worse prognosis, delayed recovery, and the 

development of epilepsy (Klein et al. 2018; Herman et al. 2015). In a study of patients 

with moderate to severe traumatic brain jury, those with SE suffered a higher mortality 

rate than those who did not have seizures (Vespa et al. 1999). Seizures after aneurysmal 

subarachnoid hemorrhage are positively associated with increased mortality (Rush et al. 

2016). After prolonged episodes of seizures, patients become comatose, during which the 

seizures become nonconvulsive (Claassen et al., 2007). It is observed that nonconvulsive 

seizures following traumatic brain injury cause a delayed increase in intracranial pressure, 

cerebral perfusion pressure, and metabolic crisis and trigger inflammation (Claassen et 
al., 2013). Patients with seizures had a higher likelihood of hydrocephalous, paresis, and 

comatose compared with the no-seizure cohort. Seizures cause secondary neuronal injuries 

by increasing metabolic demand, resulting in elevated cerebral blood flow and neuronal 

death via neurochemical excitotoxicity (Vespa et al. 2016). These seizures are associated 

with physiological complications and poorer neurological outcomes. Presumably, preventing 

or terminating SE in these patients will improve their prognosis by limiting secondary 

neocortical injury. We need to understand underlying mechanisms at the circuit, cellular and 

molecular levels to develop novel therapies.

An initial step is to identify neuronal circuits active during neocortical SE. For example, 

in the past, the dentate gate hypothesis was proposed as a potential circuit breaker for 

limbic system-driven SE (Lothman et al., 1990; Lothman et al., 1991). This hypothesis 

was then extensively studied at the cellular and molecular levels to understand mechanisms 

underlying limbic SE (Kapur and Macdonald 1997a; Joshi and Kapur 2012b; Kittler and 

Moss 2003; Terunuma et al., 2008). This perspective encourages us to follow a similar 

approach in the case of neocortical SE.

We recently characterized a mouse model of neocortical onset SE (Singh et al., 2020). 

Previously, we performed brain-wide mapping of neuronal activation with cellular level 
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details using immunohistochemistry and high-resolution imaging with automated image 

analysis (Dabrowska et al., 2019; Brodovskaya et al., 2021). Here we present the first 

large-scale functional anatomy of neuronal activation during neocortical injury-induced SE.

Materials and Methods

We performed all studies following protocols approved by the Animal Care and 

Use Committee of the University. Adult C57BL/6J mice (Charles River Laboratories, 

Wilmington, MA, USA) of either sex, 23 – 27 g, 8–10 weeks old, were used for these 

studies. All chemicals were purchased from Sigma‐Aldrich or otherwise stated. We pooled 

the data from male and female mice since the results were similar, as reported previously 

(Singh et al., 2020).

Induction of SE and EEG recordings

We implanted 2.1 mg, 0.5 mm diameter, 1.2 mm long Co wire (Alfa Aesar, Haverhill, 

MA, USA) orthogonally into the right supplementary motor cortex (M2) (AP, +2.6 mm; 

ML, +1.8 mm) under isoflurane anesthesia as reported previously. We also implanted 

stainless‐steel electrodes in the right and (Fi) and left (Fc) frontal cortices at coordinates 

AP, +1.6 mm; ML, ±1.8 mm; and DV, +1.0 mm and bilateral parietal electrodes (Pi 

and Pc) at coordinates AP, −2.6 mm; ML, ±1.8 mm; and DV +1.0 mm and a reference 

electrode over the cerebellum. Animals received ketoprofen (1 mg/kg i.p.) to minimize 

pain and discomfort. We initiated continuous video and EEG monitoring 30 min after 

the surgery (Grass ARUA LTM64 using Twin software, Grass, Warwick, RI, USA). We 

administered homocysteine (845 mg/kg, intraperitoneal), 16–18h, following Co implantation 

to induce SE. We exported EEG data to Lab Chart 7 (ADI Instruments, Colorado, USA). 

We generated a power spectrum using cortical EEG recorded from the ipsilateral frontal 

electrode and expressed power as mV2.

Cobalt baseline

Brain injury can increase cfos expression (Dragunow and Robertson 1988). Co causes acute 

injury at the premotor cortex. We implanted cobalt in three (two male and one female) 8–10 

weeks old mice. We administered diazepam (10 mg/kg, intraperitoneal) at the 15th hour 

after cobalt implantation. The animals were perfused transcardially after one hour later. This 

group of mice, which we call Co-baseline, did not receive homocysteine.

cFos immunohistochemistry

Co-implanted animals received homocysteine and developed SE. The animals of Co-

homocysteine and the Co-baseline groups were transcardially perfused with 4% PFA in 

0.1 M PB either at 60 min (early stage) or 120 min (late stage) after homocysteine injection. 

We studied five animals in the early-stage group and five animals in the late-stage group. 

The brains were harvested and postfixed in 4% PFA solution overnight and incubated in 

30% sucrose for 48 h for cryoprotection. We prepared Forty-micron-thick coronal sections 

on a Leica cryostat and processed every fourth section for immunohistochemistry. Anti-

cFos (1:1000, ab190289, Abcam) and anti-NeuN antibodies (1:500, MAB377, Millipore, 

Burlington, MA, USA) were used.
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Statistical analysis and Image acquisition

The EEG data were processed using Graph Pad Prism version 8 (San Diego, CA 92108, 

USA). The coronal sections for cFos and NeuN immunoreactivity were scanned at 10x 

magnification using a confocal microscope (Nikon Eclipse Ti-U at 10x magnification, 0.45 

NA). Excitation lasers were 488 nm for green and 561 nm for red. Images were tiled as 

stacks with optical section separation (Z interval) of 10μm and stitched using NIS Elements 

software. We used Imaris 9.3.0 (Bitplane) for visualizing and Adobe Photoshop CC for 

cropping the original image and display.

