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Abstract. Cerebral ischemia remains a leading cause of mortality worldwide. Although the incidence of death has decreased
over the years, surviving patients may suffer from long-term cognitive impairments and have an increased risk for dementia.
Unfortunately, research aimed toward developing therapies that can improve cognitive outcomes following cerebral ischemia
has proved difficult given the fact that little is known about the underlying processes involved. Nevertheless, mechanisms that
disrupt neural network activity may provide valuable insight, since disturbances in both local and global networks in the brain
have been associated with deficits in cognition. In this review, we suggest that abnormal neural dynamics within different brain
networks may arise from disruptions in synaptic plasticity processes and circuitry after ischemia. This discussion primarily
concerns disruptions in local network activity within the hippocampus and other extra-hippocampal components of the Papez
circuit, given their role in memory processing. However, impaired synaptic plasticity processes and disruptions in structural
and functional connections within the Papez circuit have important implications for alterations within the global network,
as well. Although much work is required to establish this relationship, evidence thus far suggests there is a link. If pursued
further, findings may lead toward a better understanding of how deficits in cognition arise, not only in cerebral ischemia, but
in other neurological diseases as well.
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INTRODUCTION
Cerebral ischemia (CI), in the form of ischemic
stroke or cardiac arrest, is a leading cause of death
and major public health concern worldwide. Among
survivors, CI may induce a vast array of physiological
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consequences that hinder important sensory, motor,
and cognitive functions. On the molecular level, the
reduction/loss of blood flow during an ischemic event
depletes the supply of substrates, namely oxygen
and glucose, necessary for energy production in the
brain. A bioenergetic failure ensues following energy
deprivation, which initiates a cascade of pathological molecular events. This results in neuronal cell
damage and death due to several mechanisms (i.e.,
excitotoxicity, oxidative stress, free radical production, and inflammation).
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CI may be categorized as focal if a brain artery is
occluded, as occurs during ischemic stroke, or global,
which is typically induced by cardiopulmonary or
cardiac arrest (CA). Reduced energy levels during
CI results in selective neuronal necrosis within the
ischemic core in stroke or in the hippocampus, cortex,
cerebellum, and striatum in CA [1–4]. Days following
reperfusion, delayed neuronal death has been shown
to occur in the ischemic penumbra after stroke [5]
and in selective vulnerable cell populations after CA.
Specifically, neurons located in the Cornu Ammonis 1 (CA1) subfield of the hippocampus and hilar
region of the dentate gyrus are highly susceptible
to ischemic injury in models of CA and transient
forebrain ischemia [6, 7]. The hippocampus is a central part of the limbic system and plays a key role
in memory processing. It is also an integral component of the Papez circuit—a closed neural circuit
that is thought to be important for the transfer of
information.
An ongoing field of research has been dedicated to
understanding how cognitive deficits in patients with
CI arise. The adverse effects on overall quality of
life have prompted researchers to investigate treatments/therapies that can reduce cognitive burden.
However, it is difficult to develop treatments when
the cause of cognitive impairment after CI has not
been clear. In order to fully understand the underlying
mechanisms responsible for dysfunctional cognitive
processes after CI, attention must be paid to impairments that occur at the network level. Defects in
both synaptic plasticity processes and local circuits
within the brain may alter neural network activity,
which is essential for proper communication between
distinct groups of neurons and the integration of
information. CI has been shown to negatively affect
synaptic transmission and circuitry; thus, research
focused on providing a direct link between plasticity, circuitry, and network activity after CI is
warranted.
To this end, we hope to establish the importance of
synaptic plasticity and circuitry in relation to network
activity within the brain. In this review, we will give
special attention to structures within the Papez circuit, which have been attributed to cognitive deficits
in other neurological disorders, such as Alzheimer’s
disease (AD) [8, 9]. First, we will provide clinical
evidence supporting the development of cognitive
impairments in patients after CI, and highlight similarities in pathology with AD. Thereafter, we will
outline dysfunctional plasticity processes that take
place following CI, primarily in the hippocampus;

highlight alterations observed in the Papez circuit
after CI and their effect on network communication; and suggest novel approaches that may target
plasticity processes and circuitry in order to restore
network activity in CI patients. By fully understanding the nature of how deficits in cognition arise, not
only in CI, but in other neurodegenerative diseases
as well, more effective treatments targeting important aspects of neural circuitry and plasticity may be
developed.
CLINICAL EVIDENCE OF COGNITIVE
IMPAIRMENTS AFTER CEREBRAL
ISCHEMIA
Cognitive deﬁcits in patients after ischemic stroke
Cognitive deficits are common among patients
after stroke attack. In a study that recruited patients
with different subtypes of strokes, cognitive function
as indicated by the Mini-Mental State Examination (MMSE) was significantly impaired 6 months
following the initial insult [10]. The overall incidence of post-stroke dementia at 6 months is 12.2%
[10]. Among different subtypes of strokes, 87% are
ischemic and the incidence of dementia in these
patients is a bit lower. At one year after ischemic
stroke, the incidence of dementia is around 7% [11]
to 8% [12].
Clinical studies found an increased risk of dementia after a stroke event. MMSE performance in
post-stroke patients was significantly worse than that
of the non-stroke control group [10]. After the first
year of ischemic stroke, the risk for dementia is
about twice the annual rate of the general population [11]. When compared to healthy controls, the
risk increased to 3.83 times [12]. The long term
risk of dementia in ischemic stroke survivors is also
increased. In “first-ever” ischemic stroke patients,
the 30-year risk of dementia is 1.72 times that of
the population; however, the risk is even greater for
hemorrhagic stroke survivors [13].
Among stroke survivors, the cumulative prevalence of a recurrent stroke at 3 years after the first
event was estimated to be 26.4% [14]. Recurrent
strokes increase the incidence of post-stroke dementia dramatically, with an estimated prevalence of
41.3% in patients with recurrent stroke [15]. Poststroke dementia, in turn, is strongly related to an
elevated risk for future stroke attack [16, 17]. Furthermore, post-stroke dementia is significantly associated
with an increased mortality rate in ischemic stroke
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survivors [18, 19], which suggests the influence of
cognitive impairments in ischemic stroke outcomes.

