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Abstract

FAILLOT, M., A. CHAILLET, S. PALFl and S. SENOVA.

Rodent models used in preclinical studies of deep brain stimulation to rescue memory
deficits...NEUROSCI BIOBEHAV REV 21(1) XXX-XXX, YEAR.-

Deep brain stimulation paradigms might be used to treat memory disorders in patients with
stroke or traumatic brain injury. However, proof of concept studies in animal models are
needed before clinical translation. We propose here a comprehensive review of rodent
models for Traumatic Brain Injury and Stroke. We systematically review the histological,
behavioral and electrophysiological features of each model and identify those that are the
most relevant for translational research.

[70 words]



1. Introduction

Neurosurgeons who were implanting electrodes in the posterior hypothalamus
serendipitously discovered that open-loop deep brain stimulation (DBS) of the fornix acutely
improved autobiographical memory . However in a phase Il forniceal DBS trial there was
only a trend towards improvement in memory scores for a subgroup of patients with
Alzheimer’s disease (AD) (>65 years old) 2. The same study showed an increase in glucose
metabolism using positron emission tomography (PET). Studies investigating chronic DBS of
the nucleus basalis of Meynert to treat memory disorders in patients with AD 3, Parkinson’s
disease dementia # and Lewy body dementia > ® found little (reduction in complex visual
hallucinations # in some patients, stability of cognitive scores in some patients 3) or no
benefit ©. Other groups performed acute stimulation experiments in epileptic patients
implanted with intracranial electrodes (as part of a diagnostic presurgical evaluation).
Electrical stimulation of the entorhinal area 7 8 ° 0, hippocampus 7 8 11 12 13 14 1516 'amygdala
17 lateral temporal cortex 8%, fornix 2021, frontal cortex %2, and posterior cingulate cortex 23
have been investigated. These studies have produced conflicting results with either
improvement or worsening of performance in memory tasks. As reviewed in 2, a potential
explanation for these conflicting results is the high variability regarding the stimulation
paradigms (design of electrodes, current shape and intensity). Recently, investigators
successfully implemented acute closed-loop stimulation paradigms (lateral temporal cortex
stimulation upon the identification of poor memory encoding biomarker %19 patterned
Cornu Ammonis 1 (CA1) stimulation based on a multi-input multi-output (MIMO) model
which predicts optimal CA1 output based on Cornu Ammonis 3 (CA3) recordings . Before
clinical translation to treat memory disorders, DBS needs to be investigated in preclinical
models. Other neurological diseases associated with less diffuse neuronal damages than AD,
such as traumatic brain injury (TBI) or stroke, would also deserve preclinical investigations.
Preclinical models are useful to investigate the effect mechanisms of DBS. Studies performed
using preclinical models of AD 2° 26 27 and Rett syndrome 28 have reported memory
improvements and increased neurogenesis, synaptic markers and trophic factor expression

28 2627 or entorhinal cortex 2° 272% Synaptic function has

following chronic DBS of the fornix
been proposed to be a target of neuromodulatory strategies and can be studied extensively
in rodents using microscopy and electrophysiology. Pre-clinical models would also be ideal

to investigate closed-loop stimulation strategies. These strategies could allow researchers to



adapt the stimulation to the ongoing brain activity (encoding versus retrieval of
information). This would build upon decades of work where neuroscientists have been able
to correlate dynamics of brain oscillations to behavior of rodents 3°. The theta rhythm (a
slow frequency oscillation that propagates across structures) is associated to a variety of
behaviors. For example during spatial navigation in rodents place cells fire at specific phases
of the theta rhythm 3%, Amplitude of the gamma rhythm (>30 Hz) fluctuates according to the
phase of the theta rhythm, a phenomenon called phase-amplitude coupling. In CA1, fast
gamma activity is maximal at the through of the theta cycle during encoding, while slow
gamma activity is maximal at the peak of the theta phase upon retrieval®? 33,

However, translation from pre-clinical models remains a challenge. This is particularly the
case for TBI and stroke 3* which encompass a large clinical spectrum and can affect a variety
of neuroanatomical structures. It is for instance hard to determine if one preclinical model
corresponds to a minor or a major form of the human disease 3 3°. Studying cognitive
function represents an additional challenge since deficits can be observed in multiple
domains (attention and memory, for instance) which might be challenging to disentangle in
rodents.

The goal of this review is thus to provide a comprehensive description of rodent models for
TBI and stroke, enabling researchers to choose the most relevant preclinical models from a
clinical point of view, particularly in terms of potential DBS-induced therapeutic

mechanisms.

From this translational perspective, we will briefly describe how memory is affected in
patients and present the different available rodent models for each pathological condition
(TBI and stroke). We searched for rodent studies on PubMed using the keywords “Traumatic

Y N}

Brain Injury”, “TBI”, “Fluid Percussion Injury”, “Lateral Fluid Percussion”, “Controlled Cortical
Impact”, “Weight Drop”, “Impact-Acceleration”, “Blast”, “Stroke”, “Ischemia”, “Vascular
Dementia”, “Vascular Cognitive Impairment”, “Middle Cerebral Artery Occlusion”, and
“Cardiac Arrest”. We focused on studies assessing histological damage, behavior, and
electrophysiological correlates of memory disorders.

We will review the histological (figure 2 and supplementary tables), electrophysiological

(table 1 and supplementary tables) and behavioral features (figure 3 and supplementary

tables) of each model, as well as results of neuromodulation studies.



In the final conclusions, we will discuss the potentially most relevant models for closed-loop

DBS investigations.



2. Traumatic Brain injury (TBI)

2.1. Clinical aspects

Patients with TBI 37 38 39 40 including mild TBI #° 4%, display memory disorders (working
memory and long-term memory, including episodic memory) as well as other cognitive
deficits (attention deficits, mental fatigue, reduced speed of processing, executive disorders,

lack of awareness) and neuropsychiatric disorders.

The outcomes are difficult to predict after TBI because patients are heterogeneous in terms
of the mechanism of injury as well as brain regions and networks affected. Atrophy of the
hippocampus and mesiotemporal structures is associated with cognitive deficits after
trauma *? %3, although this finding is controversial 44 %°. Other lesions associated with
cognitive deficits include diffuse axonal injury with white matter lesions %6 47 %8 (particularly
in the fornix %3, deep white matter tracts *° and thalamocortical fibers *°). Evidence has been
reported ! of impaired functional connectivity in both externally oriented networks
(frontoparietal attentional network and executive central network) and internally oriented
networks (such as the default mode network that includes the mesiotemporal structures,
the posterior cingulate and the angular gyrus). A decrease in interhemispheric connectivity
has been observed, along with an increase in intrahemispheric connectivity, but researchers
are still debating whether these changes in connectivity are detrimental or related to

compensatory mechanisms °2.

2.2 Available models

TBI models can be classified in two main classes. Open-skull TBI models correspond to focal
lesions induced using methods such as controlled cortical impact (CCl) and fluid percussion
injury (FPI). Closed-skull models provoke more diffuse lesions, such as the impact
acceleration model and the weight drop model. The validity of the distinction between focal

and diffuse models is questionable, since models of focal injury tend to produce lesions



remote to the site of injury. Both these classes are described below, together with blast
models, which are especially relevant to military injuries.

Both open-skull and closed-skull TBI models produce extensive neuronal loss (principal cells
and interneurons) in the cortex and in the hippocampus, predominating in the CA3 subfield.
Extensive degeneration has been observed in the cortex, the hippocampus as well as a
variety of subcortical structures, including white matter bundles, which are particularly
affected in closed-skull models. There is electrophysiological evidence for impaired long-
term potentiation in the hippocampus in both kind of models. However, changes have been
observed at the whole-brain scale with early hypoactivity followed by late hyper-activity, as
well as disturbed long-range synchronies. Overall, histological and electrophysiological data
suggest interneuronal loss and synaptic dysfunction in cortex and hippocampus. This might
account for the enduring spatial memory deficits which have been observed in behavioral
experiments. DBS has been proven beneficial in open-skull models. Models of blast injury
seem to stand apart with specific involvement of amygdala, increased fear memory, and

increased theta-gamma cross frequency coupling in prefrontal cortex.

2.2.1. Open-skull models: controlled cortical impact and fluid percussion

CCl is an open-skull model that mimics brain contusions when applying a force transmitted
to the brain of the head-fixed animal via an impactor tip positioned against the dura exposed
after a craniotomy °3 (figure 1). The key advantage of this model is that the biomechanical
characteristics of the force, which is produced by an electromagnetic or pneumatic device,
can be finely tuned and reproduced. Variations in the displacement of the impactor tip >4°°
(which must be adapted to the size and age of the animal and ranges from 0.5 mm to 3 mm
in rodents °6) and in the speed, position >, size and shape (flat and beveled impactors are
associated with worse lesions >’) of the impactor are directly related to the severity of brain
lesions. Mortality is very low >® when reported.

FPI, another open-skull model, consists in using a pendulum to apply a pressure force to a
water column connected to the brain through a Leuer-Lock catheter placed in the epidural
space (figure 1). The compression force is measured with an oscillometer connected to the
water column. The severity of the injury depends on the applied pressure and on the

position of the impact *® . Medial and anterior sites of impact are associated with bilateral



and deep brain injuries. A higher mortality rate is observed in the FPI model than in the CCl

model *°, with up to 50 to 60% mortality observed in the most severely injured groups .

2.2.1.1. Histology

2.2.1.1.1. Cortex
In both models, histological examinations of the rodent brain showed lesions in the cortex

underlying the impact. In CClI ®* and FPI 62 models, these lesions lead to the formation of a
cavity bordered by gliosis within four days and two weeks, respectively. Over a year, a loss of
cortical volume manifested as the cavity increased in size ®3. However, in rodents with mild
FPI (0.5-1.2 atm), the brain could appear normal upon gross examination, while a
microscopic analysis could show evidence of cell loss ®*. Cortical damage involved the
sensorimotor cortex underlying the impact site, as well as the adjacent cortex, including the
posterior parietal cortex .

Cell-loss

There is evidence for cell-loss at the impact site, affecting mainly the inhibitory parvalbumin-
positive and somatostatin-positive interneurons ¢

Neuroinflammation and neurodegeneration

67 61 61

There is evidence of neurodegeneration , heuroinflammation ®' at the impact site.
Damage also extended to the entorhinal cortex % and medial prefrontal cortex, which
showed neuroinflammation along with glial cell infiltration, as evidenced by GFAP staining ,

causing researchers to question the focal nature of these models.

2.2.1.1.2. Hippocampus
Cell-loss

In CCI 70717273 and FPI models 74 4 ®5, neuronal loss predominated in the dentate gyrus (DG)
and CA3 region, with a loss of synaptic projections from CA3 to CA1. Cell loss in the DG
affected GABAergic interneurons (see below) as well as mossy cells and has been observed
for up to one year 3. CA3 cell loss has been reported to peak at day 1 72. CA1 neuronal loss
has also been observed in animals with severe lesions after CCI 7* 8 75 and FPI ®. In both
models, the location and extent of neuronal loss depended on the intensity and trajectory of

the impact force 76, with trajectories parallel to the midline producing more damage in CA1



64

Interneuron loss, which has been observed at one week 77 7 and up to six months after
trauma ’°, has been the focus of many investigations. Losses of GABAergic interneurons and
glutamatergic interneurons (mossy cells) have been observed in the DG 72, Although the
granule cell layer is affected, a preferential loss of interneurons whose somata are located in
the hilus has been observed 7¢ 78, The lack of a laminar structure in the hilus possibly
rendered these interneurons more susceptible to physical deformation 8. Interneuron loss
has also been observed in CA1 77 76 and to a lesser extent in CA3 7. It included GABAergic
80 76 78 79

interneurons that inhibit the soma of principal cells and granule cells (parvalbumin-

and cholecystokinin-positive 78 72 interneurons) and interneurons responsible for dendritic

76 79 76 79

inhibition (somatostatin- , calretinin- and neuropeptide Y-positive 7° interneurons).

Neurodegeneration and neuroinflammation

Neurodegeneration has also been observed but might be underappreciated with
conventional histological techniques. Fluoro-Jade staining showed degenerating cell bodies
in the DG, CA3 and to a lesser extent, CA1 81 71 82 put these changes tended to decrease
after day 1 7%, although they were still observed seven days after injury in both hemispheres
67, Axonal and dendritic degeneration might be better assessed with silver impregnation
techniques, which showed degenerating axons in the stratum oriens of CA1 and damage to
dendrites and the Schaffer collateral projections in the CA3 stratum radiatum 3. Other
researchers & have highlighted the use of Timm staining 84, another silver staining method,
to show mossy fiber sprouting in the DG. This phenomenon, which corresponds to new
connections between mossy fibers and the dendritic field of granule cells (as well as
inhibitory interneurons), is thought to increase network excitability and might be associated
with posttraumatic epilepsy 2°. Hippocampal neuroinflammation with glial cell infiltration

has been observed in animal models of CCI 8 and FPI injury 87 88,

In animals with FPI injury, MRI examination revealed abnormal diffusion values in the

hippocampus when measured three weeks after injury 8°.