We semi-automatically counted neurons that expressed c-Fos immunoreactivity in key 

brain regions. We first opened the z-stack of a two-channel (NeuN and cFos) image of a 

slice using Imaris. We computed the maximum intensity projection (MIP) image for each 

channel. We focused on the region of interest in a MIP image by magnifying the image by 

10 times (100X). Next, we saved one magnified MIP image per channel and opened each of 

them via ImageJ, and converted it to grayscale for counting. Images in the figures are MIP 

generated by the Imaris software. The cFos intensity profile of a neuron varied based on the 

slice and region. cFos was also expressed in non-neuronal cells. Our objective was to count 

only cFos+ neurons. So, we did not measure the brightness of neuronal cFos.

For a slice with a large variation in intensity, we saved the MIP image, opened Matlab, 

masked the desired region, and loaded the masked image back to ImageJ for auto-

thresholding. To eliminate the possibility of missing neurons because of varying intensities 

and a single global threshold, we separated very bright regions from comparatively low-

intensity regions by applying masks (manually-drawn contours). Next, we applied an auto 

thresholding function on the individual masked image. We applied a watershed algorithm 

and a set of morphological operations to ensure at least one-pixel width separation between 

two neighboring cells. We segmented NeuN and cFos separately and then maximized region 

overlap to determine the neurons. We also manually confirmed the accuracy of the counts in 

a couple of slices.

We considered at least three slices per region for each of the five animals in each stage. We 

maintained coronal slices’ coordinates the same for both stages to avoid any bias of region 

volume incurred by inconsistent slice selection. We verified the locations from the Allen 

atlas. For each animal, we considered 4 slices for the motor cortex, 4 for the somatosensory 

cortex, 5 for the entorhinal cortex, 5 for the visual cortex, 4 for the retrosplenial cortex, 3 for 

the hippocampus and DG, 3 for the hypothalamus, 3 for the thalamus, 4 for the piriform and 

4 for the amygdala.

We compared the c-Fos activity between sites, ipsilateral to Co implantation, and the 

contralateral sites at the early stage. We performed paired t-test with Welch’s correction 

for unequal variance and tested normality using the Shapiro-Wilks test as well as Q-Q plot. 

We considered coronal slices from their anterior and posterior (4 slices each) for motor and 

somatosensory cortices to investigate the anterior to posterior seizure spread. We compared 

the c-Fos IR between the early and the late stages for each region using one-way ANOVA 

with Bonferroni’s correction for multiple comparisons. We set the significance level at 5% 

and performed all statistical tests using GraphPad Prism 8 (San Diego, CA 92108, USA).
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Results

The following sections present the results of brain-wide cFos immunoreactivity (IR). We 

used the convention of ipsilateral and contralateral as the right and left hemispheres 

of a mouse brain, respectively. The cobalt was implanted on the right hemisphere. All 

observations from the right hemisphere, i.e, ipsilateral to the cobalt lesion, referred to as 

“ipsi” in the figures.

cFos immunoreactivity due to cortical injury

The cFos IR in the brain slices of the Co-baseline group was shown in the top panel of Fig.1. 

We found considerable cFos IR in the ipsilateral motor cortex (Fig. 1(A)), hypothalamus 

(Fig. 1(C)), prelimbic, and infralimbic (Fig. 1(B)) cortices. We included the baseline cFos 

IR of the motor cortex and hypothalamus while comparing against the early stage. We found 

very sparse cFos IR in other brain regions, including the visual cortex, posterior parietal 

association areas, somatosensory cortex, paraventricular thalamus, hippocampus and dentate 

gyrus. We omitted the baseline cFos IRs of these regions because they did not fit the same 

scale of cFos IR during the early and late stages. Three whole brain coronal slices containing 

NeuN and cFos expressions were shown in Fig. 1(E).

cFos immunoreactivity at cortical areas

In a recent study, we described Co /Homocysteine-induced SE’s evolution (Singh et 
al., 2020). Briefly, SE started with brief, discrete focal seizures that became longer. 

Electrographically, rhythmic spike-wave discharges were recorded from electrodes in the 

frontal and parietal lobes. After 4 to 8s, spike-wave discharges appeared on both parietal 

electrodes. EEG was suppressed in all four electrodes after the spikes disappeared, marking 

the end of the seizure. Power spectrum analysis of EEG recorded from the right frontal 

electrode (Fig. 2(A)), near the cobalt focus, demonstrated sudden bursts of high-power 

activity associated with early focal intermittent seizures. The EEG traces recorded during 

focal seizures were recorded (Fig. 2(B–C)), marking distinct behavior patterns (forepaw 

clonus, focal dystonia with clonus).