Cognitive deﬁcits in patients after CA
CA is also associated with cognitive deficits, with
longer episodes inducing a higher risk of impairments in short-term memory and recall [20, 21]. CA
is characterized by a sudden stop of heart beating
that results in the complete cessation of blood flow
and subsequent interruption of blood supply to the
brain. The reduced cerebral blood flow may contribute to future dementia in surviving patients as
the incidence of cognitive impairment is significantly
higher after sudden CA [21]. An increased long-term
risk for memory impairment is also found in CA
patients. Both in-hospital and outside hospital CA
patients scored lower on the Rivermead Behavioral
Memory Test (RBMT), an assessment of episodic
memory, compared to the myocardial infarct control
group eight months after the event [22]. Additionally,
moderate or severe memory impairments were found
in 26% and 38% of in-hospital and outside hospital
CA patients, respectively [22].
Surprisingly, memory deficits persist 3 years
following the event, as indicated by significantly
decreased scores on cognitive assessments [23].
Specifically, CA patients had reduced scores (16.1)
compared to age- and sex-matched controls (22.1)
on the RBMT [23]. These patients also scored lower
(5.8) compared to controls (10.8) on the Doors and
People test (DPT)—an examination of recall and
recognition memory [23]. Another study found that
about 29% of CA survivors exhibited memory impairments four years after CA as indicated by low scores
in both the Paired Associates Learning and Delayed
Matching to Sample tests [24]. Interestingly, these
patients were initially discharged from the hospital
with good neurological scores as measured by the
cerebral performance categories (CPC) test, which
suggests it is not a robust tool for detecting subtle
changes in cognitive function [24].
It should be noted that there exists heterogeneity
among studies in measured cognitive outcomes and
frequency of cognitive impairments following CA
[25]. These discrepancies are attributed to differences
in the number of patients studied, trial design, and
tests used to assess cognitive impairments. Nonetheless, spatial memory [26], verbal memory [26], as
well as recall [23, 27] and recognition [23] memory
have been reported to be significantly affected.
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Pathological changes after ischemic stroke and
CA share similarities with AD-like pathology
Stroke has been shown to significantly increase the
risk for AD. A meta-analysis estimated a 1.59 times
increased risk for incident AD in patients after stroke
[28]. In patients with ischemic stroke, the first year
risk of AD is 1.5 times of the general population
[11]. Abnormal phosphorylated tau and amyloid␤ (A␤) deposition are hallmarks of AD. Clinical
evidence suggests AD-like pathology in the pathological changes of post ischemic stroke. Tau protein is
found at high levels in both cerebrospinal fluid (CSF)
and blood samples in patients with acute ischemic
stroke [29]. The presence and level of tau protein
is negatively associated with brain atrophy [29] and
long-term outcome of ischemic stroke patients [29,
30]. In a three-year longitudinal study, cerebral A␤
deposition was found to be significantly associated
with post ischemic stroke cognitive impairments [31].
In this study, ischemic stroke patients with or without
brain A␤ deposition were assessed with neuropsychological tests annually up to 3 years after the event.
Patients with brain A␤ deposition had a more severe
and rapid decline in cognitive performance in global
cognition and memory function than those patients
without A␤ deposition [31].
Studies also suggest pathological overlap between
CA and AD. Increased CSF tau and serum tau were
observed in CA patients [32, 33]. At 2 weeks after
the event, CSF tau levels in CA patients increased to
7 times of the control groups. Similar to the findings
in ischemic stroke patients, CSF tau and serum tau
levels are negatively associated with the outcome of
CA survivors [32–34]. In addition to the pathological changes in tau, increased A␤ was also found in
serum and brain tissue from CA patients. Postmortem
brain tissue of CA patients revealed overexpression
of A␤ [35]. An average 7–fold increase of serum A␤
was observed at about 10 hours after the event. The
high levels of serum A␤ was related to poor outcome
assessed at 6 months after CA [36].
It is clear that there is some overlap between CI and
AD in terms of pathology. It seems likely that similar pathological mechanisms resulting in neuronal
loss, A␤ accumulation, and tau hyperphosphorylation occur in both disease states; however, there has
yet to be sufficient experimental evidence confirming
this idea. More importantly, dysregulation of these
disease-related proteins have also been attributed
to impaired plasticity processes and synaptic dysfunction [37]. Thus, similar disruptions in network
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activity may also occur, which may account for
deficits in cognition seen in both patients. Although
we will solely focus on CI in this review, similar
events leading up to altered network communication
may also take place in AD and other neurodegenerative diseases.

SYNAPTIC PLASTICITY UNDERLIES
COGNITIVE ABILITY AND FUNCTION
It has long been questioned what processes underlie the development of cognitive deficits in patients
with neurological disorders. Although the degeneration of neurons presents itself as the main culprit,
studies have revealed that synaptic dysfunction precedes neuronal loss in a number of neurodegenerative
diseases and is a strong pathological correlate of
cognitive decline [38–43]. As initially proposed by
Ramón y Cajal, structural changes that strengthen
existing connections between neurons may be the
critical mechanism for learning and memory formation [44, 45]. This idea was later supported by
Donald Hebb, who proposed that when two neurons
fire simultaneously, the synaptic connection between
them becomes strengthened [46, 47]. He theorized
that in a strongly interconnected group of neurons,
which he called neural “ensembles”, the activation
of only a few members of the assembly is sufficient
to activate the entire unit, either simultaneously or
gradually by exhibiting well-timed activity patterns
[48]. The nature of these ensembles is still not well
understood and is not within the scope of this review;
however, the idea that neural ensembles encode associative memory in the cortex is an important concept
in terms of how other brain regions play a role. To
elaborate, information is thought to circulate within
certain brain regions in the form of short-term memory before being transferred for long term storage in
the cortex. Hippocampal networks have been implicated in this temporary memory storage [49–51].
This explains why damage to different components
of the Papez circuit (i.e., mammillary bodies, anterior thalamic nuclei, and cingulate gyrus), which will
be discussed in detail later, can lead to anterograde
amnesia in which patients lack the capability to form
new episodic memories [51]. Thus, the process of
modifying synapses by adjusting their strength or
number, collectively referred to as synaptic plasticity,
is an important mechanism involved in information
encoding and storage in different structures such as
the hippocampus.

It is now widely accepted that modulation of
synaptic connectivity that increases synaptic efficacy
within neural circuits is implicated in the production of complex behaviors and storing memories [52].
Thus, any form of synaptic dysfunction that impairs
neuronal transmission and plasticity processes may
be a common pathogenic mechanism among several neurological disorders. For example, studies have
shown that different forms of CI can negatively affect
synaptic transmission and structure [7, 53, 54] potentially inducing changes in neural circuity that can
affect memory formation. It is important to understand the specific plasticity mechanisms that become
disrupted during diseased states in order to understand how cognitive deficits arise. In this section,
we will review the different forms of synaptic plasticity that exist in mammals and provide evidence
supporting impairments in these processes during or
after CI.
Long-term potentiation (LTP)
One of the most established models of activitydependent synaptic plasticity is LTP. LTP can induce
long-term changes in synaptic transmission and is
considered to be a potential cellular substrate underlying certain forms of learning and memory, as
implicated by studies showing that LTP can be
induced in a subset of synapses during periods of
learning [55–57]. While LTP exists in several brain
regions, such as the cortex and striatum, it is most
prominently studied in the hippocampus. In particular, synaptic connections between CA3 Schaffer
collaterals and CA1 pyramidal cells, as illustrated in
Fig. 1A, have been most widely investigated.
Notably, hippocampal LTP requires N-methyl-daspartate receptor (NMDAR) activation and follows
Hebbian’s postulate of synaptic plasticity; thus, both
postsynaptic and presynaptic elements are involved.
LTP may be induced by giving one or more high frequency stimulus trains (tetanic stimulation) or short
repetitive bursts of stimulation within the theta frequency range (theta burst stimulation or TBS). The
latter is more physiological as it falls within normal activity patterns of the brain. LTP is reflected by
changes in the amplitude or slope of excitatory postsynaptic potentials (EPSPs) or field EPSPs (fEPSPs).
LTP is said to occur if there is a sustained increase
in the amplitude or slope of the EPSP, referred to as
potentiation, which can last up to hours, even days.
These changes indicate increased efficacy of synaptic
transmission.
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Fig. 1. Changes at excitatory synapses after ischemia. A) Simplified illustration of rodent hippocampal slice demonstrating the major
excitatory pathways within the hippocampal formation. Perforant path fibers innervate dendrites of granule cells in the dentate gyrus, which
project to CA3 neurons via mossy fibers. CA1 neurons receive input from CA3 neurons through Schaffer collaterals. Typical hippocampal
field recordings involve electrical stimulation of Schaffer collaterals, which generate EPSPs that can be recorded from CA1 dendrites. B)
Outline of long term synaptic plasticity changes after ischemia. Top: Induction of LTD prior to an ischemic insult may act as a neuroprotective
intervention against CI as studies have shown decreased neuronal cell death following LTD preconditioning. Middle: Ischemia induces a
pathological form of plasticity (iLTP) that prevents physiological LTP (pLTP). Bottom: Low frequency stimulation (LFS) can depotentiate
iLTP and allow neurons to express pLTP following HFS or TBS.