2.2.1.1.3. Other subcortical structures
Cell-loss



A decrease in the number of cholinergic neurons °° and ongoing atrophy have been
observed in the medial septal nucleus one month and one year after FPI, respectively 74 .
Neurodegeneration and neuroinflammation

Damage is diffuse in both models. Degeneration has been observed in the thalamus within
the first week after injury °! and up to one year after injury, as evidenced by calcifications 3,
axonal swelling and immunoreactivity for amyloid precursor protein (APP) ©2,
Neuroinflammation ®! and an increased blood vessel density °? have also been described.
Similar patterns of neurodegeneration have been observed in the striatum ¢ ©2
hypothalamus 8! and cerebellum .

Ventricular enlargement has been proposed to be a consequence of white matter damage 3
88 94 which has been observed directly with stains assessing myelin loss °> or necrosis % °7 as
well as MRI imaging %, providing evidence for white matter tears “in the fimbria, the corpus
callosum and in the alveus” #. Moreover, one study using the Palmgren silver staining
technique did not obtain evidence of neurodegeneration in the fimbria four weeks after FPI
9. Brainstem lesions are not a common feature of these models but have been observed in

some models of FPI when the craniotomy is located close to the midline .

2.2.1.1.4. Contralateral hemisphere

Little direct damage to the contralateral hemisphere has been observed. However, studies
using Fluoro-JadeB and/or amino-cupric silver staining in animals subjected to CCl 8! and FPI
67 showed that degeneration can extend to the contralateral hemisphere, although this

change was not observed four weeks after FPI using the Palmgren silver staining technique

99

2.2.1.2. Behavior
2.2.1.2.1. Memory impairments:

Anterograde memory:
Deficits in anterograde memory have been observed in animal models of FPI 1® and CCI

injury 11 with injured animals displaying a longer latency to learn the location of the hidden
platform in the MWM ©2 192, Similar deficits have also been observed in the Barnes maze 103
104 105 3nd object recognition tasks 1%. These deficits in anterograde memory appeared to

depend on the hippocampus, since animals did not display impairments in the constant-start



version of the MWM %7, Importantly, craniectomy in itself has been associated to deficits in
object recognition tasks 18, A deficit in the fear response has been observed 1 week after
injury 199,

Retrograde memory:

Retrograde memory was impaired two days after FPI, with deficits in reference memory in
the MWM when animals were trained two hours before injury 0. Retrograde memory was
also impaired at two weeks in animals trained either one day or two weeks before injury 111,
In the latter group, these deficits appeared to improve with a reminding procedure,
suggesting retrieval deficits 1. Retrograde memory was also impaired in animals subjected

to CCl and assessed using the passive avoidance task ”’.

Working memory:
Deficits in working memory have been observed in the radial maze, as measured by the

number of entries into a previously explored arm °°, and in the MWM, where investigators
measured the ability of the rat to remember the position of the hidden platform in two
consecutive trials 12, Spontaneous alternation in the T-maze ® 13 and swim T-maze % was
also impaired.

Cognitive flexibility:

An impairment in reversal learning was observed in rat pups with CCl injury at postnatal day
12 and was assessed using a visual discrimination task in a touchscreen conditioning box
between postnatal day 45 and postnatal day 90 ®8. Reversal learning has also been assessed
using the MWM 115116 where the location of the platform was moved after initial learning to
evaluate cognitive flexibility.

Behavioral deficits tended to persist in the long term. Deficits in the MWM have been
observed at seven months 2 and up to one year 62 after FPI injury, with impaired learning of
the task in injured animals (but no difference in the probe trial). However, this finding has
been observed in the most severely injured animals %7, Deficits in working memory have
been observed up to four months after CCl injury 8.

Similar impairments have also been observed in models of mild to moderate injury *°

, even
in the absence of gross pathological lesions >> %7, which is reminiscent of the transient
changes observed in humans with mild TBI 1%,

Cognitive deficits were more important in subjects exposed to repeated FPI 116,



2.2.1.2.2. Motor impairment and locomotion
Motor skills are typically assessed using tasks such as the beam walk test or rotarod. Motor

impairment has been observed in the early days after injury and tended to recover a few
days after CCl 2 or FPI 82, although it has been observed at one month after CCl °” 19 and up
to one year after FPI ®2. Motor impairments may entail the interpretation of memory
performance in tasks assessing swimming or walking patterns (reduced speed and
thigmotaxis), although some authors reported a normal swimming speed in the MWM four
weeks after FPI 1%, Increased torso flexion contralateral to the injury suggesting striatal

damage has also been reported >*.

2.2.1.2.3. Sensory impairments
Theoretically, vision may be impaired, as studies have reported damage extending to the

optic pathways 8. However, injured animals were able to perform visual discrimination tasks
using a touchscreen apparatus °® and were able to find the platform in cued versions of the
MWM 121, Whisker dysfunction has been described after FPI. In one study 1?2, the authors
performed a “whisker nuisance task” in which they stimulated the animal’s whiskers with a
wooden stick to study whisker hypersensitivity. Injured animals showed signs of pain or
discomfort upon whisker stimulation. This reaction increased from one to eight weeks
postinjury. Except for a CCl study where authors produced an impact in the olfactory bulb 23
and observed an impairment in olfactory function four days after injury, we did not identify
studies assessing olfactory behavior using this model. One study reported decreased

brainstem auditory-evoked responses .

2.2.1.2.4 Anxiety and depression

Depression-like behavior has been observed in animals with CCl and FPI injuries in tasks such
as the forced swim test four days '® and three weeks after injury >4, respectively, as well as
in the tail-suspension test three weeks after injury 1°. No evidence of anxiety-like behavior
in the elevated plus-maze >* has been detected in animals with CCl injury, in contrast to

animals with FPlinjury 16,

2.2.1.3. Electrophysiology

2.2.1.3.1. Cortical activity:
Excitability

Changes in cortical neuron excitability occur in time-, layer- and region-specific patterns.



In animals subjected to FPl and CCl, in vitro and in vivo recordings showed initial hypoactivity
124 followed by an increase in activity 14, with hyperactivity observed in the first few days
after injury 12° 124 that returned to normal by one week %4 before increasing again, with
hyperactivity recorded after two weeks 126 124, Some studies have observed normal activity
after eight weeks ?7. Many studies have linked late hyperactivity to a loss of inhibition ©°,
while initial hypoactivity has been proposed to follow the massive global depolarization of
cortical cells. This latter phenomenon is called cortical spreading depressions 28 and is not
specific to traumatic brain injury. It has been described in individuals with different diseases
(migraine, subarachnoid hemorrhage). Cortical spreading depression induced by potassium
chloride (KCI) injection in the naive cortex have been associated with impairments in

125 which might account for the recorded hypoactivity.

synaptic function
Remote electrophysiological abnormalities have been observed in a region-specific pattern.
Reduced excitability of neurons in layers Il and Il of the prefrontal cortex has been reported
seven days after FPI ®°, with one study showing an increase in GAD expression in the medial
prefrontal cortex (mPFC) up to one month after injury '3°. One study described a transient
hyperexcitability of the contralateral cortex in the first two days after FPI 3L, In animals
subjected to CCl 32, the paired-pulse ratio recorded with sensory-evoked potentials was
increased at both three days and four weeks after trauma, with a return to the preinjury
level in between these peaks. The authors suggested that the main mechanism responsible
for this late contralateral hyperexcitability is the loss of interhemispheric inhibition.
Interhemispheric connectivity

Consistent with this observation is their finding of increased activity of the “healthy” cortex
when the affected limb is stimulated. This phenomenon has been observed using different
modalities (autoradiography 33, histology for immediate early genes 32, and task-based
fMRI 132), There is converging evidence that interhemispheric connectivity is decreased after
CCl 3% and FPI 135, Investigators have also found decreased connectivity between the parietal
cortex and the hippocampus 3>. A graph-theory analysis of resting-state fMRI data obtained
from the CCl model supports a decrease in long-range connectivity and an increase in local
connectivity, which appeared to peak at one week 36, However, researchers have not
determined whether the variation in these graph-based metrics relates to changes in the

excitatory/inhibitory balance in synaptic connections and underlies a potentially beneficial



plasticity mechanism. Moreover craniectomy in itself could be responsible for changes
observed in BOLD (blood-oxygen-level dependent) fMRI signal 108,

EEG/LFP

An EEG analysis showed increased slow waves and decreased fast waves ® and high
frequency oscillations, which have been associated with posttraumatic epilepsy **’. In slice
preparations, slow cortical oscillations were reduced compared to the sham group for up to

fifteen days after injury, suggesting an impairment in the thalamocortical networks 32,

2.2.1.3.2. Excitability and Long-term potentiation in the hippocampus:
Excitability

Slice electrophysiology showed increased excitability in mossy cells one day *° and one
week after injury 0. Hyperexcitability was also observed in CA1'#! and CA3 2 at one week
after injury. Possible explanations include a decrease in the amplitude of Ih 13° and la
cationic currents (which are known to decrease neuronal excitability), an increase in
recurrent excitation from mossy fibers 143, a decrease in GABA-A phasic inhibition 144 with

80 145

relative sparing, an increase in tonic inhibition , or a reduction in DG filtering %2

However, recordings obtained in the first few days after injury also provide evidence for

146

decreased excitability of DG granule cells 1*° and a decrease in the firing rate in the CA1 field

147.

In vivo recordings are consistent with in vitro recordings. Hyperexcitability has been
detected in the DG one week after trauma (upon paired pulse stimulation of the perforant
path 84) and up to twelve weeks after trauma 143, Hyperexcitability has also been observed in
the CA1 field in the first few hours 18 and at two days *° after injury.

Long-term potentiation

In vitro-recordings showed decreased long-term potentiation (LTP) at the perforant path-
granule cell synapse at one week '°° 151, LTP at the CA3 to CA1 synapse was impaired for a
period spanning from the first few days after injury 152 147 153 154 yp to eight weeks after
injury 1>, However, partial recovery of LTP at the CA3-CA1 synapse has been observed at
one week %8, Possible mechanisms include alterations in the dendritic spine morphology >4,
AMPA and NMDA receptor dysfunction ** and CA1 deafferentation °°,

In vivo recordings showed decreased LTP at the CA3-CA1l synapse, as measured by the slope
of the local field potential upon stimulation of the Schaffer collateral 14° 148,

EEG/LFP



One study using the FPI model showed a decrease in the theta power and in the frequency
of the theta peak % in the hippocampal fissure one week after injury. Another study

documented a decrease in broadband activity in CA1 one week after injury 1>’

2.2.1.3.3. Epilepsy

Seizures have been observed in both models early after injury 1°8

and at later time points®®.

However, the definition of a seizure in these models is controversial 160 161,

2.2.1.3.4. Neuromodulation:
A beneficial effect of DBS applied to different targets in the FPI model has been reported,

162

including stimulation of the raphe nuclei '*4, medial septum (MS) nucleus stimulation at the

theta rhythm 04, forniceal stimulation %3 and the rodent homolog of the dentate nucleus
164 Importantly Lee et al % showed the benefit of restoring the theta rhythm in
mesiotemporal structures. This highlights the potential benefit of restoring normal
oscillatory activity in mesiotemporal structures and should guide future experimental

165 and

attempts. Other neuromodulation strategies include vagus nerve stimulation
transcranial stimulation. Anodal transcranial direct current stimulation over the perilesional
area improved spatial memory function in the Barnes maze at one week and two weeks
after FPI 1%, Two transcranial stimulation studies performed by the same team showed an
increase in local field potentials (LFP) in the sensorimotor cortex and improved performance

in the beam walk test in an adult model of CCl injury %7 and suggested a reduction in

pathological hyperactivity in a pediatric CCl model 168,

2.2.2. Closed-skull models: weight drop, impact acceleration and blast
In weight drop models, a falling rod or a weight (dropped through a tube) falls over the

unprotected skull of the animal whose head is fixed 1®° (figure 1).