We used cFos immunohistochemistry to study the spatiotemporal spread of SE for several 

reasons. Following seizures, mRNA levels for different IEGs increases in cfos > jun-B 

> c-jun > jun-D. The jun family’s expression was less marked than c-fos (Williams and 

Jope 1994; Morgan et al. 1987). Anticonvulsants blocked c-fos immunoreactivity and the 

development of seizures. Analysis of tissue specimens from epileptic foci in humans also 

confirmed a correlation of cFos immunoreactivity with the frequency of interictal activity 

(Rakhade et al., 2007). Thus, based on these studies, The upregulation of cFos mRNA and 

protein expression generally takes approximately 30–45 mins (Peng and Houser, 2005). We, 

therefore, evaluated cFos expression in animals 60 minutes (early stage) and 120 minutes 

(late stage) after homocysteine injection to map the seizure activity over time. The seizure 

focus was in the supplementary motor cortex (M2), which has a variety of cortico-cortical 

connections with primary motor area (M1), somatosensory, auditory, and visual cortex and 

limbic/paralimbic areas including orbital, insular, perirhinal, entorhinal (EC), retrosplenial 

and presubiculum cortex (Reep et al., 1987; Zingg et al., 2014).
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Early stage—In the early stage, there was intense unilateral cFos IR in the cortical region 

as shown in Fig. 3(A–F). The cFos was not uniformly expressed across all the cortical 

layers. For example, in the somatosensory cortex, the superficial layers 1 and 2/3 were 

densely cFos labeled compared to the deep layers. In contrast, the entorhinal cortex showed 

almost uniform expression across all layers (Fig. 3(F) and Fig. 6(A)). We found elevated 

cFos IR anteriorly around the lesion in the right supplementary motor cortex compared to 

its contralateral side (p = 0.0017). There was extensive cell death near the cobalt lesion. 

Even though we discarded the slices at the focus, we found slightly reduced cFos IR in the 

motor cortex, as shown in Fig. 5(A). The total number of cFos+ neurons in 4 slices was 

approximately 1423 ± 173.1 per animal on the ipsilateral motor cortex. The Co-baseline 

control group contained around 913.4 ± 164.4 cFos+ neurons per animal on the same side. 

cFos IR at the ipsilateral motor cortex (p = 0.0221), but not the contralateral side (p = 

0.40), was different between the early stage and Co-baseline group. There was intense cFos 

IR ie right (ipsilateral) somatosensory cortex compared with the contralateral side (p = 

0.0092, Fig. 5(C)). In the visual cortex also, cFos IR was different between hemispheres 

(p = 0.0336). The cFos IR for the visual and entorhinal (p = 0.035) cortical areas were 

shown in Fig. 6(A, C). Compared to the contralateral side, substantial cFos IR was also 

observed in other cortical areas, including the anterior cingulate (p = 0.0007), retrosplenial 

(p = 0.011), and other cortical areas, such as perirhinal, ectorhinal, piriform (p = 0.027) 

on the ipsilateral side. cFos IR appeared on the contralateral side was possibly due to the 

bilateral projections of the M2 cortex to perirhinal and entorhinal cortices (Reep et al. 1987). 

A similar explanation holds for the piriform cortex.

Late stage—Continuous seizure activity marked the late phase. Ongoing generalized 

seizure activity transitioned to generalized periodic discharges interspersed with bursts of 

polyspike discharges and periods of relatively flat EEG background (Fig. 2(A)). The end of 

SE was determined by visual inspection of EEG traces. The end pf SE was marked when 

the frequency of spikes fell below 1 Hz, became arrhythmic, and had no sign of restoration 

of seizures. The EEG traces corresponding to behavior (tonic stiffening, bilateral clonus) 

during continuous seizures were given in Fig. 2(D–E). Coma followed this late phase with 

the corresponding EEG traces shown in Fig. 2(F).

We observed bilateral cortical cFos IR during the late stage. We observed that cortical 

areas, such as the motor (Fig. 5(B)), somatosensory (Fig. 5(D)), visual (Fig. 6(D)), and 

retrosplenial cortices (Fig. 9(C)), have a nearly uniform distribution of cFos across all layers. 

However, the entorhinal cortex (Fig. 6(B)) on both hemispheres showed dense cFos IR at 

layers 1, 2a, 2b, and 6a, whereas the rest of the layers showed sparse cFos IR (Fig. 4). 

We found differences in IR between early and late-stage SE in cortical regions, such as the 

somatosensory cortex (p < 0.0001), motor cortex (p=0.0008), anterior cingulate cortex (p = 

0.002), and retrosplenial cortex (p = 0.007). In the case of the motor cortex, the contralateral 

side cFos IR was substantially increased. The cFos IR at the ipsilateral motor cortex (Fig. 

5(E)) did not change (from 1423 ± 173.1 to 1693 ± 266.6, p = 0.469 Fig. 5(E)). The 

constant cFos IR was a likely effect of the cobalt lesion. The somatosensory cortex (Fig. 

5(F)) showed a marked increase in cFos IR in both hemispheres (right : from 5558 ± 171.3 

to 7152 ± 491.6, p = 0.0065; left: from 2919 ± 856.6 to 5861 ± 791.2, p = 0.0092). The cFos 
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IR at the entorhinal cortex had the same pattern as that of the motor cortex (right: from 4153 

± 508.4 to 4893 ± 484, p = 0.2541; left: from 2641 ± 236.2 to 3614 ± 274.4, p = 0.0243). 