In the context of ischemia, LTP impairments have
been observed in different models of CI [58–61].
For example, rats that underwent transient middle
cerebral artery occlusion (tMCAO) exhibited impairments in hippocampal LTP and increased GABAergic
neurotransmission 30 days after stroke [58]. This
was correlated with deficits in spatial learning and
memory [58]. Interestingly, molecular processes that
become active during excitotoxicity are similar to
those that induce physiological NMDAR-dependent
LTP [62, 63]. For example, increased levels of extracellular glutamate lead to a rise in intracellular
calcium due to prolonged activation of ␣amino–3–hydroxy–5–methyl–4–isoxazolepropionic
acid (AMPA) and NMDA receptors. Increased
calcium influx can stimulate calcium/calmodulindependent protein kinase (CAMKII) signaling,
which results in AMPAR phosphorylation and
increased expression of surface AMPAR at the

synapse. Thus, biochemical pathways that are
activated during ischemia may be similar to those
required for the induction of activity-dependent
synaptic plasticity. As it turns out, studies have shed
light on a novel form of LTP that may be induced
by pathological stimuli. This form of plasticity was
first characterized by Crepel et al. who demonstrated that anoxia combined with aglycemia could
generate NMDAR-dependent LTP as evidenced by
an upregulation of postsynaptic NMDAR-mediated
currents [64, 65]. Within the field of ischemia,
this form of synaptic plasticity is referred to as
post-ischemic long-term potentiation (iLTP). iLTP
has been observed within the ischemic penumbra
and is due to the excessive release of glutamate
during an ischemic event [66].
This pathological form of plasticity may have
implications for altered protein expression in neurons
due to the modulatory effects on nuclear transcription
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factors, which may have a large impact on neuronal function and circuitry [66]. More importantly,
iLTP has been found to alter physiological LTP in
numerous studies. In acute hippocampal slices, prior
induction of synaptic transmission potentiation by
anoxia significantly attenuated subsequent induction
of tetanic LTP [67]. This finding is consistent with
more recent studies showing delayed inhibition of
LTP induction in models of ischemic stroke [68–70].
Using an endothelin–1–induced mini stroke model,
Wang et al. investigated whether iLTP, measured 3
hours after onset of ischemia in rats, altered LTP
induction in CA1 neurons of the hippocampus [69].
They found that LTP was completely abolished 24
hours following focal ischemia, suggesting that iLTP
may increase the induction threshold of subsequent
synaptic plasticity [69]. Local field potentials—a
measure of brain activity reflecting the transmission of information through neural networks—were
also suppressed 12 and 24 hours after ischemia [69,
71]. Similarly, iLTP occluded physiological LTP in a
murine model of cardiac arrest and cardiopulmonary
resuscitation (CA/CPR) [72]. The study also demonstrated that iLTP was reversible. Physiological LTP
could be induced by depotentiating iLTP using low
frequency stimulation prior to TBS, which suggests
that synaptic function may be improved using therapies that target LTP deficits [72].
Overall, these findings suggest that ischemia may
cause impairments in LTP induction via iLTP, which
has detrimental consequences for the function of individual neurons within the affected region and entire
neuronal networks involved in associative learning.
Conversely, a beneficial role for iLTP has also been
proposed. iLTP may influence post-lesional reorganization of surviving neural networks after ischemia
by inducing new connections between neurons that
did not previously interact [66]. This is supported by
the fact that brief episodes of anoxia-hypoglycemia
have been shown to modify the structure of synapses,
thereby promoting structural organization of hippocampal synaptic networks [73]. This compensatory
mechanism has important implications for the early
stages of ischemia where neuronal network activity is
perturbed. However, maintaining circuit excitability
under pathological conditions can also be harmful.
Existing plasticity may increase the susceptibility
of neurons to exhibit hyperexcitability or seizure
like activity if surviving lesioned networks undergo
pathological rewiring [74, 75]. At this point in time,
it is not clear whether iLTP exerts protective or detrimental effects. Given the fact that iLTP is dependent

on NMDAR activation, it is important for future studies to investigate the potential role of iLTP in later
stages of the disease to elucidate whether sustained
iLTP contributes to excitotoxicity and delayed neuronal death.
Long-term depression (LTD)
LTD is another form of Hebbian long lasting plasticity and shares similar characteristics with LTP,
such as the activation of NMDARs. Notably, LTD
induction is determined by the magnitude of calcium influx, whereby a moderate increase results
in LTD and a large increase in LTP. Unlike LTP,
activity-dependent LTD arises from the activation of
calcium dependent phosphatases that remove phosphate groups from target proteins, such as AMPARs,
and potentially other molecules that also become
phosphorylated during the late phase of LTP [76].
As such, LTD decreases surface AMPAR content
at the synapse by promoting its internalization via
endocytosis and results in a persistent decrease in
synaptic efficacy by reducing neuronal excitability.
In the CA1 region of the hippocampus, LTD may
be induced by a period of low frequency stimulation (LFS). This induction is input specific in the
sense that only synapses receiving LFS show LTD,
whereas other inputs made onto the same population
of postsynaptic neurons are not affected [77]. This
is referred to as homosynaptic LTD. LTD is considered to be complementary to LTP as it is important
for preventing over-excitation of neurons. Additionally, since continued strengthening of the synapse will
eventually reach a maximum efficacy (i.e. become
saturated), this would interfere with the acquisition of
new information [76]. For this reason, LTD is essential for the selective weakening of synapses so that
new information may be encoded.
Although LTD has been less studied in CI, it
may have important implications for understanding
ischemic resistance expressed in select populations of
neurons following ischemia. The link between LTD
and ischemic resistance was first made in a very early
study by Gao et al. Forty-eight hours after severe
ischemia induction in vivo, three types of CA1 neurons, which exhibited different response patterns after
contralateral commissural stimulation, were identified [78]. These neurons were classified as late
depolarizing post synaptic potential (L-PSP) neurons,
non-late depolarizing post synaptic potential (Non
L-PSP) neurons, and small excitatory postsynaptic potential neurons (S-EPSP) neurons. Non L-PSP