The impact acceleration model or “Marmarou” model 70 consists in dropping the weight on
a small pedestal that has been anchored to the rodent skull to limit the occurrence of skull
fractures. Importantly, in the Marmarou model, the head is not fixed, allowing acceleration
forces to occur. This model is known to result in a high mortality rate due to respiratory
arrest, which reflects brainstem damage and diffuse axonal injury. We mention the recent
development of nonsurgical closed-head injury models, such as the Chimera model, which
allow researchers to produce severe diffuse axonal injury ', Blast injury models have been

created using explosives. While they reproduce the blast waves occurring on the battle field,



they lack reproducibility, require specific authorizations, and must be performed in a
dedicated facility. Another way to model blast-induced TBI is to induce the blast wave in a
tube with an animal placed either inside the tube or at the exit of the tube. This tube
consists of a driving chamber (where the gas is compressed), a driven chamber (through
which the blast waves propagate) and a diaphragm (which separates the two chambers) 172,
The injury severity depends on the distance from the blast wave, reflection of blast waves,
and possible repetition of blast injuries. The position of the animal and the size of the tube
are very important parameters that must be carefully considered, as blast physics are
complex 173, The associated hypotension and hypoxia caused by the systemic effects of the
blast are likely to exacerbate central nervous system injury 74. Some authors aim to reduce
the systemic effect of the blast by protecting the torso of the animal with a Kevlar outfit 17>

or with a specific apparatus 7.

2.2.2.1. Histology
Different degrees of mechanical injury, as measured by linear acceleration, movement of the

head and impact force, translate into different patterns of injury 7.

2.2.2.1.1. Cortex
At the macroscopic level, weight drop models produce consistent cortical contusions similar

to the damage observed with open-skull models of focal injury described above. Cortical
contusions have also been observed in models of blast-induced TBI 178 but were generally
not observed in impact acceleration models 17° 18, |n impact acceleration *’° models and in
blast models ¥ the brain appeared normal, although contusions, subarachnoid hemorrhage
and intraventricular hemorrhage have been reported 79 178,

Cell-loss

At the microscopic level, cell loss has been observed one day after injury 7° 18, and
persisted in the first two weeks 8 17> and up to one month after injury 178 18 “pink
shrunken neurons” and “dark contracted neurons” have been observed using hematoxylin
eosin (HE) and cresyl violet staining one day after injury 1%° 179, respectively, but these
changes tended to disappear by 10 days after injury ’°, even though they have been

observed one month after blast-induced TBI 185, Interneurons were affected with the



number of neuropeptide Y-stained interneurons in the sensory cortex decreasing one day
after injury 89,

Neurodegeneration and neuroinflammation

Neurodegeneration 3¢ and neuroinflammation with astrogliosis '8 and microglial activation
178 have been detected in the underlying cortex.

Microscopic abnormalities are not limited to the cortex underlying the impact site, as they

have also been observed in the frontal cortex 123,

2.2.2.1.2. Hippocampus
Cell-loss
Nine days after injury 8, cell loss has been reported in the bilateral DG, CA3 and CA1 as

early as two hours after injury #7. Cell loss was more important in the CA3 field 7 but has

184 where pyknotic neurons were

been observed in CA1 up to one month after injury
observed two weeks after injury 8. Interneuron loss with a transient decrease in the
number of neuropeptide Y-positive and calbindin-positive interneurons in CA3 has been
described one day after trauma 8. At two weeks, a decrease in neuropeptide Y-positive
neurons has been observed in the DG 8,

Neurodegeneration and neuroinflammation

189 188

Evidence for astrocytosis has been reported Conflicting evidence for

neurodegeneration in the hippocampus has been documented. Fluoro-Jade staining in the

190 191 3nd up to weeks after injury

DG has been reported by some studies in the early days
188 However, it has not been reported by other studies 7 18, Diffusion tensor imaging (DTI)
showed pathological changes in fractional anisotropy (FA) values in the hippocampus one

month after injury 8,

2.2.2.1.3. Other subcortical structures
Cell-loss

In animals with blast-induced TBI, a decrease in a specific population of neurons has been
identified in the basolateral amygdala two months after injury %2,

Neurodegeneration

Diffuse lesions in the white matter are a prominent feature of models of closed-skull TBI.
These lesions have been consistently reported in the corpus callosum under the site of

impact. Axonal injury, characterized by diffuse axonal swelling with immunoreactivity for



APP, culminated at one day after injury 1*°. Fluoro-Jade staining has been observed, although
at a lower intensity than in models of FPI injury ®’. Eventually, retraction balls are formed
and have been observed ten days after injury 7°. Impaired axonal transport %,
demyelination and remyelination have been detected one week and up to six weeks after
trauma 3. Multiple white matter tracts are involved, including the corpus callosum,
cerebellum, brainstem, internal capsule, anterior commissure ®’ and the optic nerves, which
are trapped in the optic canal 17° 14, Damage has also been observed with diffusion MRI one
week after injury 19 1%, White matter pathology and axonal damage are also a prominent
feature of blast-induced TBI 7> %7, Changes have been observed in the optic tract 17>,
commissural pathways, brainstem and cerebellum.

Degeneration has also been reported in the striatum 3¢ 67,

DTl revealed decreased FA in the thalamus at four days and one month after injury 8.

One study did not find evidence for degeneration in the amygdala using a weight drop TBI

model ¢’.

2.2.2.2. Behavior

2.2.2.2.1. Memory

Anterograde memory
Deficits in spatial memory have been observed at one 83 %8 two 1%°, and three 2 weeks 2°?

after injury. These deficits appear to persist in the long term, since they have been observed

at one and three months 184 185

after injury 2°2, However, in animals with blast-induced TBI,
some studies did not detect deficits in the MWM at five weeks 2% and two months %% after
injury. Spatial memory impairments have also been observed in the Barnes maze in the first
two weeks after injury 8. One study did not detect a deficit in a location discrimination task
in mice using a touchscreen conditioning chamber in the first few days after injury 2.

Deficits in fear memory have been observed in the passive avoidance task two days 2% and
one month 27 after injury. However, similar changes were not observed in animals with a
blast-induced TBI, where enhanced memory has been documented in fear conditioning

paradigms 1°2 294 A prolonged fear response to odors of a predator (cat urine) has been

observed in injured animals compared to sham animals 2%,



Deficits in object recognition have been described up to two weeks after injury 18 208 |n

209 210

contrast, other studies did not find deficits two days “°° and seven weeks after trauma
According to some studies, animals who undergo repeated impact acceleration injury show
greater impairments in the MWM 18 and novel object recognition task 2!1. Deficits in the
Barnes maze and Y-maze have been observed following repetitive TBI 8¢,

Behavioral impairment has been observed in rodents while the lesions were scarce 202,
Conversely, some studies did not observe memory deficits, while providing evidence for

degeneration in the cortex and striatum 36,

Retrograde memory
One study reported evidence of retrograde memory deficit using a passive avoidance task

212 This deficit was more prominent when the animal was injured shortly after the
acquisition of the task, suggesting a deficit in memory consolidation. Animals benefited from
a pretest shock, suggesting the coexistence of retrieval deficits. One study reported
decreased performance in the MWM when animals were tested two days after blast injury
213 whereas another study did not observe deficits one day and one week after impact

acceleration injury 36

Working memory
Deficits in working memory have been observed in the swim T-maze 2%’ or in the MWM up

to one month after injury 8. No deficits were observed in the 8-arm radial maze at six

weeks after injury 2°4.

2.2.2.2.2. Motor impairment and locomotion
Motor deficits have been consistently described after impact acceleration injury 7 and

blast-induced TBI 7 but decreased in the first few days 177 197 209 214 175 3nd weeks 8 after
injury, although they did not return to baseline values at one month *°, In the MWM, no

difference in swim speed has been observed one to three weeks after injury 24 201 200,

2.2.2.2.3. Sensory impairments
A potential visual impairment has been documented, with damage to the retina, optic nerve

and optic tract 17> %7, One study assessed visual acuity using an optokinetic apparatus and

found visual deficits associated with blasts greater than 50 and 60 pounds per square inch



(psi) 7. However, mice were able to perform a visual discrimination task after impact

205 Impaired performance in whisker-evoked forepaw placement has

acceleration injury
been recorded up to six weeks after impact acceleration injury, with animals showing more
aversive responses than sham animals three weeks after trauma 21°. Rats were able to
perform olfactory-related memory tasks 2%%. After blast-induced TBI, some animals displayed

tinnitus-like auditory deficits when assessed for the startle reflex 23,

2.2.2.2.4. Anxiety and depression
Animals displayed helplessness in the forced swim test at one week and three months after

injury 297, Another study assessing these outcomes in the early days after trauma did not
observe evidence of depressive-like activity using the same test and did not detect signs of
anxiety-like disorders using the elevated plus-maze 3®.

Regarding blast-induced TBI, animals exhibited increased anxiety in the elevated plus-maze
five weeks after injury 2%3. Regarding depressive-like behaviors, injured rats tended to display

longer immobility in the forced-swim test when assessed three days after injury 2%,

2.2.2.3. Electrophysiology

2.2.2.3.1 Cortical activity
Excitability

In the sensory cortex, hypoactivity 2> was observed in the first two weeks 26, while
hyperexcitability was observed in layers Il and Il (supragranular layers) of the right sensory
cortex (supragranular layers) eight weeks after impact acceleration injury 2%°. These changes
might result from a deficit in inhibition in the cortical network. Importantly, these changes in
excitability have been observed in the long term (eight to ten weeks after trauma) when
recording extracellular activity elicited by whisker motion 21°. Hyperexcitability is layer-
specific, since inhibition appeared to be preserved in cortical layer IV (the layer receiving
thalamic inputs) and was elicited only by the complex motion of the whiskers 2. Early
cortical hypoactivity in animals with a weight drop injury has been linked to the activation of
parvalbumin-expressing interneurons 26, The same study found that pharmacogenetic
activation of pyramidal neurons reduced neuronal injury.

EEG/LFP



One study performing multiple site recordings after mild blast injury (50 psi) has reported
decrease in sharp wave ripples (SWR) in CA1 and interestingly observed an increase in theta-

gamma cross frequency coupling in the mPFC after blast-induced TBI 2%7.

Investigators have modified the Marmarou model to study EEG recordings after impact
acceleration injury 28, An intervention inducing or restricting sleep in animals resulted in an
increase in theta activity during sleep, which was associated with better performance in the
novel object recognition task 2%. Cortical spreading depression has been recorded with
cortical optical intrinsic signal imaging 2%°.

2.2.2.3.2 Excitability and long-term potentiation in the hippocampus

Excitability

Hyperexcitability has been observed in the CA1 field %7,

Long-term potentiation

Long-term potentiation was impaired in vivo at the perforant path-granule cell synapse 2%

and at the Schaffer collateral-CA1 synapse 8° 188,

2.2.2.3.3 Epilepsy
Epilepsy is not a common feature of these models.

2.2.2.3.4 Other
One study has found early changes in potentials in the rodent cerebellar cortex evoked by a

mechanical tap on the forelimb following blast trauma 2%°.

2.2.2.3.5 Neuromodulation
A 50 Hz invasive stimulation of the motor cortex improved motor recovery and cognitive

performance in the Y-maze when animals were assessed from one to two weeks after

weight drop injury 222,

2.3 Provisional summary: TBI models
Although a high level of heterogeneity across studies has been observed, all rodent TBI

models exhibit memory disorders and share some common features. The hippocampus is
often damaged, at least at the microscopic level. Memory deficits are potentially linked to
decreased LTP and increased excitability in CA1, and interneuron loss may be involved in

both phenomena. Regarding the cortex, both open-skull and closed-skull models display



signs of hypoactivity (associated with cortical spreading depression waves) followed by
hyperactivity, which has been linked to perturbations in complex sensory processing.
However, open-skull and closed-skull models seemed to differ in the long-term (8-10 weeks)
126 |n the open-skull model, cortical firing rate returned to normal while in the closed-skull
model, there was late hyperactivity affecting the upper cortical layers 1%, Importantly in the
closed-skull model there was normal inhibition in layer IV, suggesting that thalamic input to
the cortex was preserved %6, Similar to the hippocampus, these changes have been linked to
interneurons dysfunction. Shifts in the excitatory/inhibitory balance might be associated
with plasticity mechanisms at the cortical level and might account for the observed
activation of the noninjured cortex upon stimulation of the limb contralateral to injury.
Epilepsy is frequently observed in open-skull injury models, while it is less frequently
reported in closed-skull models. Finally, white matter injury and subcortical injury have been
observed in all models, although these changes have more frequently been observed in

closed-skull injury and blast models.

One study compared FPI and weight drop models. The severity of injury was similar in both
models (as measured by the time to the recovery of righting reflex), but the observed
deficits in the water maze test and in the radial arm maze were less substantial in the weight

drop model ¢’.

Drawbacks of the open-skull models are related to the use of a craniotomy, which may
produce brain damage itself, and may mimic the effect of a decompressive craniectomy.
Also, these models fail to reproduce diffuse axonal injury and lesions to the brainstem,
mostly because of the absence of acceleration/deceleration and rotational forces. These
limitations hinder the translation to severe TBI in humans.