In the case of the visual cortex, there was no marked increase in cFos IR between stages. In 

the case of the retrosplenial cortex (Fig. 9(D)), there was an increase in cFos IR in the right 

(ipsilateral to cobalt) hemisphere (right: from 9906 ± 118.7 to 11277 ± 353.5, p = 0.0496; 

left: from 7324 ± 166.5 to 9056 ± 1702 , p = 0.4248 Fig. 9(D)). In addition, there were 

intense cFos IR in the perirhinal, ectorhinal, and piriform (p = 0.008) cortices. These results 

confirmed that the activation patterns were different between the stages.

cFos IR on the contralateral cortex increased substantially in the late stage (left column 

of Fig. 4) compared to the early stage (left column of Fig. 3). cFos IR in the ipsilateral 

cortex appeared to increase during continuous generalized convulsive seizures (late-stage) 

than during intermittent focal seizures (early stage). Therefore, we tested if the ipsilateral 

cFos IR increased in cortical areas proximal such as the somatosensory cortex and remote 

from the Co lesion like the rhinal and visual cortex.

In late-stage, cFos increased in somatosensory (p = 0.012) (Fig. 5(D)), retrosplenial (p = 

0.043) (Fig. 9(C)) but not in the motor cortex(p = 0.63) (Fig. 5(B)). We discarded slices 

at the cobalt focus from counting. The primary motor cortex at the ipsilateral side was 

still affected by the extent of cobalt lesion, as observed in Fig. 3(A) and Fig. 4(A). To 

reduce the effect of the lesion, we normalized the cFos+ neuronal count by dividing it with 

the total neuronal count (using NeuN) at the motor cortex. We performed this procedure 

for the early stage and the late stage separately. We found a difference (p = 0.041) in 

the normalized cFos+ neuronal count at the ipsilateral motor cortex between both stages. 

Next, let us consider the somatosensory cortex in detail. At the contralateral side, SE 

elicited a substantial increase in per animal mean cFos IR from 2919 (early stage) to 5861 

(late stage), marking a 2.14 folds increment (Fig. 5(F)). At the ipsilateral side, SE also 

induced an elevated mean cFos IR per animal from 5558 (early stage) to 7152 (late stage), 

indicating a 1.5 folds increment. This pattern of a greater increase in the contralateral 

cortex held true for other cortical areas, such as the retrosplenial and anterior cingulate 

cortices, close to the motor cortex. This observation suggested that prolonged seizures 

progressively activated more neurons over time in both hemispheres. In addition, There are 

cortico-cortical connections from M2 to these cortical regions, which are densely innervated 

by the perirhinal cortex and sparsely by the piriform cortex (Vismer et al. 2015).

cFos expression in the hippocampus

The hippocampus and DG were very sparsely activated during the early stage (Fig. 7(CII)) 

but intensely during the late stage (Fig. 7(DII)). Elaborately, we observed sparse activation 

of CA1, CA2, and CA3 and dentate gyrus (DG) in 4 out of 5 animals on both hemispheres 

during the early stage. In early stage, there was bilaterally equal cFos IR in CA1 (p = 

0.84), CA2 (p = 0.91), CA3 (p = 0.46) and DG (p = 0.74). The magnified images of CA1, 

CA2, CA3, and DG are in Fig. 8(A–H). Each image contains the co-expression of NeuN 

and cFos. We found significant increase in the late stage, (multiple comparison Fig. 8(I)) at 

CA1 (p = 0.0013), CA2 (p = 0.014), CA3 (p = 0.024) and DG (p = 0.001). cFos IR of DG 

increased from 86.40 ± 9.3 (early stage) to 651.4 ± 28.16 (late stage), indicating a nearly 
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eight-fold increase in the number of cFos expressing cells per image at the ipsilateral side. 

CA1 cFos IR increased from 81.20 ± 7.39 to 648.6 ± 52.96, CA2 increased five-fold from 

52.7 ± 9.52 to 243.4± 30.85 on the ipsilateral side. Lastly, we observed eightfold cFos IR 

increment from 113.6 ± 14.84to 851.4± 99.65 in ipsilateral CA3. The fold of increment on 

the contralateral stayed the same as that of the ipsilateral side for CA1, CA2, CA3, and DG.

cFos expression in other subcortical structures

Previous showed multiple pathways connecting the motor cortex to subcortical structures, 

such as the striatum, globus pallidus externa (GPe), globus pallidus interna (GPi), 

subthalamic nuclei (STN), substantia nigra reticulata (SNr) and thalamus studies 

(Brodovskaya et al., 2021; Dabrowska et al., 2019). There exists a direct reciprocal 

connection from the motor cortex to the motor thalamus, which consists of ventrolateral 

(VL), ventral anterior and ventromedial thalamic nuclei. The appearance of cFos IR at the 

motor thalamus is consistent with such projections (Fig. 9(A)).

We investigated the cFos expression in those regions and found sparse activation of the 

thalamus during the early stage, and the difference between the ipsilateral and contralateral 

sides did not reach significance (p = 0.32) (Fig. 9(D)). STN and GPe were also cFos 

labeled. However, we did not find region-wise differences of cFos IR between the ipsi- 

and contralateral sides in the early stage except STN (p = 0.03). Previous studies reported 

that electrical stimulation of the motor cortex activates the STN through direct excitatory, 

glutamatergic inputs, also known as a cortico-subthalamic hyper-direct pathway which 

projects primarily from the motor cortex (Inoue et al. 2012). These connections explained 

the intense STN activation in both early focal intermittent and continuous generalized 

convulsive seizure phase. When comparing the ipsilateral side between both the stages, we 

found substantial differences in cFos IR (STN: p = 0.005, GPe: p = 0.018).

