
UC Davis
UC Davis Previously Published Works

Title
Mechanisms of memory impairment in animal models of nontraumatic intracranial 
hemorrhage: A systematic review of the literature

Permalink
https://escholarship.org/uc/item/20d011g8

Journal
Brain Hemorrhages, 3(2)

ISSN
2589-238X

Authors
Peterson, Catherine
Umoye, Alexis O
Puglisi, Chloe H
et al.

Publication Date
2022-06-01

DOI
10.1016/j.hest.2021.08.002
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/20d011g8
https://escholarship.org/uc/item/20d011g8#author
https://escholarship.org
http://www.cdlib.org/


Mechanisms of memory impairment in animal models of 
nontraumatic intracranial hemorrhage: A systematic review of 
the literature

Catherine Peterson*,

Alexis O. Umoye,

Chloe H. Puglisi,

Ben Waldau

Department of Neurological Surgery, University of California Davis, 4860 Y St., Suite 3740, 
Sacramento, CA 95817, United States

Abstract

Mechanisms underlying memory and cognitive dysfunction following spontaneous intracranial 

hemorrhage are diverse. The aim of this systematic review was to provide a contemporary 

review of the commonly reported mechanisms responsible for memory impairment following 

nontraumatic intracranial hemorrhage. PubMed, Embase, and Scopus databases were 

systematically searched for pre-clinical studies, and results were reported according to PRISMA 

guidelines. Methodological quality assessment was performed according to the SYRCLE’s 

Risk of Bias tool. Ninety studies met the inclusion criteria. Most of animal studies reported 

on subarachnoid hemorrhage (48%), followed by intraparenchymal hemorrhage (44%), and 

intraventricular hemorrhage (8%). Most of subarachnoid hemorrhage studies (30%) reported 

neuronal apoptosis as a mechanism for memory dysfunction, whereas the most commonly 

described mechanism following intraparenchymal hemorrhage (40%) and intraventricular 

hemorrhage (23%) was a proinflammatory response. Based on SYRCLE’s Risk of Bias 

assessment, the average methodological risk of bias of all studies was 56.83 ± 12.77% on 

a 0–100% scale. There is a great need not only for more preclinical studies with improved 
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methodology, but also for studies reporting negative treatment effects and for multicenter animal 

studies. In vivo studies on non-rodent animal ICH models can also be helpful.
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Animal studies; Intracranial hemorrhage; Intraparenchymal hemorrhage; Intraventricular 
hemorrhage; Memory; Subarachnoid hemorrhage

1. Introduction

Hemorrhagic and ischemic stroke are two main types of cerebrovascular accidents. 

Spontaneous nontraumatic intracranial hemorrhage (ICH) represents only 10–15% of all 

strokes, but is associated with substantial morbidity and mortality.1 The annual incidence 

of ICH is approximately 28 per 100,000, but is believed to be underdiagnosed and hence 

underestimated. The prognosis following hemorrhagic stroke is poor with an estimated ten-

year survival rate of only 24.1%.2 The most important risk factors for spontaneous ICH are 

age and arterial hypertension, occurring in 50–70% of patients. Hypertension is associated 

with deep cerebral and brainstem ICH and to a lesser extent with lobar hemorrhages.3 

Some of the long-term impairments that develop following ICH are cognitive and memory 

deficits, which are reported in as high as 44% of survivors of ICH.4 As of now, there are 

no FDA-approved therapies on the market that improve functional and memory outcomes in 

survivors of ICH, thus the need for such therapies is unprecedented.5 Translational research 

focusing on elucidating the link between ICH and delayed memory dysfunction is critical in 

order to develop future therapeutic options for these patients.