Closed-skull and blast injury models display diffuse histological damage, which prevents
correlations between location of lesions and behavior. The physics of the deceleration forces
and of blast waves are very complex and might limit reproducibility of these models.
Researchers have not yet determined whether the observed deficits and lesions relate to the
pathophysiology observed in the clinical setting. The severity of injury is particularly difficult
to determine. Although some researchers intend to produce milder injuries, the ability of

these less severe injuries to represent good models of humans with mild TBI remains



unclear. Although forniceal and MS DBS have proved beneficial in a FPI model, these

limitations might ultimately jeopardize the clinical translation of innovative strategies.



3. Rodent models of stroke and vascular cognitive impairment

3.1. Clinical features

Stroke is the consequence of the occlusion of a cerebral artery, due to atherosclerosis, neck
vessel dissection, or cardiac embolus. Cerebral ischemia may occur in patients with other
clinical conditions, such as cardiac arrest or delayed cerebral ischemia that may be
complications of subarachnoid hemorrhage due to a ruptured aneurysm. The molecular
mechanisms and cellular pathways activated after cerebral ischemia are beyond the scope of
this review. Briefly, a sequence of events, including excitotoxicity, the release of radical
oxygen species, mitochondrial dysfunction, inflammation, neuronal death, autophagy and
apoptosis, occurs after stroke 2?2, Importantly, the penumbra region surrounding the
ischemic core, which is the focus of revascularization strategies, is likely to differ from the
normal tissue in terms of neural excitability and structural and functional connectivity
patterns 223,

Many studies have reported a high prevalence of cognitive disorders in stroke survivors 22

225 and these deficits have been ranked as a key priority regarding improvements in the
quality of life of patients after stroke 226. One study 2%’ reported impaired scores on
screening tests, such as the MMSE (Mini Mental State Examination) and MOCA (Montreal
Cognitive Assessment), in up to 50% of patients at three months after stroke.

228 229 deficits also span across multiple domains,

Regarding cardiac arrest survivors
including both episodic and working memory. Many studies have linked white matter lesions

and subcortical damage to cognitive impairment in patients with vascular dementia 230 231,

Landmark neuropsychological studies have reported deficits in episodic memory after stroke
or ischemia which have been linked to the selective damage of limbic structures 232,
Interestingly, memory disorders can occur when the hippocampus and mesiotemporal
structures have been spared by ischemia. Cognitive deficits observed after stroke have been
linked to a hypometabolism of mesiotemporal structures 233, One study showed a
correlation between cognitive scores recorded ten years after stroke and the atrophy of
mesiotemporal structures measured using MRI 234, Thus, a diaschisis 23> phenomenon can
occur after stroke. This phenomenon is well established in the cerebellum and is the

rationale for an ongoing phase | trial of cerebellar DBS for motor recovery after stroke 236,



Deficits after stroke span different domains (motor function, cognition, and language) and
subdomains (working, episodic, visual, and verbal memory), but a recent study argued for a
low dimensionality of cognitive deficits after stroke 23’. The authors of this study have
identified two clusters of deficits after stroke at the highest level, namely, motor
disorders/attention deficits and memory/language disorders. The frequent association of
deficits across domains might be linked to the frequent involvement of subcortical
structures and white matter tracts, which might result in altered functional connectivity,
although the correlation between functional connectivity and anatomical connectivity is not

straightforward 238,

3.2. Available models
We will differentiate between models of focal cerebral ischemia and models of global

ischemia (figure 1).

Cell loss in the hippocampus is a constant feature of global ischemia models, while it is
inconstantly observed in focal ischemia models. Although neurodegeneration and neuronal
loss has been observed outside the affected territory in focal ischemia, extensive damage to
the cortex and subcortex is a hallmark of global ischemia models. Likewise, while enduring
memory deficits, especially in working memory, have been observed in global ischemia
models, they are not a constant feature of focal ischemia models. The same holds true
regarding hippocampal LTP which has more often been found impaired in global ischemia
models than in focal ischemia models. Shifts in excitatory/inhibitory balance in the cortex
and in the hippocampus have been described. Overall, these observations suggest synaptic

dysfunction which might be rescued with DBS

3.2.1. Focal cerebral ischemia
Models of focal cerebral ischemia are diverse and include the intraluminal and extraluminal

occlusion of arteries. Intraluminal occlusion is performed with a filament thread and the
injection of thrombin %3° or a blood clot 2%, which are proposed to more closely mimic the
thrombotic mechanism observed in patients and are therefore useful models to study the
potential benefits of thrombolytic therapies. Stereotactic or direct application of
prothrombotic substances, such as endothelin-1 (ET-1) !¢* has been used, along with
photothrombotic models 2*! involving the injection of substances (Rose Bengal and

erythrosine B) that induce the release of free radicals when exposed to light. ET-1 and Rose



Bengal have even been combined in the same experiment to reproduce the penumbra and
the ischemic core, respectively 2*2. A major concern of scientists is the necessity of a
craniotomy, which increases the complexity of surgeries and induces potential sources of
bias related to a mechanical decompressive effect, in addition to the activation of
inflammatory pathways. Moreover, this model does not mimic the clinical condition of
patients with acute ischemic stroke, in whom a craniectomy is seldom necessary, although it
is useful in a subgroup of patients.

A solution to avoid craniectomy is the filament technique 243, where a coated suture is
inserted in the carotid artery and ascends in the cranium up to the termination of the
internal carotid artery, where it occludes the initial segment of the middle cerebral artery.
However, the size of the infarction is not always reproducible and inconsistent involvement
of subcortical structures has been reported across studies, due to the involvement of
perforating arteries 2*4. As an alternative, infarction of the sensorimotor cortex has been
produced by occluding the distal segment of the middle cerebral artery, a technique that

245 which has the major disadvantage of requiring a

was initially developed in one study
craniotomy but produces very reproducible ischemia that spares the subcortical structures.
These focal vessel occlusions have often been paired with permanent or intermittent
occlusion of common carotid arteries to avoid reperfusion of ischemic territories by
collateral vessels. Rodent models of subarachnoid hemorrhage have also been developed,

which are not discussed here but have been reviewed elsewhere 246,

3.2.1.1. Histology

3.2.1.1.1. Cortex
Both proximal middle cerebral artery occlusion (MCAO) and distal MCAO injure the

sensorimotor cortex, and damage has been reported to extend to the posterior parietal
cortex and auditory cortex ?*’. Damage to the piriform cortex and entorhinal cortex 2%,
which does not belong to the territory of the middle cerebral artery, has been noted in
models of intraluminal middle cerebral artery occlusion.

Ischemic lesions are associated with edema, which must be considered when assessing the
volume of the ischemic lesion 2%°.

Damage to the prefrontal cortex has been most reliably modeled using photothrombotic 2°°

or ET-1 injection models 2°1 252,



Cell-loss
Models of transient MCAO produce selective neuronal loss, which has been reported to
appear a few days after reperfusion in the cortex and overlapped with areas of microglial

253

activation #>3 without necrosis or persistent abnormalities on diffusion MRI.

3.2.1.1.2. Hippocampus and subcortical structures
Depending on the method (proximal MCAO versus distal MCAO, filament occlusion versus

direct surgical approach), the extent of the infarction varies.

Ischemic lesions in the striatum

While distal MCAO injury is typically limited to the cortex, reproducible involvement of the
striatum has been reported in the proximal MCAO model 2>* 2> (as well as in some reports of
distal MCAO 2°6 249) where selective neuronal loss has been observed 2°7.

Ischemic lesions in subcortical structures outside the territory of the middle cerebral
artery

Ischemia in subcortical structures outside the territory of the middle cerebral artery,
including the hippocampus, has been observed in filament models of proximal MCAO 2%,
possibly in relation to the involvement of deep perforating arteries 2**. The ischemic territory
also included the amygdala 2> 244, the hypothalamus 244, and, more rarely, the thalamus 244
25 |mportantly, in many studies of distal MCAO investigators performed an additional
occlusion of one 24° 247 or both 258 259 245 260 261 262 263 c3rotid arteries. In one study where the

authors definitively occluded the carotid artery ipsilateral to the occluded MCAQO, ischemic

lesions were observed in CA1 22,

3.2.1.1.3. Lesions outside the ischemic territory
Interestingly, damage has been reported in zones distant from the site of the infarction.

Studies have also reported a decrease in the size of the thalamus 2°° 264 after middle cerebral
artery (MCA) stroke.

Cell-loss

In a proximal MCAO model, a decrease in the number of cholinergic projections (assessed
with acetylcholinesterase immunochemistry) to the frontal cortex was observed, without

evidence of damage to the nucleus basalis of Meynert 25,

Neurodegeneration



One study 2% using a proximal MCAO model sparing the thalamus and hippocampus has
reported the accumulation of manganese (observed with manganese-enhanced MRI
(MEMRI)) in the thalamus after injecting the substance in the entorhinal cortex. This finding
is consistent with other studies showing silver staining in thalamic preparations 2%,
Secondary neurodegeneration after MCA stroke in humans and in animals has been

reviewed in a previous study 268

. Interestingly, Alzheimer’s-like A-beta deposition in the
sensory thalamus has been identified after MCAO occlusion in rodents, which might result
from axonal injury 26°.

Degeneration in the corpus callosum and contralateral cortex have also been documented

267

3.2.1.2. Behavior
3.2.1.2.1. Memory

Anterograde memory
An animal model of surgical proximal MCAQO exhibited decreased performance in learning

MWM tasks at one 27° and two months 27! after injury. However, some authors reported
negative results using the same model ?’2. Impaired fear memory in the passive avoidance
task has been reported at one week after injury 273, Studies of the distal MCAO model are
scarce, but decreased performance in the Barnes maze and in the social transmission of food
preference task has been observed at two weeks after injury 2°8. Deficits in fear memory
have been documented in the passive avoidance task at one week 2°° and seven weeks after
injury 2’1, However, two studies (one with transient ligation of the carotid arteries 2¢° and
one without 274) did not observe any impairment in the MWM at one and two weeks after

injury, as well as in the passive avoidance task 27.

Retrograde memory
Deficits in tasks learned before stroke have been observed in the MWM at eight weeks after

275 276 275

injury 4> and in the passive avoidance task at one %’° and three /> weeks after injury.

Working memory
After surgical proximal MCAO, rats exhibited poor performance in the radial arm maze task

at one and two months after injury ?’7. However, another study using the same model did

not observe deficits in the Y-maze three days after stroke 273. Using the distal MCAO model,



one study ?*’ did not observe deficits in spontaneous alternation in the T maze at three
weeks after injury.

Cognitive flexibility

Deficits in attentional set shifting, an odor-texture based task 2°!, or in the plus-maze 2°?
have been observed in rodents at ten and eight days, respectively, after the establishment of
a stroke in the bilateral prefrontal cortex (induced by ET-1 injection). However, one study
using a photothrombotic stroke model in which the authors induced a stroke in the
prefrontal cortex showed no deficits in reversal learning at one month after stroke with a

touchscreen-based visual discrimination task 272.

Memory impairments without lesions in the hippocampus
Interestingly, one proximal MCAO %77 and two distal MCAO 2°8 259 studies reported memory

deficits without damage to the hippocampus.
Another study has described impairments in spatial memory after prefrontal stroke, which

were associated with a decrease in volume of the mediodorsal thalamus 2°°.

3.2.1.2.2. Sensorimotor impairment

In permanent 27° 273 260 3nd transient proximal MCAO models 280

, motor deficits have been
observed in the contralateral hemisphere. A rapid recovery with a return to sham levels
occurred by four weeks 27° 266, allowing animals to perform cognitive tasks. However, long-
lasting deficits in the inclined plane test 81 and in tests assessing forepaw dexterity and
sensorimotor integration, such as the staircase test, the limb placing test and adhesive
removal test 2% have been observed two to three months after injury.

In the distal MCAO model, deficits were milder 282 and animals recovered more quickly, with
near sham performance observed at one week 2°. However, deficits have been observed at
three weeks using appropriate tasks, in particular the adhesive removal task 223 274 and tasks
assessing forepaw asymmetry (cylinder test), forepaw inhibition (swimming tasks), tongue
extension, reaching and fine motor tasks 224, These findings have specifically been observed

in aged rats 263,

3.2.1.2.3. Sensory impairment
We are not aware of any study assessing visual function in models of focal stroke. Animals

performed normally in the cued version of the MWM 27°, However one study reported the



impaired performance of mice in a touchscreen-based visual discrimination task when the
level of similarity between the two images was high 2%°.

One study used optical intrinsic signal imaging in a MCAO model to study the changes in
cortical hemodynamics elicited by whisker stimulation. An increase in latency was observed
in stroke rats compared to controls 226,

After distal MCAO, rats were able to perform a social transmission of food preference task,
although model animals displayed worse performance when compared to animals of the

sham group 2%,

3.2.1.2.4. Neuropsychiatry
Animals showed signs of motor hyperactivity following right MCAO but not after left MCAO

287 288'

Anxiety-like behavior has been observed nine weeks after injury in animal models of left
MCAO 288, Depressive-like phenotypes were observed in animal models of left MCAO (in
ovariectomized rats) 282 and animal models of right MCAO at three weeks after injury 2%,
Right MCAO combined with social stress has been associated with depressive-like behaviors
for up to two weeks after injury (spatial restraint in a 50 mL tube 2°1). These findings have
been reviewed in a previous study 2°2.