Among other thalamic nuclei, the reticular thalamus (RT), midline thalamic nuclei, such as 

the paraventricular (PVT) and paratenial (PT) thalamic nuclei and the mediodorsal (MD) 

thalamic nucleus were cFos labeled during both stages. The prefrontal cortex (PFC) areas, 

including the infralimbic, prelimbic, and insular cortices, are a major source of input to the 

PT, and PVT nuclei (Kirouac 2015; Mitchell and Chakraborty 2013). Anatomical tracing 

studies confirmed that each subgroup of MD nuclei is interconnected to the PFC. The MD 

medial, central and lateral were found to have intense cFos activation (p = 0.043 for MD on 

the ipsilateral side compared to the contralateral side) in the early stage. The late-stage was 

marked with more cFos activity in MD (p = 0.01) compared to the early stage. The thalamus 

on both hemispheres was shown in Fig. 7 (CIII) (early stage) and Fig. 7(DIII) (late-stage) and 

magnified images are in Fig. 9(A). The cFos+ neuronal count is shown in Fig. 9(D).

Several amygdalar nuclei, such as the lateral amygdala, medial amygdalar nucleus, central 

amygdalar nucleus, cortical amygdalar area, and piriform-amygdalar nucleus, had intense 

cFos IR ipsilateral to the Co lesion during early stage (p = 0.029). There is a direct 

connection from the piriform cortex to the amygdala (Veening 1978; Wakefield 1980) 

and a diffuse polysynaptic connection from the amygdala to the piriform cortex via the 

endopiriform nucleus (Krettek and Price 1977). The difference between the left and right 

amygdala was found to be significant (p = 0.029) during the early stage. Amygdala is 
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robustly activated during the late stage when compared to the early one (p = 0.004). The 

amygdala on both hemispheres is shown in Fig. 7, early-stage CIV-V, and late-stage DIV-V. 

The magnified images are shown in Fig. 9 (B) with counts in Fig. 9(D).

Hypothalamic regions on both sides contained sparse cFos IR. Cobalt injury-induced 

elevated cFos expression (Fig. 1(C)). Therefore, we included the count of cFos+ neurons as 

a control, as shown in Fig. 9(D). Both hemispheres during the early stage had significantly 

more cFos IR compared to the cobalt control. Statistical tests suggested no significant 

difference (p = 0.97) between the hemispheres during the initial stage. However, there was a 

remarkable increment in cFos IR during the late stage, specifically at the contralateral side. 

This effect was visible by comparing Fig. 9 (early-stage (1h) and late-stage (2h)). The cFos 

IR per animal was elevated (right: from 1773 ± 319.9 in the early stage to 3305 ± 559.1 in 

the late stage, p = 0.0205; left: from 1780 ± 107.6 in the early stage to 3320 ± 116.7 in the 

late stage, p < 0.0001).

Discussion

The present study provided the first detailed functional anatomy of seizure spread during 

neocortical injury-induced SE. There was intense cFos IR in the cerebral cortex ipsilateral 

to the seizure focus during early SE compared to the contralateral side. Major cortical 

regions included the motor, somatosensory, anterior cingulate, retrosplenial, visual, rhinal 

and piriform cortices and the posterior parietal association areas. Over time, seizures spread 

bilaterally and became multi-lobar, as demonstrated by bilateral cFos IR. We noticed a 

substantial cFos IR increase in the left hemisphere (contralateral side) during the late stage 

compared to the early stage. In addition, we found that the activity at the ipsilateral side 

was also increased during the late stage. Subcortical structures, such as several thalamic 

nuclei, hypothalamus, hippocampus, and the dentate gyrus (DG) that exhibited sparse cFos 

IR during the early stage showed strong cFos IR in both hemispheres during the late stage.

The unilateral activation during the early stage during which major cortical areas were active 

and subcortical structures were found to contain sparse cFos IR imply that the primary 

anatomical pathways for the propagation of focal seizures were cortio-cortical connections. 

The cortex has a laminar organization (Barbas 1986; Douglas and Martin 2004) containing 

a major population (~70%) of excitatory neurons (mostly the pyramidal and stellate 

neurons (Powell and Mountcastle 1959; Shepherd 2004) and a rich variety of inhibitory 

neurons (Gabbott and Somogyi 1986; Isaacson and Scanziani 2011), together forming ~80% 

by volume of human brain (Passingham 1982). Based on their morphology, pyramidal 

neurons form synapses with neurons within cortical layers, between cortical layers, project 

efferents to and receive afferents from several subcortical and midbrain structures. Apart 

from receiving excitatory inputs from cortical layers, inhibitory interneurons also receive 

long-range projections from subcortical areas. However, cortico-cortical projections are 

remarkably extensive in number than the efferents from the subcortex. Braintenberg and 

Schuz found that only 1 in 100 or even 1000 white matter fibers connect the cortex with 

subcortical areas; inter-and intra-hemispheric cortical projections constitute the rest of the 

white matter fibers (Schüz, and Braitenberg 1998). In general, a single excitatory cortical 

neuron is densely innervated by a large group of cortical neurons.
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Based on the target output and the degree of inhibition by neighboring interneurons, 

the laminar topography of cortical excitatory neurons can be subdivided in two groups 