No recent systematic review investigating mechanisms and associations between 

experimental nontraumatic ICH and subsequent memory and cognitive dysfunction has 

been performed. Thus, the aim of this study was to conduct a thorough contemporary 

review of the available evidence in the literature as well as summarize the proposed 

mechanisms and to assess the quality of research supporting these findings. The authors 

were interested in studying the commonly reported mechanisms for memory dysfunction in 

animal models following nontraumatic ICH, which comprises intraparenchymal hemorrhage 

(IPH), subarachnoid hemorrhage (SAH), and intraventricular hemorrhage (IVH). Our main 

outcomes measures in this study included identified mechanisms of memory impairment 

for each subgroup of spontaneous hemorrhage. Additionally, since elevated intracranial 

pressures (ICPs) are not infrequently observed in the clinical setting during all three types 

of nontraumatic ICH, the authors were also interested in investigating whether ICPs are 

implicated in memory dysfunction following nontraumatic ICH. Knowledge of the pathways 

involved in the development of memory dysfunction after nontraumatic ICH may aid in 

finding targeted therapies for patients who survive hemorrhagic stroke in the near future.
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2. Materials and methods

2.1. Search strategy

The search strategy in this systematic review was conducted and reported according to the 

Preferred reporting items for systematic reviews and meta-analysis (PRISMA) guidelines.6 

The authors performed comprehensive search of PubMed/MEDLINE, Embase, and Scopus 

databases on October 18th of 2020. Key words such as “intracranial hemorrhage” 

OR “intracerebral hemorrhage” OR “intraventricular hemorrhage” OR “subarachnoid 

hemorrhage” OR “intraparenchymal hemorrhage” OR “brain hemorrhage” AND “Memory” 

OR “memory decline” OR “cognition” OR “cognitive deficits” OR “cognitive decline” were 

used for the search strategy (Table 1). The references of eligible studies were also checked 

for additional articles not identified by the initial electronic search.

2.2. Study eligibility

All the collected records were imported into Covidence where screening of eligible studies 

by two independent reviewers (C.P. and A.O.U.) was performed.7 Screening of studies was 

first done by title and abstract followed by full text review, and any disagreements were 

resolved by discussion amongst the two independent reviewers. Results were limited to pre-

clinical (in vivo) animal studies. In vivo studies had to be original, with full text available in 

English language, and had to report on nontraumatic experimental ICH as well as outcomes 

of memory and/or cognitive testing in animals following the induction of ICH. Studies 

involving nontraumatic IPH, IVH, and SAH were included, whereas studies involving 

traumatic brain injury (TBI) animal models, epidural hematomas, subdural hematomas, 

and other traumatic injuries were excluded. Duplicate studies, in vitro studies, case reports, 

commentaries, conference abstracts, editorials, letters, reviews, systematic reviews, meta-

analyses, non-English language studies, and those pertaining to human subjects were 

excluded. Studies that did not report specific memory and cognition-specific behavioral 

test outcomes in animals were also excluded from this systematic review.

2.3. Risk of bias assessment

For the critical appraisal, two reviewers (C.P. and A.O.U.) performed screening, independent 

review, data extraction and analysis of all eligible articles. The risk of bias assessment 

of each study was independently performed according to the SYRCLE’s Risk of Bias 

tool for experimental animal studies.8 The following SYRCLE’s Risk of Bias ten 

methodological domains were evaluated by each reviewer: ‘Was the allocation sequence 

adequately generated and applied?’, ‘Were the groups similar at baseline or were they 

adjusted for confounders in the analysis?’, ‘Was the allocation to the different groups 

adequately concealed?’, ‘Were the animals randomly housed during the experiment?’, ‘Were 

the caregivers and/or investigators blinded from knowledge regarding which intervention 

each animal received during the experiment?’; ‘Were animals selected at random for 

outcome assessment?’, ‘Was the outcome assessor blinded?’; ‘Were incomplete outcome 

data adequately addressed?’; ‘Are reports of the study free of selective outcome reporting?’; 

‘Was the study apparently free of other problems that could result in high risk of bias?’ The 

domains were scored with ‘yes’ (low risk of bias); ‘no’ (high risk of bias); or ‘unclear’ (the 

item was not reported and thus unknown risk of bias). Any differences of opinion between 
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the two reviewers were resolved via discussion and reaching consensus. For risk of bias 

assessment specifically, if one of the reviewers rated a study lower than the other reviewer, 

the lower score was used for final analysis if that reviewer was able to present valid evidence 

for such.