Anxiety-like and depressive-like behaviors were also observed at one week and two weeks,
respectively, in a mouse model in which ET-1 was injected in the left mPFC 2°3, No anxiety-
like behavior (assessed with the elevated plus maze) was reported at one week and one

month after injury in a photothrombotic model of bilateral mPFC stroke 2*°.

3.2.1.3. Electrophysiology

3.2.1.3.1. Cortical activity
Excitability

In vitro recordings in the perilesional cortex have produced conflicting data. One study 2%
reported hyperexcitability and increased long-term potentiation in the peri-infarct cortex
one week after a photothrombotic stroke, while another study by the same group 2%
showed a decrease in field potentials at one week and one month after transient MCAO.
This hypoexcitability might be related to increased tonic inhibition due to the decreased
reuptake of GABA by astrocytes 223, while the hyperexcitability observed in the

photothrombotic model might be related to decreased inhibition, as evidenced by decreased



paired-pulse inhibition at one week after injury 2°®, Decreased paired-pulse inhibition was
also observed in the hemisphere contralateral to a photothrombotic stroke 2%7.
Interhemispheric connectivity

This increased excitability might be related to a decrease in inhibitory output from the
ischemic cortex to the contralateral cortex. fMRI 2°® 2°°, EEG 2°8 and optical intrinsic signal
imaging 3% studies have provided evidence of decreased interhemispheric connectivity after

298 normalization of interhemispheric connectivity was associated with

stroke. In one study
motor recovery. In another study which evaluated intracerebral injection of neural stem
cells, the decrease in interhemispheric connectivity was more important in the control group
293 However another study performed in rats six months after MCAO did not find changes in
interhemispheric connectivity compared to controls 392, In this study, rats with stroke
displayed increased connectivity in the ventromedial thalamus compared to control rats.
EEG/LFP

Using EEG, many studies reviewed in a previous report 302 have observed a decrease in
global power, decreases in alpha and beta power and an increase in delta activity 303 304
resulting in a decreased alpha-to-delta ratio, consistent with findings in patients with stroke
305 |nterestingly, in cat lesion models, polymorphic delta activity is associated with damage
to the white matter and the reticular formation (particularly the mesencephalic reticular
formation) 3%. In the contralateral hemisphere, a slight increase in delta activity along with a
decrease in alpha activity have been observed. An initial decrease followed by an increase in
beta activity has been documented 3%, Reports have also described increased non-REM and
decreased REM sleep using EEG 3%8,

Regarding the recordings of DC potentials, peri-infarct depolarization has also been observed

309

3.2.1.3.2. Long-Term Potentiation in the hippocampus

One study observed impaired LTP in CA1 after transient MCAO 28, The authors argued that
the LTP impairment in both hippocampi (ipsilateral and contralateral) might be due to
increased inhibition. Another study found a similar impairment in LTP in the ipsilateral
hippocampus, but not in the contralateral hippocampus 3. Interestingly, none of these
studies included additional ligation of common carotid arteries, meaning that transient

global ischemia does not account for the observed disturbances. However, another study did



not detect an LTP impairment after MCAO 27, Recordings performed in animals immediately
after distal MCAO showed a decrease in theta-gamma cross-frequency coupling in the

hippocampus 31,

3.2.1.3.3. Epilepsy
Two studies 3% 313 using a photothrombotic model of focal stroke observed convulsive

241

seizures. Using the same model, one study “* correlated seizures (with motor arrest) with an

increased excitability of thalamocortical cells.

304 314 315

Two studies , which have been reviewed in a previous article 31>, observed non
convulsive seizures in an MCAO model. Spike discharges and sharp-wave complexes have
been recorded after MCAO 37, These features resemble the periodic lateralized epileptiform

discharges (PLEDs) that have been recorded in patients with stroke 316,

3.2.1.3.4. Other
Hypometabolism in the striatum and decreased connectivity between the striatum and

hippocampus have been observed in 8F-fluorodeoxyglucose PET studies in rats twelve hours
after a transient filament MCAO 3. In vitro electrophysiology showed increased long term

potentiation in striatal neurons during the first week after MCAQO 318,

3.2.1.3.5. Neuromodulation
We are not aware of any neuromodulation study aiming to improve cognitive function in

focal stroke models. However, one of the aforementioned studies showed the feasibility of a
closed-loop optogenetic strategy to silence thalamic neurons and reduce the number of
seizures in a photothrombotic stroke model 241,

319 or the

Two groups described the benefit of stimulating either the motor cortex at 50 Hz
rodent homolog of the human dentate nucleus to promote motor recovery in an animal
model of ET-1-induced stroke in the sensorimotor cortex ®* and a distal middle cerebral
artery occlusion model 329, Similar results have been obtained with optogenetic neuronal

stimulation of the same target in a filament model of MCAO 322,

3.2.2. Global ischemia



Different models of global ischemia reproduce very different clinical situations, depending
on the nature of ischemia (two vessel occlusion (2V0), also known as bilateral carotid artery
occlusion (BCAOQ), or four vessel occlusion (4V0)), the duration of ischemia, and associated
factors (hypoxia, hypotension, and hypoglycemia). Importantly, the same models produce
very different lesions in different species. Due to an incomplete circle of Willis, BCAO causes
profound forebrain ischemia in mice and gerbils. This model mimics the condition observed
after cardiac arrest, while the establishment of the same model in rats more closely
resembles a chronic cerebral hypoperfusion model, because the circle of Willis allows for
compensation 322, Some models, such as bilateral carotid artery stenosis (BCAS), are more
similar to humans with vascular dementia (chronic cerebral hypoperfusion). Other models
attempt to specifically reproduce cardiac arrest (and not only cerebral hypoperfusion) in rats
323.

We can thus differentiate between cardiac arrest-like models that provoke complete
forebrain ischemia (cardiac arrest, 4VO 324, and 2VO in gerbils, and 2VO combined with
hypotension) and vascular dementia-like models that resemble chronic cerebral
hypoperfusion, such as BCAO and BCAS 322, In BCAO models, compensatory mechanisms
allow blood flow to return to normal after an acute decrease in perfusion 3%2. Progressive
BCAS is produced by the progressive introduction of coils in the carotid lumen or by the
application of progressive pressure on the carotid arteries through extraluminal cuffs. Some

teams 3%

prefer to sequentially occlude the two carotids over a one week period, because
simultaneous bilateral carotid occlusion is associated with a very high mortality rate. Specific
models of the consequences of early life ischemia/hypoxia have also been developed 3%¢
such as the Rice-Vanucci model 3?7, which combines ligation of the ipsilateral carotid artery
with hypoxia in rats at postnatal day 7.

However, despite the large number of models and clinical situations, some common

behavioral, histological, and electrophysiological findings can be described.

3.2.2.1. Histology

3.2.2.1.1. Cortex

Damage has been observed in the cortex 328

one week after a 6-minute ischemia in the 2VO

model.

Cell-loss



Delayed neuronal cell death was predominantly observed at the border between the
territories of the anterior and middle cerebral arteries, but parasagittal lesions suggestive of
a venous pattern of injury were also observed 3?8, Studies have reported modifications of the
dendritic architecture in the prefrontal cortex after a 15-minute 4VO 3%°. Cortical layers llI
and V were the most frequently affected layers 328 32, with possible additional damage in
layers IV 328 and VI 324, In the Rice-Vanucci model of perinatal infarction, cortical damage
displayed a columnar distribution, namely, it occurred in columns perpendicular to the pial

surface that comprised all cortical layers 3?7,

3.2.2.1.2. Hippocampus and other subcortical structures

The hippocampus is known to be particularly vulnerable to ischemic injury.
Cell-loss

330

Neuronal loss has been observed after a few minutes of ischemia in the CA1 region **° and

appeared to predominate in the dorsal part of the hippocampus. However, cell death has

331332 nrompting questions about the

not been observed until two to three days after injury
mechanisms involved in cell death (necrosis versus apoptosis) 333, This pattern of delayed
cell death has also been observed in humans 334 Neuronal loss has also been observed in
other regions, such as the transition between CA3 33 and the DG 3%, with damage to
interneurons (neuropeptide Y-positive and somatostatin-positive interneurons) 337 338 and
mossy cells 33, In models of BCAS, damage has inconsistently been reported in the
hippocampus 339 340,

The striatum 34! 342 and the cerebellum 3% have been reported to be very sensitive to
ischemia . Lesions in the septal nucleus, the reticular thalamus, the substantia nigra pars
reticularis and amygdala have also been observed 3**. Time and other factors, such as
hypothermia and anesthesia, have been shown to affect the extent of neuronal loss 336 34!
342'

Neurodegeneration

White matter lesions, which are frequently observed in patients with vascular dementia and

cardiac arrest, have been shown to occur after transient forebrain ischemia in models of

neonatal anoxo-ischemia 34 and in chronic hypoperfusion models, such as BCAO 342 or BCAS

322 339 340



Retinal ischemia and optic nerve damage have been reported in models of global ischemia
346 347 348 349 '\which may complicate behavioral assessments. Brain damage appeared to be
more severe after common carotid artery ligation compared to internal carotid artery

ligation 3,

3.2.2.2. Behavior
3.2.2.2.1. Memory

Anterograde memory
Deficits in anterograde memory have been observed using the MWM at two 3%, three 3>2

and seven 3°3 weeks after injury. However, studies have not observed a deficit in the MWM
after BCAS 339 354 suggesting that the main deficits might occur in working memory (see
below). In cardiac arrest-like models, deficits have been observed in the MWM at three 3>

356

and six 3>° weeks after injury, as well as four months after injury when the difficulty of the

task was increased 3°7. Deficits have also been observed in the Barnes maze at one week

323 325 325

after injury 323, in object recognition tasks at one 3°8, two 3?°, and three months after

injury, and in fear memory at one 323 3>° and four weeks after injury 3°°.

360 355 reported a poor correlation between the performance in

Interestingly, some studies
the MWM and the number of neurons in CA1, while others reported the opposite conclusion
361 Rats that underwent hippocampectomy immediately after ischemia performed better in
a delayed non matching to sample task compared to rats which did not underwent

hippocampectomy 3°8,

Retrograde memory
Deficits in retrograde memory have been observed in chronic hypoperfusion models using

the MWM at seven weeks after injury 33

Working memory
In cardiac arrest-like models, deficits in spontaneous alternation in the T-maze have been

observed in the first week after injury 362, Deficits have also been observed in the hole-board
test at one and two weeks after injury 363, as well as in the radial maze at eight to fifteen
weeks after injury 3>7.

In chronic hypoperfusion models, injured rats displayed worse working memory
performance in the eight arm radial maze at four weeks 340 3> to sixteen months after injury

364 ‘and in the Y-maze at four 339 325 eight 32° and twelve weeks 3?° after injury. Interestingly,



in these models, working memory deficits tended to appear or to worsen over time 339 325 360

364

3.2.2.2.2. Motor impairment
Models of global ischemia produced a motor impairment that may include decreased

341 325

forepaw activity 31, gait deficits 32° and severe akinesia 34'. Locomotor activity was typically
increased 3*! 3%, but some studies reported that locomotor activity 3°¢ 340 and swimming

speed in the MWM were identical to those of controls 3% 339,

3.2.2.2.3. Sensory impairment
Damage to the retina or the optic tract reviewed in the previous section raises concern

regarding a potential visual impairment. The pupillary light reflex has been shown to be
altered after 2VO in half of the injured animals 34° 365 and to influence the performance of
animals in the MWM and radial arm maze 3%°. However, in other studies, ischemic rats were
able to perform normally in the cued version of the MWM 3>4 357 These discrepancies have
been reviewed in a previous report 322,

The response to vibrissae stimulation was studied by some authors 32°, but they did not
report the results of this evaluation.

We are not aware of studies assessing olfactory or auditory functions in these models.

3.2.2.2.4 Neuropsychiatry
An increase in locomotor activity has been postulated to be related to increased anxiety.

However, the few studies 3¢ 367 assessing rodents using the elevated plus maze support the
hypothesis that anxiety is decreased after global ischemia.

We identified a few studies assessing depressive-like behavior in rodents. Two studies that
assessed depressive-like behavior one month and three days after permanent 3% or
temporary 3¢¢ BCAO in mice, respectively, observed increased immobility of ischemic animals
in the forced swim test or tail suspension test. However, another study 3*° performed BCAS

in mice and did not observe a difference in the forced swim test at one week after injury.