I. Escobar et al. / Local Network Alterations After Ischemia

neurons located in the lateral portion of CA1, where
neurons are more resistant to ischemia, exhibited a
decrease in the EPSP slope 24 hours after reperfusion,
indicative of prolonged depression of synaptic transmission, which resembled LTD [78]. The authors
postulated that the expression of LTD increases
ischemic resistance; however, these neurons may
later succumb to late developing apoptotic mechanisms accounting for delayed neuronal death [78].
Interestingly, a more recent study found that
administration of a selective inhibitor of endocannabinoid clearance enzymes, JZL195, was able
to induce neuroprotection 2 or 12 hours prior to transient global ischemia by inducing LTD at CA3–CA1
synapses [79]. The depression of excitatory synaptic transmission by LTD may serve as a defense
mechanism to protect neurons from degeneration and,
thus, those that express LTD are more likely to survive. In this manner, LTD induction may serve as
a neuroprotective strategy against ischemia and if
induced prior to CI may serve as a form of ischemic
preconditioning. On the other hand, depression of
inhibitory synaptic transmission due to failure of the
excitatory input to inhibitory interneurons may also
contribute to excitotoxicity with delayed cell death
[54]. Taken together, instances of ischemia induce a
pathological form of plasticity that may be reversed
by LTD (Fig. 1B). There is also a potential therapeutic
role for LTD in neuroprotection when induced prior
to ischemia (Fig. 1B); however, future studies are
required to confirm any beneficial or harmful effects.
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changes in PPF following cerebral ischemia, although
they demonstrate reductions in basal synaptic transmission and LTP deficits. For example, the same
study that found LTP impairments in rats following tMCAO did not show any differences in PPF in
the CA1 region of the hippocampus between controls [58]. This was also true in a rat model of mild
global cerebral ischemia created by four-vessel occlusion [81]. Both studies indicated that presynaptic
plasticity was not altered. However, in a model of
asphyxial cardiac arrest (ACA), middle-aged rats displayed an increase in the maximum amplitude of the
paired-pulse response seven days after ischemia, but
LTP was not impaired [82]. PPF dysfunction was
attributed to presynaptic calcium dysregulation and
was correlated with initial spatial memory deficits
observed in rats after ACA [82]. These discrepancies may be accounted for by differences in animal
age and strain. Whereas younger Sprague-Dawley or
Wistar rats were used in the former studies, middleaged Fisher rats were used in the latter. Although
the extent to which PPF dysfunction is involved
in disrupted plasticity mechanisms after CI remains
unclear, there is no doubt that this form of synaptic
plasticity is important for information processing and
any alterations may have a large impact on synaptic
and network communication.

NEURAL UNDERPINNINGS OF
DISRUPTED PLASTICITY PROCESSES:
INVOLVEMENT OF THE PAPEZ CIRCUIT

Short-term plasticity
Paired-pulse facilitation (PPF) is a form of shortterm synaptic plasticity that reflects the probability of
transmitter release within the presynaptic cell. PPF
is induced by giving a pair of pulses in rapid succession to a synaptic pathway. The response of the
postsynaptic cell elicited by the first spike is compared to its response to the second spike measured
in terms of EPSPs. If facilitation occurs, the postsynaptic response for the second pulse will be larger
than the response for the first. The underlying mechanism is typically attributed to the buildup of residual
calcium that remains in the presynaptic terminal following the first spike. However, this theory may be
too simplified and studies have proposed that other
mechanisms (i.e., saturation of the calcium buffering
system) may be involved [80].
Whether PPF is affected following CI is less
well understood. Some studies have not detected

It is clear that dysfunctional synaptic plasticity processes following CI may contribute to pathological
outcomes, such as delayed neuronal death, and cognitive decline as observed in animal models and human
patients. As inferred above, the hippocampus is one
of the main brain regions affected. On this account,
it comes as no surprise that most research focused on
ischemia-induced memory impairments to date has
been associated with damage restricted to regions of
the hippocampal formation [83]; however, damage
within these regions may not be solely responsible for
memory impairments observed in patients recovering
from CI.
It has been demonstrated that damage to other
limbic structures, such as the cingulate or parahippocampal cortex, may cause psychosocial behavioral
disturbances [84] as well as deficits in spatial learning
[85] and memory recognition [3, 86]. Thus, damage within different structures of the limbic system,
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particularly those belonging to the Papez circuit, may
promote cognitive decline associated with CI.
Additionally, studies have detected injury within
different structures of the Papez circuit in patients
with neurodegenerative disorders, such as traumatic
brain injury (TBI) [87–89] and Alzheimer’s disease
(AD) [8, 9]. These findings suggest that memory
deficits may be related to damage within the Papez
circuit; therefore, there is reason to suspect that CI
and neurodegenerative diseases associated with cognitive dysfunction may share a common pathogenesis
involving damage to the Papez circuit.
Unfortunately, extra-hippocampal brain regions
that comprise the Papez circuit are often ignored in
terms of understanding cognitive decline in these diseases. This is particularly important considering the
fact that anatomical structural lesions within a circuit may result in altered functional connectivity and
impaired network communication within the brain.
To fully understand where deficits in cognition arise,
it is important to elucidate any pathological contributions from all aspects of a given circuit—on the local
and global level. For the purposes of this section, we
will focus solely on extra-hippocampal components
that make up the Papez circuit; however, it should
be noted that interactions between distributed neuronal ensembles spread throughout the brain are also
essential in understanding the neural basis of cognitive processes [90]. Accordingly, we will first provide
experimental evidence highlighting different forms
of memory supported by distinct regions within the
Papez circuit and scenarios where structural alterations of these regions have been found in CI. We will
then discuss the consequences brought upon these
alterations, particularly focusing on impaired neural
network communication.
The Papez circuit plays an important role in
memory function
The Papez circuit is a central pathway of the
limbic system that is involved in spatial learning
and episodic memory, although originally it was
thought to be strictly involved in behavioral and emotional expression. This circuit is comprised of the
hippocampus, entorhinal cortex, mammillary bodies, anterior thalamic nuclei, cingulate cortices, and
parahippocampal gyrus and is interconnected by
white matter tracts consisting of the fornix, mammillothalamic tract, and cingulum bundle [51]. The
reader is referred to an excellent review by Bubb
et al. outlining the connections within this circuit