2.4. Data extraction

Information such as year of publication, total number of animals used, species strain, 

mechanism of memory and cognitive impairment following experimental ICH, and type of 

ICH was independently collected from each study by two reviewers (C.P. and A. O.U.), and 

any conflicts were resolved via discussion and reaching consensus. Covidence was used for 

screening, while a standardized computerized spreadsheet was used to collect the data.

2.5. Additional analyses

For further analysis, a total quality assessment score was developed to assess the quality 

of evidence in the literature supporting each reported mechanism of memory decline after 

ICH. The total quality assessment score was calculated as the sum of mean risk of bias for 

the studies reporting a specific mechanism or association, mean number of studies reporting 

that mechanism, and mean number of animals used in those studies. Higher the total quality 

assessment score correlated with higher quality of available evidence in the literature for a 

specific mechanism.

3. Results

3.1. Study characteristics and types of reported mechanisms

A total of 1,882 records were identified with 614 records in PubMed/MEDLINE, 858 

records in Embase, and 410 records in the Scopus database (Fig. 1). After duplicates were 

removed and the records were initially screened by title and abstract, 196 full text articles 

were then assessed for eligibility. No additional articles were identified by searching through 

the references lists. After full text review of the 196 studies, 90 pre-clinical animal studies 

were able to be included in the final systematic review. Publication year, total animal 

number, species strain, and mechanism of memory decline after ICH were collected (Table 

2).9–98 Plurality of studies were published in 2019 (Fig. 2). Most common species strain 

used was Sprague-Dawley rats (61.1%), and plurality of animal studies reported on SAH 

(48%), followed by IPH (44%), and IVH (8%) (Fig. 3). The experimental animal model 

technique as well as hematoma volume varied across literature. All eligible studies also had 

to report on the memory and cognitive testing outcomes following ICH, which involved 

Morris water maze test in almost all of the studies. Amongst the studies pertaining to IPH 

animal models, the most commonly reported mechanism for possible memory dysfunction 

was proinflammatory response (40%) (Fig. 4A). For SAH, the most commonly described 

mechanism was hippocampal neuronal apoptosis (30%) (Fig. 4B). And for IVH animal 

models, the most frequent reported mechanisms in the literature were proinflammatory 

response and oxidative stress (both 23%) (Fig. 4C).
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3.2. Risk of bias assessment of studies

Methodological risk of bias and quality assessment was performed according to the 

SYRCLE’s Risk of Bias tool for each study (Table 3). Each of the ten domains in the 

SYRCLE’s Risk of Bias tool was given either 5 or 10 points if low risk of bias was 

determined. The cumulative scores were then calculated on a 0–100% scale. Minimal 

selective outcome reporting and baseline similarity of groups were two domains with lowest 

risk of bias, whereas lack of random animal housing and failure of concealment of allocation 

into different groups were two domains with highest risk of bias amongst all the studies (Fig. 

5). Mean methodological risk of bias across all studies was 56.83 ± 12.77% on a 0–100% 

scale, and we found no studies that addressed all ten of SYRCLE’s Risk of Bias guidelines 

successfully (Fig. 6).

Further analysis was performed to investigate the quality of evidence for each of the 

commonly reported mechanisms found to be responsible for memory and cognitive 

dysfunction after experimental ICH. For this, a total quality assessment score was calculated 

by adding mean number of studies for each mechanism, mean number of animals used 

in those studies, and mean risk of bias score for those studies. Based on these metrics, 

we found that oxidative stress, neuronal apoptosis, and cerebral edema were the top three 

mechanisms with greatest quality of supporting evidence in the current literature (Fig. 7).