(Felleman and Essen, 1991) – layers L2 and L3 occasionally L4, and layers 5 and 6 (L5 

and L6). L2–3 and L5–6 are strongly interconnected with reciprocal projections. There is 

also substantial diversity among inter-cortical long-range projections of excitatory neurons 

(Gerfen et al., 2018; Aronoff et al., 2010; Mao et al., 2011; Chakrabarti and Alloway 

2006). As an example, using Channelrhodopsin, retrograde and anterograde labeling, authors 

found that mouse barrel cortex preferentially targets L2/3 and L5A of the motor cortex, 

whereas the projections from the motor cortex to the primary somatosensory (S1) area are 

diffused over all the layers, thereby forming multiple feedback loops between the superficial 

layers of vibrissal primary motor area and the vibrissal primary somatosensory area (Mao 

et al., 2011). Similar to the motor and somatosensory cortices, the visual cortex has 

extensive long-range connections with other cortical areas, such the motor, somatosensory 

and anterior cingulate cortices (Wang, Gao, and Burkhalter 2011; Froudarakis et al., 2019; 

Muir et al., 1996). An example of long-range reciprocal projections between the motor 

cortex (A24b and the secondary motor area, M2) and the primary visual cortex (V1) was 

studied in (Wang, Gao, and Burkhalter 2011). These long-range connections play crucial 

role in sensorimotor integration (Hoffer et al., 2003; Ferezou et al., 2007; Wang, Gao, and 

Burkhalter 2011). Routing seizures through such long- and short-range intra-cortical and 

inter-cortical projections may explain the activation of distant cortical areas (example, the 

somatosensory and visual cortices) during the early stage.

During the late stage, subcortical structures were intensely active compared to the early 

stage. Previous works suggested that subcortical were parts of multiple cortico-subcortical 

re-entrant circuits (Lothman et al., 1991; Brodovskaya et al., 2021). One such circuit 

involves the motor cortex that projects to the striatum (Haber 2016). Striatum, in turn, 

projects to its downstream structures based on the spiny neurons that express dopamine 

receptors D1 or D2. D1-expressing neurons directly project to GPi and SNr. D2-expressing 

neurons project to GPe, STN and then finally to SNr, forming an indirect pathway. The 

anterior part of the motor thalamus is densely innervated by GPe and SNr with GABAergic 

projections, thus forming a re-entrant circuit that starts from and ends at the motor 

cortex (DeLong and Wichmann 2007). In addition, direct cortico-pallidal projections exist 

(Brodovskaya et al., 2021; Karube et al., 2019). Likewise, STN also receives direct input 

from the motor cortex (Nambu et al., 2002; Inoue et al., 2012). Striatum acts as a large 

reservoir of GABAergic medium spiny neurons. In addition, SNr and GP also contain 

GABAergic neurons. During cortical seizure spread, such strong inhibition can prevent or 

delay the activation of subcortical structures in this circuit. Breakdown of inhibition due to 

prolonged seizures may be a potential reason for intense activation during the late stage.

In the cobalt homocysteine model, cobalt caused local hypoxic injury to neurons. This 

caused an increase in neuronal excitability. Later, the administration of homocysteine caused 

blood-brain barrier damage, which caused seizures and induced SE (Singh et al., 2020). 

The exact molecular mechanism of how blood-brain barrier damage leads to seizures is still 

unknown.
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We observed that the superficial cortical layers had intense cFos IR early. This may imply 

that the superficial layers of the cortex were a potential region for seizure initiation. In our 

model, the cobalt wire was 1.2 mm in length. Therefore, after implantation, the cobalt came 

in contact with layers 1, 2/3, 5 and 6a of the supplementary motor cortex (verified from the 

Allen atlas). However, we observed intense cFos IR in the superficial layers (primary motor 

cortex and somatosensory cortex) compared to the deep layers. This result is in agreement 

with (Wenzel et al. 2017), where investigators used fast, two-photon imaging and multi-array 

LFP measurements to trace the spread of locally-induced seizures by 4-AP in adult C57/BL6 

mice.

On the other hand, this result contrasts with the findings by a group of investigators 

(Connors 1984; Pinto 2005) who used coronal slices of the somatosensory cortex in 

animals (adult guniea pigs Sprague Dowley rats). Seizures were elicited by using GABA-A 

antagonists (bicuculline or picrotoxin). Their findings suggested that deep layers are the 

potential regions for seizure initiation. In our model of neocortical injury-induced SE, 

whether layer 2/3 was the site for seizure initiation or not needs further in vivo experiments.

The intense cFos IR of the superficial cortical layers also indicates that the seizures spread 

unilaterally through cortico-cortical connections in the superficial layers. During the late 

stage, the superficial layers progressively activated the deep cortical layers. Studies using 

human EEG measured by multi-electrode arrays (Schevon et al. 2012) found that foci of 

cortical seizures in chronic epileptic patients have inhibitory restraint surrounding the foci. 