[91]. A simplified schematic of the interconnected
brain regions within the Papez circuit are illustrated
in Fig. 2. While the hippocampus is one of the
most intensely studied brain regions associated with
memory impairments in various neurological diseases, other limbic structures within the circuit have
been associated with different aspects of learning and
memory as well.
For instance, mammillary body (MB) volume has
been positively correlated with memory and recall
index, both of which are cognitive domains typically
affected after CA [92]. Additionally, atrophy of the
MBs induced by fornix damage was associated with
poor recall of episodic information and patients
with bilateral interruption of the fornix displayed
deficits in long-term memory [92]. These findings
highlight the importance of direct projections from
the hippocampus to the MBs on different aspects
of memory. Other studies have demonstrated that
non-hippocampal inputs to the MBs via the mammillotegmental tract also result in spatial memory
impairments and widespread neural hypoactivity
[93, 94].
One case study identified an acute lesion within
the anterior thalamus using functional magnetic
resonance imaging (fMRI) in a patient displaying
cognitive dysfunction [95]. The lesion disrupted
default mode network (DMN) activity, which is a
type of resting state network (RSN) that is more
active during passive rest than during task related
engagement [95]; however, an exception to this is
engagement during recollection [96]. When performing task-directed activities, lower levels of DMN
activity are expressed as other task-related brain
regions take over. Thus, disrupted DMN activity
may impede one’s ability to switch from different
modes of brain function (i.e., default mode to a taskrelated state). As hinted earlier, the DMN is also
involved in learning and memory processes, such as
mental search important for memory retrieval [97,
98]. In this scenario, the acute lesion within the
anterior thalamus disrupted anatomical connections
within the circuit, which the authors suggest altered
functional network activity and led to acute cognitive dysfunction and persistent short-term memory
impairment [95]. It is likely that the anterior thalamus
is functionally connected with DMN components to
induce this effect. Remarkably, DMN activity has
been found within the Papez circuit itself, specifically
in the anterior and posterior cingulate cortex (ACC;
PCC) [97, 99]. One study found that mnemonic
tasks (i.e., episodic word fluency) elicited DMN
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Fig. 2. Simplified illustration of structures within the Papez circuit and the connections between them. A) Anatomical depiction of structures
within the Papez circuit in the human brain. The cingulate gyrus can be divided into the anterior cingulate cortex (ACC), posterior cingulate
cortex (PCC), and retrosplenial cortex (RSC). The anterior portion of the parahippocampal gyrus consists of the entorhinal and perirhinal
cortex, while the posterior portion includes the postrhinal cortex. B) Anatomical schematic illustrating different regions of the Papez circuit in
the mouse brain. The ACC and RSC are indicated as well as the entorhinal cortex (EC), perirhinal cortex (PER), and postrhinal cortex (POR)
within the parahippocampal gyrus. C) Interconnections identified among different components of the Papez circuit primarily in rodent brain.
These structures are connected via white matter tracts (CB, cingulum bundle; MThT, mammillothalamic tract; MTgT, mammillotegmental
tract; IC, internal capsule; and fornix).
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activity within the PCC, whereas nonmnemonic
word fluency had the opposite effect [98]. Furthermore, studies in murine mammals have also
demonstrated the importance of the anterior thalamic
nuclei in spatial memory and navigation [100–103] as
well as non-spatial hippocampal-dependent memory
tasks [104]. Additionally, both the parahippocampal
cortex and cingulate cortex have been associated with
episodic memory [105, 106].
Thus far, we have only briefly touched upon the
involvement of extra-hippocampal structures within
the Papez circuit in different memory processes.
However, it is important to note that no single brain
structure operates in isolation and intact circuits
are necessary for reliable network communication
between different brain regions. This is important for
understanding cognitive decline in different neurological diseases from a network perspective.
Structural and functional alterations in
connectivity within the Papez circuit after CI
Given the fact that extra-hippocampal components
of the Papez circuit play a vital role in memory,
there is reason to suspect that following CI, structural alterations within these regions may also occur.
Interestingly, injury has been detected in heart failure, with patients displaying greater neural atrophy
and structural alterations in virtually every region of
the Papez circuit [107]. Although this disease state is
separate from CI, it is a well-established risk factor
for ischemic insult, such as stroke, that may result in
vascular dementia.
There has been less research focused on alterations related to extra-hippocampal structures of the
Papez circuit following CI; nonetheless, we will highlight few of the studies that have. A very recent
case report detected injury in the Papez circuit of
a patient with hypoxic–ischemic brain injury due to
cardiac arrest [108]. Utilizing diffusion tensor tractography, the authors found discontinuation of the
fornical column in both hemispheres, thinning of
the thalamocingulate tract in the right hemisphere,
and non-reconstruction in the left hemisphere [108].
Injury of these neural tracts within the Papez circuit was associated with severe memory impairments
exhibited by the patient [108]. A previous study found
low gray matter volume of several brain regions in
patients that survived cardiac arrest [109]. Using
MRI, atrophy was observed in the retrosplenial cortex and ventromedial anterior cingulate cortex, which
was correlated with clinical memory deficits [109].