3.3. The role of elevated ICP and hydrocephalus

The authors herein hypothesized that increased ICP may be associated with memory 

dysfunction that occurs after nontraumatic IPH, SAH, and IVH68. However, we found that 

there is actually limited evidence in the current literature pertaining to this.28,36,59 Only 

a handful of studies out of 90 studies included in this systematic review reported on the 

possible underlying role of hydrocephalus and increased ICPs and hydrocephalus in memory 

decline. For example, Kamal et al demonstrated that IVH in a rat animal model causes 

significant deficits in spatial memory acquisition and retention during Morris Water Maze 

compared to sham animals.36 That study suggested that the mechanism of the memory 

decline may arise from mechanical injury in the form of a rapid spike in ICPs during 

their blood hand injections. Similarly, Qi et al found that IVH induced hydrocephalus and 

memory deficits in rats.59 They propose that the space-occupying effect of blood in the 

ventricles causes obstructive hydrocephalus, which results in increased ICPs.59 And with 

respect to SAH animals, Hu et al demonstrated that hydrocephalus exacerbates neurological 

deficits as well as memory dysfunction following SAH in rats induced by endovascular 

perforation.28 There were no IPH animal studies in our systematic review that reported on 

hydrocephalus and ICPs as drivers for memory dysfunction after IPH. Additionally, there 

were not studies that monitored ICPs during experimental hemorrhage.

3.4. Reported mechanisms of memory dysfunction in IPH animal models

The most reported mechanism of memory dysfunction following IPH in animal models 

considered in this review was neuroinflammatory cascade (Fig. 4A). We found a significant 

number of studies describing the implication of inflammatory cascade of events in secondary 

brain injury after IPH and in the development of subsequent memory and cognitive decline. 

Proinflammatory cytokines such as interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-
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α are important members of the inflammatory cascade, whereas IL-4, IL-10, and tumor 

necrosis factor-β have anti-inflammatory mechanism and may play a neuroprotective role.52 

For example, Krafft et al describe how IPH cause the release of proinflammatory cytokines 

via M1 microglial activation38. Additionally, Ding et al reported that IPH activates p38 

MAPK resulting in PLA2 and conversion of products by COX-2 into proinflammatory 

prostaglandins18. Inhibiting the activation of neuroinflammatory series of events induced by 

IPH may serve as a target for alleviating post-IPH cognitive and memory dysfunction, and 

various studies have already demonstrated this finding.

3.5. Reported mechanisms of memory dysfunction in SAH animal models

We found the majority of SAH animal models reported neuronal apoptosis as the underlying 

mechanism of memory dysfunction (Fig. 4B). We found 16 studies that demonstrated a 

link between neuronal apoptosis and development of memory and cognitive dysfunction 

following SAH in animal models. Various molecular mechanisms that may underly neuronal 

apoptosis have been investigated in the literature. For example, Dong et al reported increased 

expression of HIF-α, a regulator of hypoxia, and apoptosis in the hippocampus following 

SAH19. Feng et al showed that early brain injury from SAH in rats induces neuronal 

apoptosis by activating the Ras/Raf/extracellular signal-regulated kinase (Erk) signaling 

pathway and phosphorylating p53 tumor suppressor protein in hippocampus.21 Conversely, 

inhibiting the activity of Erk results in decreased hippocampal neuronal apoptosis and 

improvement of cognition in these rats. The Ras/Raf/ERK pathway is well known to play a 

key role in apoptosis in cerebral ischemia, stroke and various neurodegenerative disorders. It 

is no surprise that the Ras/Raf/Erk/p53 pathway is involved also in neuronal apoptosis, and 

perhaps targeting this signaling pathway may be serve as a potential target for the treatment 

of SAH-induced memory and cognitive decline.21

3.6. Reported mechanisms of memory dysfunction in IVH animal models

The most common mechanisms underlying memory dysfunction in studies using the IVH 

model were proinflammatory response and oxidative stress (Fig. 4C). We found three animal 

studies mentioning the role of oxidative stress in IVH-induced memory and cognitive 

dysfunction, and three studies reporting on neuroinflammation as an association. IVH 

induces oxidative stress by promoting lipid peroxidation, reducing the activity of glutathione 

peroxidase and superoxide dismutase, increasing nitric oxide levels, and activating free 

radical generation in hippocampus, hence agents that can suppress this can serve as potential 

therapeutic targets for alleviation of memory dysfunction after ICH. Rajdev et al report 

that IVH caused both an increase in oxidative stress evidenced by higher lipid peroxidation-