3.2.2.3. Electrophysiology

3.2.2.3.1. Cortical activity
EEG/LFP



During the period of complete forebrain ischemia, electrical activity recorded with EEG has
been shown to completely disappear 3%°, while an initial 80% decrease in the amplitude of
the signal has been observed in the BCAO model 37°,

One consistent finding from various models of forebrain ischemia is a decrease in theta
activity recorded with EEG 371 370372 |ncreases in beta and delta activity have also been
documented 37°,

Neonatal hypoxia ischemia has been shown to alter network synchrony between the
prefrontal cortex and the hippocampus in the absence of overt lesions, as assessed using
histology and MRI 373, In that study, the authors showed a reduction in gamma oscillations
nested in slow oscillations in the prefrontal cortex. In adult rats submitted to asphyxial
cardiac arrest while in infancy, there was evidence of increased latency in cortical activations

upon sensory stimulation (whisker deflection 374 or auditory stimulus 37°).

3.2.2.3.2. Excitability and Long-Term Potentiation in the hippocampus

Excitability

While studies using 2VO models in gerbils have shown increased activity in CA1 neurons in
vivo at seven hours after a five-minute ischemia 3’6, two in vivo studies using the 4VO model
in rats reported decreased activity in CA1 372377 and in the DG 372 at four to seven days after
a seven to fifteen minute episode of ischemia.

Evidence for increased CA3 excitability has been obtained using in vitro recordings
performed two to four months after a twenty-minute 4VO ischemia in rats 378

Long-term potentiation

In hippocampal slice preparations, the induction of hypoxia and exposure to a low glucose
concentration has been shown to result in a special type of long-term potentiation called
anoxic (or ischemic) long-term potentiation associated with the activation of NMDA
receptors by ischemia 37° 38, This result has been confirmed in vivo 38 in the first 24 hours
after ischemia, although the evidence suggests the coexistence of a depression of synaptic
responses in other CA1 cells in the same animals 382, In a rodent model of cardiac arrest 323,
ischemic LTP was shown to preclude the appearance of physiological LTP in slice
preparations. Disturbances in LTP were observed in vitro at eight weeks after 4VO 3°¢ along
with an increase in paired-pulse facilitation one week after injury, suggesting disturbances in

presynaptic mechanisms 323. Indeed, in vivo studies also reported impaired LTP in rats two



weeks after 4VO 363 and two to three weeks after 2VO 384 385 |ow frequency (0.5 Hz)
stimulation of Schaffer collaterals has been shown to reverse 38 this ischemic LTP and to
help restore physiological LTP. Researchers are still debating whether ischemic LTP is
beneficial in the early phases of ischemia 323, Studies have shown the effects of thrombin on
the induction of ischemic LTP 38, Other studies have described decreased LTP in the DG after
transient BCAO in irradiated rats 37,

EEG/LFP
Regarding oscillatory activity, hippocampal theta activity rapidly decreased after 4VO 371 372,

Hippocampal LFP recordings in a 2VO vascular dementia model showed a decrease in theta-
gamma cross-frequency coupling three weeks after 2VO that was associated with decreased
LTP and information transfer between CA3 and CA1, the latter of which was assessed by

computing general partial directed coherence 3%,

3.2.2.3.3. Epilepsy

Damage to the substantia nigra has been linked to poststroke epilepsy 344. Researchers have
proposed that the behavioral deficits displayed by the animals might result from epileptic
activity in the hippocampus. Results showing an improvement in the behavior of rats

hippocampectomized before or one hour after ischemia support this hypothesis 3%,

3.2.2.3.4. Neuromodulation
A single one-hour session of 130 Hz DBS of the entorhinal cortex performed two weeks after

4VO0 (including 15 minute BCAO) improved rats’ performance in the MWM at 6 weeks after
injury 3°6. This study also showed that DBS was associated with an increase in synaptophysin
expression, suggesting that DBS might rescue synaptic dysfunction in this model with

extensive damage.

3.3. Provisional summary: ischemia models
Unlike TBI, not all ischemia models produce memory disorders. The main reason for this

discrepancy is that these models obviously produce very different patterns of injury and
result in different behavioral outcomes that correspond to different clinical situations

(stroke, vascular dementia, and cardiac arrest).



While the hippocampus is often not involved in the ischemic territory in models of focal
strokes, it is involved in models of global ischemia. Indeed, neuronal cell death has been
observed in the hippocampus only a few minutes after global ischemia. However,
hippocampal ischemia does not appear to be necessary to observe impaired LTP. This finding
might account for the memory deficits observed in the distal MCAO model, although the fact
that this model often includes additional BCAO is an important confounding factor. The
hypothesis of a hippocampal diaschisis remains to be confirmed, but the reviewed studies
acknowledge the fact that structures outside the ischemic territory, particularly the
thalamus belonging to the classical Papez circuit, may be affected after stroke.

Similar to brain trauma, a shift in the excitatory/inhibitory balance appears to occur in the
hippocampus and in the cortex, suggesting that some common pattern of brain
reorganization, at least in the cortex, might occur after ischemic or traumatic brain injury.
Focal ischemia models are appealing since they tend to produce reproducible lesions, with
low mortality rates. One limitation is the difficulty of the surgical technique, which involves
the microsurgical dissection of very small vessels. Another limitation is the collateral
circulation, which is very efficient and variable in rodents, and therefore limits the
reproducibility of lesions.

Global ischemia, either cardiac arrest or hypoperfusion models, consistently produces
memory disorders. However, similar to the diffuse TBI models, the widespread distribution
of damage hinders correlations between location of lesions and behavior. Additionally, the
retinal damage that is frequently observed in these models limits the interpretation of
cognitive tests.

Deficits in theta-gamma phase amplitude coupling have been observed in focal and global
ischemia models, but focal stroke models appear to be more appropriate to investigate
neuromodulatory strategies, as the structures to stimulate (for instance, the fornix) are

intact.



4. Discussion

TBlI and ischemia models produce impairments in memory tasks and structural and
functional alterations, as evidenced by histology and electrophysiology. These models could
enable researchers to study the mechanisms of action of DBS at the network level 38 3,
Changes in behavior of rodents probably result from complex interactions between brain
regions, including the cortex and hippocampus, whose activity can be studied with
electrophysiological recordings and functional imaging (histology of immediate early genes,

fMRI, and PET).

4.1. Hippocampal dysfunction

Cell loss in the hippocampus is frequently encountered across all models. While a clear and
preferential involvement of the CA1 field has been documented in ischemia, cell loss most
frequently occurs in CA3 and the DG in response to trauma but can also affect CA1.

Damage, particularly in the DG, has been linked to hyperexcitability in the hippocampus. Our
389

review of electrophysiological findings and another recent review focusing on stroke

show that LTP in the hippocampus is disrupted in most animal models of TBI and stroke.

4.2. Beyond the hippocampus

While hippocampal damage and dysfunction are the areas of focus of most investigations,
this review emphasizes that the damage extends beyond the hippocampus, including the
white matter and subcortical structures such as the thalamus. Moreover, animals may
display impairments in spatial memory tasks even when no damage is observed in the
hippocampus. Reports have even documented improved behavioral performance of
hippocampectomized ischemic animals 3°%. There is also evidence that pharmacological
interventions aiming at reducing neuronal activity in CA3 are associated with improved

performance of aged rats in cognitive tasks 3%°.

4.3. Shift in the excitatory and inhibitory balance

In models of stroke or TBI, many studies have initially observed hypoactivity in the injured
cortex followed by late hyperactivity. Hyperactivity has also been observed in the

contralateral cortex and hippocampus in the days following injury. This change has been



observed in models of TBI and stroke and has been linked to a decrease in inhibition by
interneurons, which appears to be a common feature of the injured brain across models,
since it has also been observed in animal models of experimental autoimmune encephalitis
391 We also reviewed data showing reorganization of the sensory map assessed with
functional imaging after stroke or TBI, which suggests that these changes in excitability

might be compensatory mechanisms.

4.4. Possible role of long-range synchrony and relation to structural lesions

Although long-range synchrony has only been assessed by few studies, disturbed long-range
synchronies, a decrease in theta-gamma phase amplitude coupling, and modifications in
functional connectivity metrics have been reported. These findings appear to be consistent
with clinical data showing that abnormal functional connectivity may account for the
neurological impairments observed in patients with stroke 237 and TBI %, while theta-gamma
phase amplitude coupling has been shown to correlate with cognitive performance in
patients with epilepsy 3°2 393 and Alzheimer’s disease 3. There is also evidence from fMRI
studies in rats that hippocampal LTP induction through stimulation of the perforant path was
associated with increased interhemispheric functional connectivity 3%. Recently,

39 proposed a mathematical model to study the alterations in spike train

investigators
transmission due to focal axonal swelling, a histological lesion that is frequently observed in
patients with TBI (as well as in patients with neurodegenerative diseases). The lower gamma
frequency band (approximately 40 Hz, involved in memory retrieval) was robust to
alterations in spike train transmission, while the higher gamma frequency band was

susceptible to injury.

4.5 Restoring theta-gamma phase amplitude coupling

An increase in theta-gamma phase amplitude coupling has been associated with an increase
in long-term potentiation in the hippocampus 3% 3%7_ Conversely, a decrease in theta-gamma
phase amplitude coupling has been associated with a decrease in long-term potentiation at
the CA3-CA1 synapse in a 2VO model 3%, as reviewed in the global ischemia section.

The restoration of theta-gamma phase-amplitude coupling in these models might be

associated with an increase in LTP. This hypothesis is consistent with the results of



experiments using rodent models which showed the ability of forniceal 3*® and entorhinal
cortex 2° 36 DBS to restore synaptic activity.

Recently, strategies to reestablish theta-gamma phase amplitude coupling in the
hippocampus using closed-loop stimulation of the fornix were proposed 328, The next step is
to design DBS experiments that aim to correct cross-frequency coupling deficits in these
animal models. If improvements in behavioral tasks and electrophysiological parameters
(such as LTP) were observed, these findings would confirm the role of long-range synchrony
in the pathogenesis of cognitive disorders and validate the hypothesis that they should be
the targets of neuromodulatory strategies in humans. The safety of these interventions must
also be assessed. Researchers have not determined whether restoring theta-gamma PAC
promotes the development of epilepsy. A study in a rat model of epilepsy showed that the
amplitude of prefrontal gamma activity was modulated by the phase of the hippocampal
theta wave during the preictal period 3%°. Recordings in the seizure onset zone of patients
with epilepsy showed that the amplitude of high-frequency oscillations is modulated by the
phase of alpha waves 4%,

Animal models will also be useful to obtain an understanding of the mechanisms linking
theta-gamma phase amplitude coupling to cognition. The effects of correcting theta-gamma
phase amplitude coupling on the excitatory/inhibitory balance and particularly on the
function of GABAergic interneurons, which are known to be implicated in long range

synchrony, should be studied.

4.6. Which structure(s) to target?

The disorders in long-range synchrony observed in these models are consistent with the

401 235 '\which has

diaschisis hypothesis described more than a century ago by von Monakow
fundamental and practical implications for functional neurosurgery. A strategy could be to
try to restore normal oscillatory activity in a circuit by stimulating structures that have been
spared from damage. This approach is the rationale for an ongoing DBS trial 236 in which
investigators are stimulating the cerebellum (in an open-loop stimulation paradigm) to
improve motor function after stroke. For memory disorders, steering strategies could be

targeted to the fornix as previously suggested 3038, or to the thalamus, a structure

implicated in long-range synchrony and part of the circuit of Papez, as a continuation of the



fornix. Furthermore thalamocortical circuits have been shown to modulate long-term
potentiation in the cortex %°2. Moreover, midline structures in the thalamus have been
involved in hippocampal-prefrontal coupling 4%3.

In this regard, the distal middle cerebral artery occlusion appears as the most interesting
model, since the hippocampus, thalamus, fornix, and entorhinal and prefrontal cortices are
spared from ischemia. However our review shows that DBS has demonstrated clinical

benefit in models with extensive damage to subcortical structures ( FPI, Global Ischemia).

4.7. Other challenges

The time at which stimulation must be initiated is unknown. Many studies have shown that
the neuronal excitability in the cortex and in the hippocampus is either increased or
decreased, depending on the time that has elapsed since the injury. Researchers have not
determined whether an optimal window exists to enhance endogenous plasticity
mechanisms or the effect of rehabilitation strategies. However, from the perspective of
clinical translation, a more rational strategy is probably to assess DBS in a chronic setting,
since the implantation of DBS leads is unlikely in patients at the acute or subacute phase
after a stroke or TBI.