It should be noted that cognitive deficits following stroke are not always explained by the size or
location of infarction [110]. Lesions in one brain
region may result in cortical impairments due to
disrupted network activity that results in cognitive
symptoms. Thus, alterations within functional networks should also be considered. One network that
has been investigated in CI patients and has been
found to be important in episodic memory processing
[111, 112] is the DMN described earlier. One study
found that there was decreased functional connectivity in the PCC within the DMN in acute ischemic
stroke patients [113]. Inter-regional functional connectivity was also decreased between the PCC and
other nodes of the DMN including the medial prefrontal and left medial temporal lobe [113]. Another
study, which utilized multi-modality MRI, examined
resting-state functional connectivity in patients with
chronic subcortical stroke [114]. They found that
regional homogeneity, which measured resting-state
regional brain spontaneous activity, was decreased in
the PCC within the DMN and was correlated with
cognitive decline [114]. Conversely, a recent study
reported that functional connectivity was increased
between the DMN and PCC in patients with poststroke memory dysfunction, although in some areas
within the DMN connectivity was decreased [115].
The disparity between these studies may be explained
by a number of factors including the nature of the
brain injury due to stroke and inclusion/exclusion criteria, such as the time frame in which patients were
scanned after stroke onset. These findings highlight
the importance of the PCC within the Papez circuit
and suggest that altered DMN activity may underlie
episodic memory impairments after stroke.
The DMN has also been found to be affected
after CA. Using resting state fMRI, one study
investigated network connectivity in patients who
underwent CA 4–7 days prior. DMN functional
connectivity within the PCC and precuneus was
severely disrupted—and in some instances completely diminished—in comatose CA survivors,
particularly those who sustained severe neurological
deficits compared to survivors with good outcomes
[116]. A more recent study also found decreased
functional connectivity in the DMN in CA patients as
revealed by MRI taken within 28 days after the event
[117]. Interestingly, patients with preserved restingstate functional connectivity (including the DMN)
were found to have a favorable outcome one year after
CA [117]. While these studies are limited by various
factors and have been less explored in the field, it
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is likely that disruptions within the DMN following
CI may play a role in the development of cognitive
impairment. However, most of the evidence presented
for this claim is correlative. Future studies seeking to
elucidate the role of the DMN, particularly within
the PCC, and its potential direct effects on different
aspects of cognitive function after CI are required to
better establish this probable link.
Implications for altered neural circuitry in
cognitive dysfunction: The importance of theta
oscillations
By altering intrinsic functional connectivity patterns, structural damage confined to local circuits
following CI may have widespread effects in other
remote non-lesioned regions of the brain, such as the
cortex. As a result, cognitive and executive functions
become impaired. This idea highlights the importance of interactions between distinct brain regions,
which relies on effective communication between
widely distributed neuronal groups. However, the
question remains: how is effective neuronal communication established?
While anatomical structural connectivity is essential for linking distinct neural ensembles between
different brain areas, neuronal communication also
depends on neuronal synchronization [118]. Synchronous rhythmic activity of neuronal assemblies
gives rise to oscillatory activity within different
frequency bands. Whereas local processes are typically associated with higher frequency oscillations
at gamma band (25–200 Hz), slower oscillations,
such as those in the theta-alpha frequency band
(4–10 Hz), are involved in long-range interactions
[119, 120]. Neurons undergo an enhanced excitability
and reduced excitability phase during an oscillation
cycle. In order to enhance coupling between neural
ensembles, oscillation frequencies must be adjusted
in a way that excitatory inputs onto a post synaptic cell
arrive at the peak of the cells enhanced excitability
phase where it is most sensitive to excitatory input
[90]. This so called “phase synchronization” mediates links between brain regions that are responsible
for large-scale integration [121]. Coordinated synchronous activity of multiple neuronal populations
is required for information processing and storage
by neuronal networks. Disruptions in large-scale
network synchronization have been correlated with
cognitive dysfunction in different neurological disorders including, but not limited to, AD, Parkinson’s
disease, and autism [122].
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Theta oscillations in particular have been attributed
to the coordination of global network activity in
relation to mnemonic processes [123]. Specifically,
theta oscillations can group and segregate neural assemblies in order to boost communication
between distinct groups of neurons, which is essential for information exchange and processing [124].
In addition, theta rhythm can also modulate synaptic
plasticity processes [125–127]. Although these oscillatory patterns are found within different structures
throughout the mammalian brain, it is most prominently found in the hippocampus of murine animals
where they are generated via complex interactions
among multiple rhythm generators and numerous
theta current dipoles [123, 124, 128].
Initially, the medial septum and vertical limb
of the diagonal band of Broca (MS-vDBB) was
considered to be the central rhythm generator—or
pacemaker—necessary for phasic modulation of
oscillations in the hippocampus. However, recent
evidence indicates that intrahippocampal rhythm
generators derived from local connectivity also exist,
such as the CA3 recurrent collateral system [124,
129, 130]. Additionally, hippocampal neurons exhibit
intrinsic resonant membrane properties and subthreshold membrane potential oscillations which
contribute to hippocampal theta oscillations [124,
128, 131–133]. Thus, theta currents are likely driven
not only by extrinsic synaptic inputs, but also by
intrinsic membrane properties of hippocampal neurons. Notably, extrinsic inputs create two distinct
dipoles (current sinks and sources), which determine
the amplitude and phase versus depth profiles of theta
waves [124]. In the CA1 region, for example, the
first dipole is formed by periodic excitatory inputs
from layer III of the entorhinal cortex and CA3 subfield of the hippocampus to the distal apical dendrites
of CA1 pyramidal neurons [124, 132]. The second
dipole is generated by inhibitory inputs to the soma
derived from the MS-vDBB [124, 132]. Synchronous
somatic hyperpolarization and dendritic depolarization results in membrane potential oscillations that
are reflected as changes in the local field potential
(LFP). Ultimately, the interaction between multiple
rhythm generators and intrinsic membrane events will
sum together and contribute to the LFP.
Of note, inhibitory hippocampal interneurons play
a critical role in this process as they are primary
targets of the MS. Cholinergic and glutamatergic
neurons from the MS provide tonic excitation to
hippocampal inhibitory interneurons and can also
modulate excitability in CA1 pyramidal cells [132].
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In the latter case, CA1 pyramidal cells may then activate hippocamposeptal projecting interneurons that
relay back to the MS and are important for coordinating rhythmic discharges. GABAergic inputs from
the MS exclusively target hippocampal interneurons,
and thus act as pacemakers of theta generation in CA1
pyramidal cells [132]. The interplay between inhibition and excitation results in the rhythmic discharge
of IPSPs from interneurons, which play a critical role
in inhibiting and disinhibiting CA1 pyramidal cell
bodies at theta frequency [124, 132].
Moreover, cells located in different regions of the
Papez circuit, including the mammillary bodies [134,
135], anterior ventral region of the anterior thalamus [103, 136], and cingulate/retrosplenial cortex
[137] have also been found to fire rhythmically synchronous with the hippocampal theta rhythm. These
findings suggest that theta-rhythmic signals propagate throughout the Papez circuit, which may underlie
one aspect of the circuit’s critical role in memory
function [136].
This is particularly important in the context of
CI, where networks may be damaged following an
ischemic insult. In fact, temporal changes in the
theta rhythm have been reported after CI. Following 20 minutes of forebrain ischemia, a reduction in
theta was observed in the dorsal hippocampal formation, which occurred on the first day post-ischemia
[138]. The reduction in amplitude became significantly large on the eighth day and was maintained
throughout the duration of the survival period [138].
In line with these findings, an in vitro study using
rat neocortical brain slices found that hypoglycemia
and/or hypoxia also lead to a decrease in theta oscillation amplitudes [139]. Another study highlighted
the importance of prefrontal-hippocampal network
synchrony. An early hypoxic-ischemic episode in the
developing rat lead to decreased temporal coupling
between the prefrontal cortex and hippocampus by
disrupting hippocampal theta drive [140]. Although
these studies do not explicitly describe which cell
types initiate these disruptions in theta, changes in
membrane potential caused by energy deprivation
will inevitably change the LFP during ischemia.
Following ischemia, cell death of interneurons and
pyramidal cells in the hippocampus will likely affect
theta. Whether extrahippocampal rhythm generators
are also affected is not known.
The functional importance of theta oscillations is
clear. Network disturbances responsible for cognitive deficits following CI may be due to alterations
in oscillatory activity, which effectively disrupt

synchronous coupling between neural ensembles
within a large-scale network. Thus, research focused
on elucidating the involvement of theta oscillations
after CI will lead to a greater understanding of
the mechanisms underlying dysregulated network
activity.