MDA levels, and a proinflammatory response via TNF-α, IL-1β, and IL-10.62 Similarly, 

Jiang et al showed an increased count of microglial cells, which can be activated by Ab, in 

the hippocampus of IVH groups.34

4. Discussion

Cognitive and memory dysfunction following spontaneous ICH is a well-known 

consequence. Before therapies can be tested in humans, conducting quality pre-clinical 

animal research is essential. With respect to outcomes, behavior, learning and memory 
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decline, diminished cognition, and cell death are some of the most common end points 

tested in ICH studies. Of the behavioral tests, the neurological deficit score and forelimb 

placing are the most widely used. Behavioral tests of cognitive and memory dysfunction, 

most commonly utilizing Morris water maze, are less common in general.100

This systematic review focused on most commonly reported mechanisms underlying 

memory impairment in animal models of nontraumatic ICH in the current literature. 

We found that majority of IPH animal models report on proinflammatory response as 

the possible culprit for memory dysfunction. For SAH, the most implicated mechanism 

for memory decline was hippocampal neuronal apoptosis. Activation of the Ras/Raf/ 

pathway in the hippocampus as well as increased expression of hippocampal HIF-α 
are potential mechanisms leading to cell death and further observed cerebral infarction 

and larger memory and cognitive deficits after ICH. Studies using IVH models suggest 

proinflammatory response and oxidative stress cause memory dysfunction. Promoting 

lipid peroxidation, free radical generation in the hippocampus, and overall mitochondrial 

dysfunction via oxidative stress may account for reduced neuronal activity and signaling and 

hence observed learning decline post ICH.30,62 Interestingly, hydrocephalus and mechanical 

injury were only reported by three animal studies based on our systematic review.28,36,59

In this study, the authors also sought out to find animal studies that reported on 

hydrocephalus and increased ICPs as possible drivers for memory dysfunction after 

nontraumatic ICH. However, to our surprise, we only found a handful of studies that 

reported on this mechanism.28,36,59 We also did not find any studies included in this 

systematic review that objectively measured ICPs during the induction of experimental 

intracranial hemorrhage. Studies measuring ICPs during experimental hemorrhage are not 

common in general.103–105 Measuring and monitoring ICPs during nontraumatic ICH can be 

possible as seen with other ICH animal studies, most of them focusing on SAH.104–105 

For example, studies by Conzen et al and Westermaier et al measured ICPs in rats 

during acute phase of SAH with sensor probes positioned in the subarachnoid space 

and intraparenchymal space, respectively.104–105 These studies were not included in this 

systematic review as they do not focus on memory impairment following ICH, however, 

they do demonstrate that direct ICP monitoring during ICH is possible. We think that an 

intraventricular, subarachnoid, or intraparenchymal sensor may be used for this purpose. The 

main challenge with using ICP monitoring in rodent models is the accuracy and precision 

of sensor used. The pressure sensor would have to detect small precise pressure changes of 

at least one millimeter of mercury in order to provide valid information. While there are 

many factors known to contribute to memory decline following nontraumatic brain injury, 

prolonged and elevated ICP may be a strong predictor of this negative trend. For example, 

a clinical study by Badri et al reported a significant difference between elevated ICP patient 

group and reduced performance on episodic memory and learning tasks compared to the 

low ICP group at a six-month post-injury assessment.101 Additionally, Uzzell et al found 

that patients with elevated ICP had significantly worse memory function, specifically verbal 

recall, and exhibited general memory impairment overall.104 We believe that the number 

of animal studies reporting on this mechanism are underrepresented and future research 

should focus on elucidating the role of elevated ICPs in memory impairment following 
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nontraumatic ICH. Specifically, studies that test memory impairment following ICH with 

simultaneous ICP measurements can be helpful.