Another challenge related to the preclinical assessment of DBS is the choice of the most
appropriate cognitive task or set of tasks. Most studies performed spatial memory tasks
assessing working, retrograde and anterograde memory. However, multiple possible
confounding factors must be considered when analyzing these results. Indeed, the lesions
produced in the reviewed models have been shown to affect the motor and sensory (vision
and whisker function) performance of animals, which showed signs of depression and
anxiety in some studies. In rodent studies, paradigms are also available for assessing fear
memory and olfactory memory. However, simple memory tasks do not recapitulate the full
complexity of human cognition. Touchscreen-based conditioning chambers allow the
realization of more complex tests (such as paired associate learning and reversal learning),
which are more similar to the neuropsychological evaluations performed in patients. Finally,
regarding steering strategies, the design of the cognitive tasks should allow researchers to
differentiate between the encoding and retrieval of information. Improvements in the

assessments of rodents’ cognitive abilities are of the utmost importance, since they are likely



to facilitate clinical translation, but they might also prevent the scientific community from
discarding new stimulation strategies that might be effective for improving very specific

aspects of cognition.

4.8. Limitations of this review

Our review has some limitations. We only focused on traumatic brain injury and cerebral
ischemia and did not review studies using other rodent models of memory disorders (such as
neurodegenerative diseases, epilepsy, ovariectomy, or alcohol intoxication). We also did not
review studies using other species (dogs, swine, or nonhuman primates), which might more
closely mimic the pathological and behavioral outcomes observed in humans. Indeed, the
rodent cortex is lissencephalic and the proportion of white matter is smaller than that in
humans. These parameters are very important in traumatic brain injury because they may
influence the biomechanics of cerebral injury. White matter lesions are a major pathological
hallmark of vascular cognitive impairment and traumatic brain injury. We did not provide a
detailed review of the performance of rodents in behavioral tasks. The interpretation of
behavioral tasks is challenging and subject to many biases. Moreover, none of the tasks
reviewed here closely mimic human episodic memory, which is one of the targets of
neuromodulatory strategies in humans.

Furthermore, we did not investigate sleep, which is known to be disturbed after stroke and
TBI in humans, and in patients with neurodegenerative diseases. Sleep is associated with
increased synchrony in thalamocortical circuits, and oscillatory activity in the cortex and
hippocampus during sleep has been shown to modulate memory consolidation 404 4% |n this
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regard, an analysis of sleep patterns in these preclinical models and an analysis of

potential effects of DBS on sleep would be highly relevant.

5. Conclusions

Our review highlights the potential of rodent TBI and stroke models to assess the
mechanisms of action and the efficacy of new methods of DBS some of which were already
translated to the the clinic in patients with AD.

One major limitation of these models is that they are very heterogeneous in terms of the

distribution and severity of injury. This inherent weakness is also one of their main strengths



and justifications, as they have the potential to model the entire scope of human pathology,
which is also characterized by a very high level of interindividual variability. We advocate for
a translational approach in the selection of the proper experimental model to assess the
efficacy of DBS. In particular, the insights obtained from lesion-symptom mapping, fMRI and
electrophysiological experiments investigating specific behaviors or symptoms should guide
researchers to choose the model and task that most closely resemble assessments of human

cognition.
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Tableau 1 : Summary of electrophysiological findings

Model

hours | days | weeks | months

Open-skull TBI

Excitability cortex

N7 A \/ >

Excitability hippocampus

VA () () ()

LTP hippocampus

N2 N2 N2 N

fMRI

Decrased interhemispheric connectivity
Decreased long range connectivity / increased
short range connectivity

Closed-skull TBI

Excitability cortex

N2 N N2 1«

Excitability hippocampus A
LTP hippocampus \7 \”
EEG/LFP Cortex : Cortical spreading depression

Increased theta-gamma PAC in mPFC

Focal Ischemia

Excitability cortex N7 N

Excitability hippocampus

LTP hippocampus \2 \”

EEG/LFP Cortex : decreased alpha/beta, increased delta
Hippocampus : decreased PAC in CA1

fMRI Decreased interhemispheric connectivity

Global Ischemia

Excitability cortex

Excitability hippocampus \2 \” A
LTP hippocampus Ischemic LTP N7 7
EEG/LFP Cortex and hippocampus : Decreased alpha,

beta, theta, Increase in delta. Decreased PAC




Table 2 : Summary of morphological findings in open-skull TBI

Open-skull TBI

Early

Late>1 months

Cortex

lesion

Gross examination : Can appear normal
Cavity bordered by gliosis 61 62
Axonal damage : Decrease in MAP-2 staining 6!

Increase in cavity size at Y1 63 62

perilesional

Neurodegeneration : 67
Cell loss : selective loss of PV+ SOM+ interneurons at W2-

W4_ 66
Dendritic spines : Drastic decrease at D1 68
Neuroinflammation : Astrocytosis at D2 61

contralateral

Dendritic spines : decrease at D1 68
Neurodegeneration : Reported up to D2 81 D7
67 but not at W4 %

distant

Dendritic spines : decrease in entorhinal cortex at D1 68
Cell loss : no evidence at W2 in mPFC with increase in
GADG67+ cells 130

Hippocampus

Neuroinflammation : Astrocytosis at D1 ipsilateral, at D2
contralateral 6!

Dentate Gyrus

Cell loss : GABA cells, and mossy cells 78 76

dendritic spines decrease at D1 (bilateral) 68
Neurodegeneration up to D7 (bilateral) 67 81 71 (unilateral)
up to M1 8 and W4 20

Neurogenesis : up to D3 406 Aberrant migration until W8 407

Cell loss : Decrease in hilar neurons
at Y1 63 in both hemispheres
Neurogenesis : Aberrant migration
of immature neurons until W8 88

Cornu Ammonis 3

Cell loss : GABA cell loss 76
Neurodegeneration up to D7 (bilateral) ¢7

Cornu Ammonis 1

Cell loss : GABA cell loss 77 76

Perforant Path

Mossy Fibers Mossy fiber sprouting 83

Schaffer Collaterals Damage to SC in CA3 radiatum 8!

Fimbria MRI : hemorrhage 8°

Alveus MRI : hemorrhage &
Striatum Neurodegeneration up to D7 (bilateral) 67 APP axonal swelling up to Y1 62
Thalamus Astrocytosis within W1 6! Thalamic calcifications at M1 63 M2

Neurodegeneration at D2 81 and up to D7 67

62

APP axonal swelling up to M6 62

Medial Septum

Cell loss : decrease in ChAT+ at W4 90
Apoptosis : increase in apoptotic cells up to W1
Loss of tissueat W2 63

Increase in tissue loss at Y1 63

Nucleus Basalis Meynert

Cholinergic projections

Amygdala

White Matter and
Diffuse Axonal Injury

Enlargement of ventricles 93 88 94
Myelin loss 95 96 97

Enlargement of ventricles and
hemispheric volume loss up to Y193

Corpus callosum

Neurodegeneration from D167 D291 up to D7 67 91
MRI : hemorrhage 8°
dMRI : decreased FA from H3 to D2 ; normal at D7 408

Neurodegeneration : APP axonal
swelling up to Y1 62

Anterior
commissure

Internal capsule

Neurodegeneration up to D7 67
Pathological DTI metrics at W12 409

Cerebellum Neurodegeneration up to D7 67 No degeneration observed
up to M1 in 88

Hypothalamus Neurodegeneration 8!

Brainstem Not a common feature but observed with craniotomy close

to midline
Neurodegeneration up to D7 67

Optic structures




Table 3 : Summary of morphological findings in closed-skull TBI

Closed-skull TBI

Early

Late>1 months

Cortex

lesion

Gross examination : contusion possible in weight drop'¢® /
no contusion in Marmarou model 179

Microscopic lesions :

predominate in supraventricular cortex (i.e. site of impact)
Cell loss : pink shrunken neurons at 24h 169 179; 182 178; 5t
W1 183 at M1 185

Neurodegeneration (fluorojade) retrosplenial cortex,
sensory and motor cortex at D1 D3 190

Neuroinflammation : at D1 186 178 gt W1 214

Brain-blood barrier impairment at H6 178

Vascular damage : pericapillary odema, capillary
congestion 17°

Neuroinflammation : at M3 186
Cell loss at M1 178 184

Hippocampus

Astrocytosis 188

Dentate gyrus

Cell loss 182 at W1

Degeneration at D3(Fluorojade) 190 191 [(Aminoculpric
silver) at W2 188

No degeneration at D1, D2 and W1 (Fluorojade) 67 W2 189

Cornu ammonis 3

Cell loss 182 at W1 187
Degeneration at W2 188

Cornu ammonis 1

Cell loss at W1 187 183
Degeneration at W2 188

Cell loss at M1 184

Perforant Path

Mossy Fibers

Schaffer Collaterals

Fimbria

Alveus

Striatum

Minimal degeneration (Fluorojade) ¢7

Thalamus

No denegeration (Fluorojade) 67
Axonal damage : APP immunoreactivity at M3 186

Medial Septum

Nucleus Basalis Meynert

Cholinergic projections

Amygdala

White Matter and
Diffuse Axonal Injury

Oedema and BBB permeability 419, not observed in 202
Neurodegeneration at W2 175

Corpus callosum

Pericapillary odema and BBB #11

Myelin pathology at W1 193

Neuroinflammation at W1193 19

Neurodegeneration (fluorojade) and axonal damage (2-
APP, dephosphorylated neurofilament) at W1 190 19 67 gt
W2 175

Impairment in anterograde (synaptophysin) and
retrograde (Fluorogold) transport up to W2 190

DTI imaging abnormalities at W1 19

Neuroinflammation at W6 193
Myelin pathology at W6 193

Anterior
commissure

Internal capsule

Axonal injury : axonal swelling, retraction ball at D1 17°

Cerebellum

Hypothalamus

Brainstem

Optic structures




Table 4 : Summary of morphological findings in focal ischemia

Focal Ischemia Early Late>1 months
Cortex
lesion Ischemic damage : sensorimotor cortex but also parietal
cortex auditory cortex 247 entorhinal cortex 248
Selective neuronal loss with neuroinflammation 253
PFC damage with photothrombotic 250 or ET-1 models 25!
252
Neurodegeneration in contralateral cortex 267
Hippocampus Ischemic damage : 255 244

Dentate gyrus

Cornu ammonis 3

Cornu Ammonis 1

Neuronal loss in CA1 259

Perforant Path

Mossy Fibers
Schaffer Collaterals
Fimbria
Alveus
Striatum Ischemic damage : in proximal MCAO (and some distal
MCAO models) 256 249 254 255
Selective neuronal loss 257
Thalamus Ischemic damage 244 255

Decreased thalamic size 250 264
Neurodegeneration : MEMRI 266, Abeta 269

Medial Septum

Nucleus Basalis Meynert

Cholinergic projections

Remote lesion 265

Amygdala

Ischemic damage 255 244

White Matter and
Diffuse Axonal Injury

Corpus callosum

Neurodegeneration : 267

Anterior
commissure

Internal capsule

Cerebellum

Hypothalamus

Ischemic damage 244

Brainstem

Optic structures




Table 5 : Summary of morphological findings in global ischemia

Global Ischemia Early Late>1 months
Cortex
lesion Ischemic damage : predominates at the junction of arterial
territories, as well as in parasagittal regions (veinous ?) 328
Layer specificity : 11l and V 329 328 324
PFC dendritic architecture 329 Columnar distribution in
Rice-Vanucci model] 327
Hippocampus

Dentate gyrus

Cell loss 335
Interneuronal loss 337 338
Mossy cells loss 335

Cornu ammonis 3

Cell loss 335

Cornu Ammonis 1

Delayed neuronal cell death 330 332 331
Mechanism of cell death 333

Alteration of BBB 412

Perforant Path

Mossy Fibers

Schaffer Collaterals

Fimbria

Alveus
Striatum Ischemic damage 341 342
Thalamus Ischemic damage 344
Medial Septum Ischemic damage 344

Nucleus Basalis Meynert

Cholinergic projections

Amygdala

Ischemic damage 34

White Matter
and Diffuse Axonal Injury

Ischemic damage 322 339 340 342 345

Corpus callosum

Anterior
commissure

Internal capsule

Cerebellum

Ischemic damage 343

Hypothalamus

Brainstem

Optic structures




Table 6 : Summary of behavioral findings in open-skull TBI

Open-skull TBI Retrograde memory Anterograde memory Working memory Cognitive flexibility
Spatial Impaired in MWM at D2 Impaired spatial memory | Deficitin 8-Arm Impaired reversal
memory for task learned 2 hours in MWM from W2 100 101 Radial Maze up to W2 | learning at W3 101at

before trauma 74
Impaired at W2 for tasks
learned 1 day or two
weeks before trauma.
Improved with reminding
procedure for two week
group 111

No deficit at W1 for task
learned one day before
injury

M1 62 102 M2 116 M7 92 Y1
62

Impaired spatial memory
in BM at W1 104 M1,M2 103
M3 105

929

Deficit in paired trials
in MWM at W2 112
Deficit in delayed non
match to place test in
Tmaze at W1 114

W8 115 116

Object recognition

Impairment in NOR at
W1 106

Other

Impaired reversal
learning in
Touchscreen based
visual discrimination
at M3 after injury at
post natal day 12 %8

Olfactive memory

Fear memory

Impaired at W1 with
training performed one
day before trauma 77

No impairment in PAT at
Dlo 100

Impaired in PAT at W3
101

Impaired in Cued
Conditioning at W1 109

Other

Motor Tends to recover in the first few days after injury 93 82 with normal swimming speed at M1 after FPI 115 but
impairment deficits can be observed at M1 97 101 and up to Y1 after injury 2.