COMBATTING DISRUPTED PLASTICITY
MECHANISMS: TREATMENTS/
THERAPIES TO RESTORE COGNITION
The current gold standard for acute ischemic
stroke treatment is intravenous (IV) administration
of recombinant tissue plasminogen activator (rtPA
or alteplase). It is the only FDA approved treatment
that has been found to be effective when administered within 3 hours of symptom onset, although an
expanded time window has been identified of up to 4.5
hours in eligible patients [141, 142]. Unfortunately,
because of the relatively narrow time window for
treatment, only a small fraction of all acute ischemic
stroke patients, about 3.4% to 5.2%, are able to
receive IV rtPA [142]. Even of those patients treated
within the first 3 hours after stroke, it is unclear
whether rtPA improves cognitive outcomes [143].
This is in line with the idea that a reduction in lesion
volume does not necessarily correspond to improved
cognitive functioning in the long term, as any changes
in plasticity or local circuitry may be sufficient to
alter network communication. Patients with a proximal large artery occlusion in the anterior circulation
also have the option to undergo an endovascular procedure, known as mechanical thrombectomy, within
6 hours after stroke onset [144]. This procedure
entails the delivery of a mechanical thrombectomy device, which can remove the occlusive clot
through different biomechanical mechanisms, to
achieve recanalization [145]. However, the percentage of patients eligible for this treatments is only
about 7 to 9% of all acute ischemic stroke patients
[146, 147].
In the case of CA, cardiopulmonary resuscitation
(CPR) is typically performed to reverse hypoperfusion. Notably, early, high-quality resuscitation
interventions are crucial to increase survival and
cognitive outcomes after CA. Although therapies,
such as mild induced hypothermia, have shown to
increase survival and preserve cognitive function
after CA [148–150], these findings are somewhat
obscure and complications have also been documented [151–153]. Taken together, there is a need
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for the development of novel treatments that can be
applied to a larger cohort of CI patients and can
improve cognitive outcomes. In this section, we will
discuss recent therapies/targets that hold promise as
potential future treatments for CI with respect to
improving cognitive outcomes.
Potential therapeutic targets for CI-related
deﬁcits in synaptic plasticity
As discussed earlier, both transient and long-term
instances of synaptic failure have been reported as a
result of CI. Further investigation into the ischemiarelated molecular mechanisms that contribute to
deficits in synaptic plasticity may provide effective targeted therapies to ameliorate ischemia-related
deficits. There exists evidence for preventative therapies to reduce the ischemia-related effects on synaptic
plasticity as well as ad hoc treatments to enhance
recovery and restore the function of plastic processes,
and in some cases cognitive function.
Synaptic plasticity protection from ischemic insult
can come from preventative therapies that help confer tolerance to ischemic conditions. Many studies
have investigated how different pre-stroke treatments
can help to preserve or protect synaptic function
from future ischemic insult. Ischemic preconditioning (IPC) is the subjugation to transient non-lethal
periods of ischemia that confer adaptive changes
within the cell to provide tolerance to future ischemic
events. In some cases, adaptive changes to the electrophysiological properties of neurons is resultant from
IPC as well as pharmacological mimetics that induce
like-wise effects [154]. A summary of the induced
electrophysiological effects of some preconditioning
molecules and therapies are illustrated in Fig. 3.
Pharmacological agents that exhibit pleiotropic
properties, in particular, have attracted much attention in the field given their potential to target
multiple aspects of several molecular and physiological events that take place during ischemia. One
potential target is PKC, which upon activation has
been shown to confer protection against ischemia
in vitro and in vivo [155]. PKC-mediated neuroprotection was found to be dependent on increases
in brain-derived neurotrophic factor (BDNF), which
enacted electrophysiological changes in rat hippocampal slices during oxygen glucose deprivation
[154]. Firing frequency was reduced and threshold
potential increased 48 hours after preconditioning in
vivo and in vitro, while time to anoxic depolarization, which is an ischemic mechanism of neuronal
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cell death, was delayed [154]. This evidence suggests that IPC or PKC-preconditioning promotes
increased levels of BDNF, which confers changes
in synaptic function that provides protection against
ischemic injury. Further investigation into the relationship between BDNF and its effect on synaptic
function showed changes in post-synaptic receptors
[156]. The activation of the BDNF/TrkB pathway
resulted in decreased AMPAR current due to the internalization of GluR2/AMPAR [156]. These effects
on AMPARs were enacted by activity-regulated
cytoskeleton-associated protein (Arc), which was
required for PKC induced neuroprotection against
oxygen glucose deprivation and delay to anoxic depolarization [156]. Thus, by inducing the internalization
of AMPARs through a BDNF/Arc related mechanism, preconditioning with PKC was able to alter
synaptic function, which enabled cells to become
more tolerant to ischemic conditions.
The importance of BDNF post-stroke was also
shown in a study using a juvenile cerebral ischemia
model. Mice subjected to CA/CPR displayed hippocampal LTP impairments 7–14 days post ischemia
with a recovery by 30 days [157]. BDNF expression was shown to transiently decrease early after
ischemic injury and the activation of a BDNF receptor, TrkB, reversed synaptic impairments induced
by ischemia [157]. This evidence implicates BDNF
as a potential prophylactic target for the protection
of synaptic function and plasticity in the face of
future ischemic insult. Studies have also shown that
BDNF may function as a post-ischemia therapeutic
for synaptic recovery [158].
Another potential target is vascular endothelial
growth factor-A (VEGF), which is heavily involved
in vascular biology and associated with angiogenesis as well as vascular cell survival. Although its
major importance in the brain is during development, VEGF is commonly expressed in the adult
brain [159]. VEGF has been shown to be protective
against ischemia-induced synaptic plasticity deficits.
In a chronic cerebral hypoperfusion (CCH) model,
exogenous VEGF was applied prior to ischemia to
determine its effects on synaptic plasticity of rat
hippocampal CA1 neurons [160]. Exogenous application of VEGF prevented CCH-induced learning
and memory deficits and prevented CCH-induced
changes in basal synaptic transmission, paired-pulse
facilitation, and LTP [160]. The proposed mechanism
underlying the protective effect of VEGF on synaptic plasticity processes was the inhibition of ischemia
induced-abnormal autophagy, which at the synapse
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Fig. 3. The effects of preconditioning molecules/therapies on electrophysiological function and synaptic plasticity. Numerous pharmacological mimetics of IPC (i.e., PKC; brain-derived neurotrophic factor, BDNF; vascular endothelial growth factor-A, VEGF; and ovarian
hormone 17␤-oestradiol, E2) induce neuroprotection through different mechanisms. This includes the regulation of certain processes (i.e.,
autophagy), as well as increased expression of certain proteins or receptors on the synaptic membrane. These changes may alter electrophysiological properties of neurons, as seen with PKC, such as decreasing firing frequency. When exposed to conditions of oxygen and
glucose deprivation, PKC may also increase the latency to anoxic depolarization. Preconditioning therapies such as physical exercise (PE)
training is also protective. PE along with BDNF, VEGF, and E2 have been found to retain both short-term and long-term synaptic plasticity
processes after ischemia. Additionally, since iron accumulates in the cell after ischemia and exacerbates oxidative stress, it has also been a
target of interest.

could derail normal neurotransmission [160]. Similarly, another study using a total cerebral ischemia
model found improved neuronal viability and cell survival when VEGF was applied exogenously prior to
ischemia [161]. The improvement of neuronal viability coincided with preservation of hippocampal CA1
membrane potential, excitability, and spontaneous
EPSPs after ischemia [161]. These two studies show
VEGF as a potential therapeutic target for ischemic
preconditioning in terms of synaptic function and
plasticity. Further investigation into VEGF and its
effects on synaptic plasticity could afford greater
understanding of signaling pathways that regulate
plasticity and ischemic tolerance.
The ovarian hormone 17␤-oestradiol, estradiol
or E2, has also been shown to exert protective
effects against neurodegenerative diseases and cognitive decline [162]. The receptors for estradiol, the

ERs, are expressed in numerous regions of both the
male and female brain. Estradiol has been associated with signaling pathways connected to the
regulation and maintenance of synaptic plasticity,
including BDNF, in regions of the brain that are
responsible for cognitive functions like the prefrontal
cortex and hippocampus [163]. Estradiol may be
an effective therapeutic target to protect mechanisms of synaptic plasticity from ischemic insult.
In a model of transient global forebrain ischemia,
aged long-term hormone-deprived female rats were
treated with E2 immediately after ischemia [164].
Seven days after the ischemic insult, E2 treatment was able to protect and significantly attenuate
ischemia-induced CA1 hippocampal neuronal death
[164]. Furthermore, bath application of E2 onto hippocampal brain slices derived from aged long-term
hormone-deprived female rats also improved LTP
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and responses were similar to those obtained from
younger hormone-normal rats [164]. Another study
investigated the effects of long-term (14 days) treatment with E2 prior to global ischemia induction
[165]. They showed that basal transmission at the
Schaffer collateral to CA1 synapse was impaired
from global ischemia three days post-surgery; however, pretreatment with E2 ameliorated LTP deficits at
these synapses [165]. Interestingly, estradiol-induced
rescue of LTP required insulin-like growth factor 1
receptor (IGF1R) activation and not the typical ER-␣
or ␤ receptors [165]. These findings identify estradiol as a prime therapeutic target against CI injury,
given its role in signaling pathways associated with
synaptic plasticity and neuroprotective effects.
Iron has also been investigated as a therapeutic
target for CI. Under normal conditions, iron plays
a critical role in neuronal function and activity, and
is a necessary element for LTP in the hippocampal
CA1 region [166–168]. Of note, iron is a pro-oxidant
element, which catalyzes the conversion of hydrogen peroxide into the highly reactive hydroxyl radical
via the Fenton reaction [169, 170]. Since the production of hydroxyl free radicals is proportional to the
concentration of iron, levels must not exceed certain
physiological limits. For this reason, iron homeostasis must be regulated to avoid excessive oxidative
stress that may lead to neuronal damage. As it turns
out, iron has been found to accumulate in the cell
after ischemia due to disturbances in iron homeostasis, thereby contributing to ROS production, neuronal
death, and cognitive impairments [169, 171–174].
Thus, treatments that maintain iron homeostasis in
the face of ischemic injury may prove to be protective. Not surprisingly, iron-chelating agents have
been found to elicit neuroprotective effects against CI
[169, 171–175, 176]. For example, the iron-chelating
agent, deferoxamine, was able to reduce iron deposition, hydroxyl radical generation, and infarct volume
in neonatal rats subjected to hypoxia-ischemia [171].
Indirect approaches have also been implemented. For
example, targeting free heme—a hemolytic agent
that can exert toxic effects by releasing iron—has
been shown to be protective. The administration of
hemoplexin (HPX), a scavenger of free heme, was
able to protect rats against I/R injury as evidenced
by sustained BBB integrity and synaptic plasticity
mechanisms [177]. Specifically, hippocampal slices
derived from rats treated with HPX were capable of
LTP induction 3 days after MCAO compared to the
non-treated group, which could not induce LTP [177].
Although the former studies did not investigate the