Additionally, we investigated the quality of the preclinical evidence herein and found it 

to be limited as some degree of methodological bias was present in all studies. Only a 

handful of studies address the essential methodological details. Like our results, a review by 

MacLellan et al found many key issues with pre-clinical ICH literature.99 First, a significant 

portion of published studies tend to report only positive treatment effects, emphasizing the 

presence of publication bias. Second, many studies do not report methodological details 

such as animal randomization into experimental groups. There are key experimental design 

issues and great diversity amongst the methodology and outcomes of the studies, making it 

difficult to validate and compare results.99 Furthermore, current pre-clinical evidence is also 

not a true reflection of the prevalence of long-term memory and cognitive dysfunction after 

nontraumatic ICH in human subjects as studies have demonstrated that learning deficits in 

animals significantly diminish as early as eight weeks following experimental ICH in animal 

models.100 In order to improve the quality and transparency of research, there is a great need 

not only for more preclinical studies with improved methodology, but also for more studies 

reporting negative treatment effects and for multicenter animal studies. In vivo studies on 

non-rodent animal ICH models can also be helpful as in this systematic review we have not 

found any studies focusing on memory impairment after nontraumatic ICH in non-rodent 

animals. In particular, preclinical research on primate animals would provide more helpful 

information that can be translated to human survivors of nontraumatic ICH.

5. Conclusions

In conclusion, to our knowledge this is the first systematic review conducted on animal 

studies that report on mechanisms of memory impairment after nontraumatic ICH. A 

total of 90 studies reporting on experimental nontraumatic ICH and subsequent memory 

and cognitive dysfunction confirmed with animal behavioral testing were included in this 

systematic review. Neuronal apoptosis was the most commonly implicated mechanism for 

memory dysfunction in SAH animal models, whereas neuroinflammatory cascade was 

most frequently reported mechanism in IPH and IVH animal models. We found that a 

frequent clinical cause of memory impairment in the setting of ICH, hydrocephalus and 

elevated ICPs, were underrepresented in animal studies. According to the SYRCLE’s Risk 

of Bias tool, we found no study that was able to address all the guidelines successfully and 

overall bias across the studies was significant. As neuronal apoptosis, inflammatory cascade, 

oxidative stress, cerebral edema, iron overload, and reduced neuroplasticity are all important 

substrates of secondary brain injury resulting in cognitive and memory impairment, finding 

therapies that can target these pathways, would be the most optimal therapeutic strategy. 

Furthermore, improving the quality of pre-clinical research is essential as it will pave the 

path for controlled clinical studies that target memory and cognitive dysfunction in patients 

with ICH in the future.
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Fig. 1. 
PRISMA flow diagram of the search strategy used.
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Fig. 2. 
Distribution of published studies per year.
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Fig. 3. 
Distribution of studies based on type of experimental hemorrhage.

Peterson et al. Page 17

Brain Hemorrhages. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Most frequently reported mechanisms for memory decline following (A) IPH, (B) SAH, and 

(C) IVH. Other: includes studies mentioning mechanical injury, hydrocephalus, hormonal 

influences, NMDAR activation, and/or white matter injury.
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Fig. 5. 
Risk of bias assessment. Results of risk of bias and methodological quality indicators of 

included studies in the systematic review according to SYRCLE guidelines. % represent 

the percentage of the studies that fulfilled the requirements for ‘Low risk of bias’ (green), 

‘Unclear risk of bias’ (yellow), and ‘High risk of bias’ (red).
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Fig. 6. 
Methodological risk of bias by individual study. The reference line indicates mean 

methodological bias across all studies, 56.83 ± 12.77%.
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Fig. 7. 
Quality assessment of most reported mechanisms. Total quality assessment score was 

derived from sum of number of studies supporting certain mechanism, mean number of 

animals used in those studies, and mean risk of bias.
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