Increased torsoflexion due to striatal damage at W3 54
Sensorial Vision Can in theory be impaired but animals are able to perform visual discrimation task at M3 %
impairment Whisker Pain/discomfort upon whisker stimulation up to W8 122

Olfaction Impaired olfaction at D4 after olfactory bulb impact 123
Anxiety and Impairment in Forced swim Test at D4 116 at W354, in Tail Suspension Test at W3 101
depressive Anxiety like behavior in the elevated plus maze at D2 116

like behaviors




Table 7 : Summary of behavioral findings in closed-skull TBI

Closed-skull TBI

Retrograde memory

Anterograde memory

Working memory

Cognitive flexibility

Spatial
memory

MWM : Decreased at D2
after injury 213
No evidence 3¢

In MWM : Impaired at W1
183 198 214 gt W2-3 199 200 ¢
M1 185 184yp to M3 202 186,
No deficit at W5 203 and
M2 204

In Y Maze : impaired up
to M3 186

swim T-maze : deficit
one month after
injury 207

MWM : impaired at
M1 but not at M2 184
8-Arm radial maze :
no deficit after W6 204

Object recognition

Deficits at D3 211 and up
to WZ 189 208

No deficits at D1,D2 209at
W7 210

Other

Touchscreen : No deficit
in Location
Discrimination Task 205

Olfactive memory

exploration deficit at D3
post conditioning with
predator scent 204

Fear memory

Deficit in PAT 212

Deficit in PAT at D2 206 196
and at M1 207

Increased freezing during
cued conditioning 204

Other

Motor Motor deficits which tend to recover in the first few days 177 209 214 175 or weeks 197 186 after trauma. However
impairment no return to baseline values at M1 1%. No difference in swim-speed in the MWM at W1-W3 214 201 200
Sensorial Vision Vision impairment 197. Animals able to perform location discrimation task on touchscreen in
impairment the first few days after injury 205

Whisker Deficits in whisker-evoked forepaw placement up to W6, more aversive responses upon

whisker stimulationat W3 210

Olfaction No impairment in olfactive memory 204

Auditory Tinnitus-like auditory deficits 203
Anxiety and Forced Swim Test : Depressive-like behavior at D3 200%at W1 and M3 207, No deficit early days after injury 36.
depressive Elevated-plus maze : no anixety like behavior in the early days after injury 3¢ but observed at W5 203

like behaviors




Table 8 : Summary of behavioral findings in focal ischemia

Focal ischemia

Retrograde memory

Anterograde memory

Working memory

Cognitive flexibility

Spatial
memory

MWM : Deficits at W8 275

MWM : impaired
learningat M1 279, not
found in 272 260 280 274 at
W2 ; impaired at W8 271
Barnes Maze : decreased
performance at W2 258
Oject Location Task : not
impaired at W1 but
impaired at M1 250

Radial Arm Maze :
deficit at M1,M2 277
Y-maze : no deficit at
D3 273

T-maze : no deficit at
W3 247

Plus-maze : Deficit in

attention set-shift at d8
252

Object recognition

No impairment at W1
and M1 250

Other

Touchscreen visual
discrimination : deficit at
Wl 285

Touchscreen visual
discrimination : no
deficit at M1 278

Olfactive memory

Deficit in social
transmission of food
preference task at W2 258

Deficit in atttention set
shift at D10 251

Fear memory

PAT : deficit at W1 276 at
W3 275

Impariment in PAT at W1
259 273 280 ot W7 271

No deficit in PAT at W2
274

Other

Motor Contralateral motor deficits 27° 273 260with return to sham levels within weeks 270 266 260, Deficits in fine motor
impairment tasks at W3 283 274 gt W8-WO 264 284 263
Sensorial Vision Normal performance in cued version of MWM 270 but impaired in visual discrimination tasks
impairment with highly similar images 285

Whisker ?

Olfaction Deficit in social transmission of food preference task at W2 258
Anxiety and Motor hyperactivity following right but no left MCAQ 287 288
depressive Anxiety-like behavior after left MCAO at W9 288; impaired at W1lafter left mPFC stroke 293 but not after

like behaviors

bilateral photothrombotic mPFC stroke at W1 and M1 250

Depressive-like behavior after left MCAO at W2-W3 289 and right MCAO 290 291 and at W2 after left mPFC

stroke 293




Table 9 : Summary of behavioral findings in global ischemia

Global ischemia

Retrograde memory

Anterograde memory

Working memory

Cognitive flexibility

Spatial
memory

MWM : Deficits at W7 353

MWM : Deficits at W2 351,
at W3 352, at W7 353; no
deficits in BCAS at M1 339
354: Deficits at W3 355 at
W6 356at M2+M4 357
Barnes Maze : deficit at
Wl 323

Hole-board test : deficit
at W1 3e3

Late onset

Radial Arm Maze :
deficit at W8-W15 357;
at M1 354340 ; at M16
364

Y-maze : at M1 339 325;
at M2 325; at M3 325
T-maze : deficitat W1
362

Hole-board test :
deficitat W1-W2 363

Object recognition

Impaired at M2 and M3
325

Other

Olfactive memory

Fear memory

Contextual fear
conditioning deficit at
Wl 323 359 at W4 359

Other

Motor Increased locomotor activity 341 359 but normal in 356 340
impairment Normal swimming speed in MWM in 355 339

Decreased forepaw activity 34

Gait deficits 32°

Severe akinesia 341
Sensorial Vision Altered pupillary light reflex 34° influencing performance in MWM 365 but rats able to perform
impairment in cued MWM 354 357

Whisker ?

Olfaction ?
Anxiety and Decreased anxiety in at D4 366 at D5 367
depressive Depressive like-behavior in Forced Swim Test/Tail Suspension Test at M1 368 in Tail Suspension Test at D3

like behaviors

366 no evidence in Forced Swim Test at W1 340




Table 10 : Summary of physiological findings in open-skull TBI

Open-Skull TBI

In vitro

In vivo

Proposed mechanisms

Cortex

Decrease in slow-cortical
oscillations 138

Increased slow wave
Decreased fastwave 60

High Frequency Oscillations
137

lesion Hypoactivity 124 followed by Hypoactivity which Hypoactivity : cortical
hyperactivity (observed in predominates in upper spreading depression
layer V) 125 124 layers at D1 413 with Hyperactivity :
normalisation of activity at Loss of GABAergic
W12 127 interneurons
perilesional Hyperexcitability in layer V 66 Interneuronal loss or
dysfunction 66
contraleral Hyperexcitability at D1-D2 131 Loss of interhemispheric
Hyperexcitability at D3 and | inhibition
W4 132
distant
Hippocampus
Dentate Increased excitability in mossy Increased excitability in Intrinsic excitability
gyrus cellsat D1 139at D7 140 granule cells at W1 64 at (decrease Ih in mossy
Decreased excitability of W8-W12 143 cells 139)
granule cells at D3 146 Recurrent excitation from
mossy fibers 143
Decrease in synaptic
inhibition 143
Dendritic degeneration
146
Cornu Increased excitabilityat W1 142 ? Impairment of dente
ammonis 3 gyrus filtering 142
Cornu Decreased excitability at D2 147 Increased excitability at H2- | Intrinsic excitability
ammonis 1 Increased excitability at W1, H3 148 (decrease in Ia current)
normal at W8 141 Increased excitability at D2 | 141
149
Decrease in broadband
activity at W1 157
LTP Decrease in LTP at D7 150 151 ?
Perforant
Path-
Granule
Cells
LTP Mossy ? ?
Cells-
Granule
Cells
LTP Dentate | ? ? ?

Gyrus-Cornu

Ammonis 3
LTP Cornu Decreased LTP, increased LTD Decreased LTP at H2-H3 148 | Decrease in number of
Ammonis 3- at D2 152 147 at D2,W1, W2 149 at H4,D2 synaptic contacts, and
Cornu Partial recovery at W1 156 b alterations of
Ammonis 1 Decreased LTP at W1 77 154 morphology 154
Deficit in LTP maintenance at Excitatory failure : NMDA
W38 155 (note no difference at and AMPA receptor
D6) dysfunction 154
CA 1 deafferentation 156
but no difference in fiber
volley amplitude 414154
Pathological LTP 147 but
not salvageable 154
fMRI / Decrease long-range
connectivity
Increase short-range
connectivity 136
PAC ? ? /




Table 11 : Summary of physiological findings in closed-skull TBI

Closed-skull
TBI

In vitro

In vivo

Proposed mechanisms

Cortex Cortical spreading
depression 219
lesion Hypoexcitability but Activation of
increased firing rate in parvalbumin positive
layer IV and Va at D1 215 interneurons 216
Hypoexcitability across all
layers including
supragranular layers at W2
415
Hyperexcitability in
supragranular layers,
normal in infragranular
layers at W8 210
Hippocampus
Dentate
Gyrus
Cornu
Ammonis 3
Cornu Increased excitablity at H2 and Decreased SWR 217
Ammonis 1 D1, but not at D3 187
LTP Impaired LTP at D2 206
Perforant
Path-
Granule
Cells
LTP Mossy
Cells-
Granule
Cells
LTP Dentate
Gyrus-Cornu
Ammonis 3
LTP Cornu Impaired LTP 188 at W2189
Ammonis 3-
Cornu
Ammonis 1
fMRI ? ?
PAC ? Increased theta-gamma

PAC in mPFC 217




Table 12 : Summary of physiological findings in focal ischemia

Focal ischemia

In vitro

In vivo

Proposed mechanisms

Cortex

lesion

Decreased alpha
power /beta power ratio

Increased delta power
303 304

perilesional

Increased excitability at D7 294,
Decrease paired-pulse
inhibition at D7 2%

Increased LTP at D7 294
Decreased excitability at D7 295

Periinfarct DC shift 309

Hyperexcitability :
decreased inhibition 296
Decrease d excitability :
reuptake of GABA by
astrocytes 223

contraleral

Decreased paired-pulse
inhibition at D7 297

Contralateral hemisphere :
increase in delta power
followed by increase in beta
power 307

Decreased inhibitory
output from the injured
cortex 297

distant

Hippocampus

Dentate
Gyrus

Cornu
Ammnonis 3

Cornu
Ammonis 1

LTP
Perforant
Path-
Granule
Cells

LTP Mossy
Cells-
Granule
Cells

LTP Dentate
Gyrus-Cornu
Ammonis 3

Ltp Cornu
Ammonis 3-
Cornu
Ammonis 1

Decreased LTP at D3 310 at M1

248

fMRI

PAC

Decreased PAC in CA1

immediately after ischemia
311




Table 13 : Summary of physiological findings in global ischemia

Global Ischemia

In vitro

In vivo

Proposed mechanisms

Cortex

80 to 100% drop in EEG
signal 369 370

Increased Delta activity,
decreased alpha, beta and
theta 370

Decreased superficial theta
at D1 371

Hippocampus

Dentate Gyrus

Decreased activity at D10 and
M1 (irradiated animals) 387

Decreased activity in the
first days after injury 372

Cornu Hyperexcitability M2 to M4

Ammonis 3 after ischemia 378

Cornu Decreased activity at D10 and | Decreased theta power at Loss of CA1 pyramidal
Ammonis 1 M1 (irradiated animals) 387 D137 cells 7371

Increase in Delta power
decrease in alpha, beta and
theta power 370

Increased activity in the
first hours after injury 376
Decreased activity in the
first days after injury 372 at
W1377

LTP Perforant
Path-Granule
Cells

LTP Mossy
Cells-Granule
Cells

LTP Dentate
Gyrus-Cornu
Ammonis 3
LTP Cornu Ischemic LTP under hypoxic LTP in some neurons 382at Activation of NMDA
Ammonis 3- conditions 379 380 H7 381 LTD in other neurons | receptors 379
Cornu Reversal of ischemic LTP with | 382
Ammonis 1 low-frequency stimulation 383 | Impaired LTP at W2 after
Disturbed LTP at W8 after 2VO0 38% and 4V0 363,
4V0 356
No impairment but increase
in PPF at W1 323
fMRI
PAC Decreased PAC 352 as well

as general partial directed
coherence information
transfer between CA3 and
CA1 351, and long-range
synchrony 373