439

effects of chelating agents on synaptic plasticity following CI, this latter study suggests that preventing
iron overload may have beneficial effects.
Physical exercise (PE) has also been implicated as a potential prophylactic intervention against
ischemia. Many studies have elucidated a neuroprotective role for exercise training in different animal
models of CI [178]. PE may exert these neuroprotective effects through several mechanisms including
modulating excitatory signaling. Two studies from
the same group found that three to four weeks of
pre-ischemic treadmill training significantly reduced
infarct size and neurological defects in rats subjected to MCAO [179, 180]. These protective effects
were attributed to decreased glutamate release and
reduced expression of glutamate receptors [179, 180].
Post-ischemia interventions have also been investigated. Long periods of exercise training following
ischemia was found to enhance the induction of learning dependent LTP in the hippocampal CA3 region
[181]. Additionally, short periods of moderate treadmill exercise in two different models of CI were found
to enhance cognitive function in rats as indicated
by improved hippocampal-dependent contextual fear
memory [182]. Interestingly, exercise has also been
shown to enhance short term plasticity, as indicated
by increased PPF, as well as upregulate innervation
from regions within the brain that are important for
spatial memory and theta rhythm generation [183].
Thus, there is potential for PE to be utilized as a
therapeutic intervention to aid cognitive recovery by
improving synaptic plasticity and promoting the reorganization of new neuron circuits.

Neuromodulation as a novel approach for
treating cognitive dysfunction in CI patients
While pharmacological interventions have shown
some promise as potential therapeutic treatments,
non-pharmacological interventions have also been
investigated. More specifically, electrical neuromodulation has become an attractive therapeutic strategy
for ameliorating cognitive and motor symptoms associated with several neurological diseases, including
Parkinson’s disease [184], epilepsy [185, 186], AD
[187], and TBI [132]. Given that oscillatory patterns
in the brain become altered after ischemia [188], electrical stimulation may provide a means by which
dysfunctional brain circuitry and plasticity processes
can be repaired in order to promote the drive of neural
networks.
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There are currently several forms of non-invasive
neuromodulation techniques under study to improve
cognitive functions after CI, including transcranial direct-current stimulation (tDCS) and repetitive
transcranial magnetic stimulation (rTMS) [189].
Specifically, rTMS, which utilizes a wire coil to generate a magnetic field that can penetrate through
the scalp, induces changes in excitability via LTPLTD-like mechanisms that may induce plasticity
[190]. Current studies utilizing rTMS on CI patients
have focused primarily on improved motor outcomes
[191–193]; however, potential benefits in cognition
may also be probable. A meta-analysis demonstrated
that low frequency (≤1 Hz) rTMS over the unaffected hemisphere in post stroke patients with aphasia
was effective in improving overall language function
[194]. Although the underlying mechanisms involved
in observed language recovery by rTMS are unclear,
it is thought that rTMS can normalize neural activity
in the targeted area by eliciting either an excitatory
or, in this case, an inhibitory effect [194]. Although
these findings are promising, future studies which
investigate multiple aspects of cognition and recruit
a larger cohort size are required to confirm rTMS as
a beneficial therapy to alleviate cognitive symptoms
following CI.
Invasive forms of neuromodulation also exist, such
as deep brain stimulation (DBS). DBS requires a
pair of stimulating electrodes to be implanted in
the brain parenchyma, which are connected to a
pulse generator implanted in the chest. Similar to
rTMS, DBS can target specific brain regions; however, different parameters (i.e., frequency and voltage
strength) may also be customized to the clinical status of the patient. More importantly, the delivery
of specific patterns of electrical activity via DBS
can also influence oscillatory activity [195]. In a rat
model of TBI, DBS at 7.7 Hz in the medial septal nucleus was able to increase hippocampal theta
power, which was correlated with improved spatial learning and restored normal object exploration
[196]. Interestingly, acute DBS of the fornix area
was found to modulate protein expression in the hippocampus [197]. Increases in BDNF and VEGF, as
well as synaptic markers, including synaptophysin,
were found within 2.5 hours after DBS [197]. Given
the importance of these factors and markers in plasticity, DBS in the fornix may improve memory function.
In this regard, DBS may improve overall network
function where dysregulated synaptic plasticity processes and oscillatory activity are present. Despite
these positive outcomes, severe consequences have

also been reported following DBS [198], evoking
caution when considering this form of treatment in
patients. Thus, future studies should investigate all
of the potential side effects affiliated with DBS.
CONCLUSIONS
CI has debilitating consequences for patients who
suffer cognitive deficits following ischemia. While
the exact cause of these impairments are unknown,
altered network communication has been implicated
as a prime suspect. Neural networks within the brain
are subject to alterations when changes in synaptic
transmission and circuitry arise. In this review we
highlight the importance of synaptic plasticity processes, particularly LTP and LTD, as well as the
integrity of intact structural and functional connections within the Papez circuit in cognition and how
they are affected following CI. We also emphasize the
importance of endogenous oscillatory patterns which
drive synchronization between neural ensembles—a
mechanism that is vital for efficient network communication among distinct brain regions. We pay
particular attention to the hippocampus and other
extra-hippocampal components of the Papez circuit
in these processes, given their role in episodic memory; however, the importance of other brain regions
(i.e., cortex) should also be considered since global
network disruptions most likely account for impairments in cognitive processes.
Although we primarily focus on CA and ischemic
stroke, it is likely that other neurological diseases
and subtypes of stroke may cause or increase the
risk of dementia through similar mechanisms. For
example, deficits in learning and memory following
subarachnoid hemorrhage stroke have been attributed
to lesions in the Papez circuit as well as impairments in hippocampal LTP [199–201]. There seems
to be a common theme among these neurological diseases that indicates dysfunctional plasticity processes
and disturbances in circuity contribute to cognitive
impairment.
Thus, treatments and/or therapies that improve
synaptic plasticity and functional connectivity within
circuits may prove to be useful in terms of alleviating
cognitive symptoms. Although we suggest a probable link between dysregulated synaptic plasticity
and circuitry causing disrupted network activity after
CI, future studies are required to delineate a direct
relationship. This may help elucidate the exact mechanisms responsible for cognitive decline and may be
applicable to other neurological diseases.
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