The inhibitory surrounding of a seizure focus limits the pace at which neurons are recruited 

for seizure spread. This characteristic of seizure foci in the cortex had also been reported in 

animals (Schwartz and Bonhoeffer 2001) with acute models of seizures. Using only cFos IR, 

it is difficult to assert how seizures spread from the focus. However, activation of cortical 

regions, which are remote from the cobalt implantation site, suggests that seizures promptly 

followed long-range excitatory cortico-cortical projections for propagation. The mechanism 

remains to be determined whether runway excitatory neurotransmission or breakdown of 

inhibitory neurotransmission or both in the cortex overcome the inhibitory surrounding of a 

seizure focus.

In animal models of SE, where SE can be induced by administering chemo-convulsants 

or performing electrical stimulation of limbic structures (Lothman et al., 1991; Lothman 

et al., 1990), the sensitivity towards benzodiazepine (such as lorazepam and diazepam) 

was reduced during SE (Kapur and Macdonald 1997b). Benzodiazepine facilitates the 

GABAergic inhibition of principal neurons by targeting GABAA type receptors. GABA 

is the major source of inhibition in the cortex, and the reduction of sensitivity indicates 

the decrease in the inhibitory neurotransmission. It has been proposed that internalization 

(removal of receptors from the plasma membrane) of GABAA receptors during SE via 

dephosphorylation may lead to such reduction (Joshi and Kapur 2012a; Kittler and Moss 

2003; Terunuma et al. 2008). There is also evidence of resistance to benzodiazepines due 

to accumulation of chloride ions (Burman et al., 2019; Moore et al., 2018). Activation 

of AMPA (Rajasekaran et al., 2012; Joshi et al., 2017) and NMDA receptors (Naylor et 
al., 2013; Wasterlain et al., 2013) may also contribute to the accelerated internalization of 

GABARs. The breakdown of inhibition may trigger an increase in excitatory, glutamatergic 
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transmission. Further studies are needed in order to confirm these findings in the context of 

neocortical SE.

Conclusion

In conclusion, this study provides an unbiased large-scale evaluation of neuronal circuits 

active during neocortical injury-induced SE for the first time. Neocortex injury can 

sustain prolonged seizures through several cortico-cortical and cortico-subcortical re-entrant 

circuits. However, what molecular and cellular mechanisms help SE sustain through 

neocortical circuits remains studied.
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• A large-scale, high-resolution map of neuronal activity during neocortical-

onset SE.

• Cortico-cortical re-entrant circuits sustain early SE

• Bilateral subcortical and cortical structures were active during the late stage.
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Figure 1. 
Panel A, B, C, D show key brain regions that expressed substantial cFos IR due to cobalt 

injury in mice in the Co-baseline group. In all the figures, the green and red channels 

correspond to NeuN and cFos expressions. The scale bar is set as 100 μm. Ipsi is the right 

hemisphere, Contra is the left hemisphere, M1 is the primary motor cortex, HYP is the 

hypothalamus, HP+DG is the hippocampus and dentate gyrus. Co is cobalt baseline group. 

(A) cFos IR at the ipsilateral and contralateral sides of the primary motor cortex due to 

cobalt injury. The ipsilateral side showed intense cFos IR. (B) Prelimbic and infralimbic 

cortical areas were found to have cFos+ cells due to cobalt injury. (C) cFos and NeuN in 

the hypothalamus on both hemispheres, showing considerable cFos IR due to cobalt injury. 

(D) The figure shows sparse cFos IR in the hippocampus and dentate gyrus due to cobalt 
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injury. (E) Neun and cFos immunostainings of coronal brain slices, selected at three different 

anterior-posterior (AP) coordinates. The coordinates are obtained from an online mouse 

brain atlas (http://labs.gaidi.ca/mouse-brain-atlas/).
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Figure 2. 
This figure shows that power spectrogram and corresponding EEG traces observed during 

early focal intermittent seizures, continuous generalized convulsive seizures and final coma 

phase during Co-homocysteine-induced SE. The EEG electrodes were placed in four cortical 

locations - frontal ipsilateral (Fi), frontal contralateral (Fc), parietal ipsilateral (Pi), and 

parietal contralateral (Pc). (A) The total power of EEG recorded at Fi was plotted against 

time. Time t=0 corresponds the instant of homocysteine injection. The onset of first focal 

seizure is shown with a white arrow. Each focal seizure was followed by baseline EEG 

trace. The generalized seizure started around 42 mins from the homocysteine injection and 

continued for a long time (~50 mins). The end of the late stage is shown with another 

white arrow. (B-C) EEG traces correspond to two behavioral patterns during the early phase. 

Please note the changes in EEG recorded at the frontal electrodes between B and C. (D-E) 

EEG traces corresponding to tonic stiffening and bilateral clonus during the late phase. (F) 

EEG traces associated with generalized tonic clonic seizures. (G) Pie chart showing the 

proportion of seizures with distinct behavioral patterns observed in our experiments.
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Figure 3. 
During the early stage, cFos immunoreactivity (IR) in the cortex, thalamus and amygdalar 

region during early intermittent focal seizures is shown in the coronal sections at the level 

of bregma 1.5, 1.0, −0.5, −1.0, −2.0, −3.0 mm (A to F, respectively; scale bar =1000 μm). 

The red and the green channels correspond to cFos and NeuN stained sections. (A-B) The 

cFos IR in the coronal sections at the level of Co lesion are shown. Intense unilateral 

cFos IR anteriorly around the lesion in the motor and somatosensory cortices are observed. 

(C-D) Coronal sections at the level of bregma −0.5 and −1.0 mm respectively, shows the 

activation of cortical (such as the retrospenial, somatosensory, entorhinal, perirhinal and 

piriform cortices) and amygdalar regions at the ipsilateral side. Sparse cFos activity was 

found in the thalamic regions, especially the paraventricular and paratenial and mediodorsal 
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thalamic nuclei. (E-F) Coronal sections at the level of bregma −2.0 and −3.0 mm (E to F, 

respectively), presents cFos IR in posterior cortical regions, such as the posterior-parietal 

association area, primary somatosensory area, auditory area, temporal association area. 

Sparse cFos IR was observed in any of the hippocampus during early focal intermittent 

seizures.
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Figure 4. 
cFos immunoreactivity (IR) in the different brain regions during continuous generalized 

convulsive seizures are shown using the coronal sections at the level of bregma 1.5, 1.0, 

−0.5, −1.0, −2.0, −3.0 mm (A to F, respectively; scale bar =1000 μm). (A-B) Coronal 

sections at the level of bregma 1.5 and 1.0 mm (A and B, respectively) show the Co 

lesion and cFos immunoreactivity in the cortical and subcortical areas, such as the motor 

cortex, somatosensory cortex, septal nucleus and anterior cingulate gyrus. The activation 

is found to be bilateral. (C-D) Coronal sections at the level of bregma −0.5 and −1.0 

mm (C and D, respectively) indicating the bilateral activation of cortical, amygdalar, and 

thalamic nuclei. (E-F) Coronal sections at the level of bregma −2.0 and −3.0 mm (E and 

F, respectively), indicating bilateral cFos IR in various cortical regions, such as the posterior-

Singh et al. Page 23

Neurobiol Dis. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



parietal association area, primary somatosensory area and auditory area, Please note that 

intense cFos IR was observed at the hippocampus.
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Figure 5. 
NeuN and cFos expression in the primary motor and primary somatosensory cortices. Ipsi is 

the right hemisphere, and Contra is the left hemisphere, M1 is the primary motor cortex, S1 

is the primary somatosensory cortex. Co is cobalt baseline group. (A)-(B) NeuN and cFos 

during the early stage (1h) and late-stage (2h) in the primary motor cortex. (C)-(D) NeuN 

and cFos during the early stage (1h) and late-stage (2h) in the primary somatosensory cortex. 

(E)-(F) cFos+ neuronal counts for the primary motor cortex and primary somatosensory 

cortex in mice of the Co-homocysteine group.

Singh et al. Page 25

Neurobiol Dis. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
NeuN and cFos expression in the entorhinal and primary visual cortices. Ipsi is right 

hemisphere, Contra is left hemisphere, ENT is entorhinal cortex, S1 is primary visual cortex. 

(A)-(B) NeuN and cFos during the early stage (1h) and late-stage (2h) in the entorhinal 

cortex. (C)-(D) NeuN and cFos during the early stage (1h) and late-stage (2h) in the primary 

visual cortex. (E)-(F) cFos+ neuronal counts for the entorhinal cortex and primary visual 

cortex in mice of Co-homocysteine group.
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Figure 7. 
This figure presents cFos immunoreactivity (IR) of slices to compare neuronal activation 

between the ipsi and contralateral sides in each stage and activation between stages. 

Areas with roman numerals in the image are magnified for better visualization of the 

cFos IR. (A) Ipsilateral cFos IR observed in the anterior cingulate gyrus and primary 

somatosensory cortex during early focal intermittent seizures (B) Bilateral cFos IR in the 

anterior cingulate gyrus and somatosensory cortex during continuous generalized convulsive 

seizures. (C) Ipsilateral cFos IR observed primarily in cortical and amygdalar areas. Sparse 

cFos immunoreactivity was observed in the thalamus and hippocampus. (D) Bilateral cFos 

IR observed in the cortical and subcortical areas. There is a striking difference of cFos IR at 

the hippocampus, especially CA1, CA2 and the dentate gyrus (DG), between both stages. It 
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can also be observed that cortical cFos IR (at the retrosplenial, somatosensory, auditory and 

piriform cortices) in the late stage was increased from the early stage. In addition, the cFos 

IR at the amygdala (CIV-V vs DIV-V) was elevated in the late stage compared the early stage 

and became bilateral.
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Figure 8. 
The figure shows cFos IR at the hippocampus (CA1, CA2 and CA3) and dentate gyrus. The 

images in panel A-H have both stainings, NeuN and cFos overlapped. (A)-(D) cFos IR as 

well as NeuN at CA1, CA3, CA2 and DG respectively in the early stage. There was very 

spase cFos IR in these regions. (E)-(H) cFos IR as well as NeuN at CA1, CA3, CA2 and DG 

respectively in the late stage. There was intense cFos IR in these regions. (I) cFos+ neuronal 

counts for the hippocampus and DG in mice of Co-homocysteine group.
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Figure 9. 
Co-expression of NeuN and cFos in brain regions – (A) thalamus and (B) amygdala 

and hypothalamus – are shown. (C) NeuN and cFos expression on the ipsilateral and 

contralateral sides are shown at the retrosplenial cortical areas. (D) cFos+ neuronal counts 

for the brain regions – amygdala, hypothalamus, thalamus and retrosplenial cortex – are 

shown in the bar graphs. TH is the thalamus; HYP is the hypothalamus; AMG is the 

amygdala; and RSC is the retrosplenial cortex.
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