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Vascular risk factors are thought to be the pathological 
initiation point in the development of vascular cognitive 

impairment.1 There are many vascular cognitive impairment 
subtypes with a variety of radiological features ranging from 
microbleeds and lacunar infarctions to diffuse white matter 
hyperintensities. Progression of white matter hyperintensities 
is highly predictive of cognitive decline.2 The mouse model 
of bilateral carotid artery stenosis attracted attention when the 
authors reported rarefaction and degeneration of the corpus 
callosum after 30 days of brain hypoperfusion.3 A follow-up 
study reported that hypoperfused mice exhibited cognitive 
deficits, specifically spatial working memory impairments in 

the radial arm maze.4 Similar deficits were reported using the 
same model, but with a more subtle pathology that instead 
includes small accumulations of degraded myelin basic pro-
tein and a change in the distribution of myelin-associated gly-
coprotein in several white matter structures.5 Another group 
has observed a loss of fluoromyelin staining and an increase 
in matrix metalloproteinase-9 in the corpus callosum of hypo-
perfused mice, which can be prevented with free radical scav-
engers.6,7 Whether or not this range of pathological changes 
are detectable with neuroimaging is less clear. Decreases in 
fractional anisotropy (FA), using diffusion tensor imaging 
(DTI), were observed in white matter,8 which became more 
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pronounced with 6 months of hypoperfusion.9 Our group has 
failed to observe FA decreases in hypoperfused mice, though 
we have reported alterations in several other quantitative DTI 
parameters.10 In our hands, this model has been both behav-
iorally and histologically mild, which might reflect inherent 
variability of the model, or the fact that rodents exhibit a high 
degree of recovery and compensation. Therefore, the purpose 
of this study was 2-fold. First, we aimed to increase the sever-
ity of hypoperfusion using a refined surgical approach in aged 
mice, to improve the phenotype. Second, we aimed to iden-
tify neuroimaging biomarkers of degeneration with focus on 
graph theory to our DTI data to predict cognitive decline.

Methods
Experiments were approved by the Landesamt für Gesundheit und 
Soziales and conducted according to the German Animal Welfare Act 
and institutional guidelines. Twenty-four male C57/BL6 J mice (pur-
chased at 8 weeks of age, Charles River, Germany) were housed in 
a temperature (22±2°C), humidity (55±10%), and light (12/12-hour 
light/dark cycle) controlled environment. Unexpectedly, 1 animal 
needed to be humanely euthanized before randomization in accor-
dance with our animal permissions because of ill health and sub-
stantial weight loss. The remaining animals were later randomized 
between 9 and 13 months of age to undergo hypoperfusion (n=12) 
or sham (n=11). Hypoperfusion was induced by winding a custom 
ordered, nonmagnetic, surgical grade microcoil (160 μm inner diam-
eter; Shannon Coiled Springs Microcoil, Limerick, Ireland) around 
one of the carotid arteries. The sham procedure was performed 
with a larger diameter microcoil (500 μm) that did not constrict the 
vessel. The muscles and glands were guided back into place, and 
local anesthetic was applied to the sutured wound before recovery. 
Twenty-four hours later, the same procedure was repeated on the 
other carotid artery. This delay represents an important refinement 

that does not result in higher mortality when using the smaller sized 
microcoils. All experimenters were blind, and all analysis was per-
formed blind. Mice were imaged before and at 24 hours and 1- and 
4-weeks post-surgery for estimation of cerebral blood flow (CBF) 
using arterial spin labeling. DTI, magnetic resonance spectroscopy, 
and angiography were acquired between 5- and 7-weeks post-sur-
gery. The novel object recognition test was conducted 1 week before 
and between 4- and 5-weeks post-surgery. At 6 weeks, animals 
were trained in the Morris water maze, and tissue was processed 
for immunohistochemistry. Detailed methods are available in the 
online-only Data Supplement.

Results
Deficits in CBF After Hypoperfusion Recover 
and Are Accompanied by Changes in the 
Cerebrovasculature and Hippocampal Degeneration
CBF remained stable across all time points in the sham group 
but decreased by more than half within 24 hours of surgery 
in the hypoperfused group. Within 1 week, CBF began to 
increase in the hypoperfused group; it continued to increase 
but was still significantly different from shams at 4 weeks 
(Figure 1A and 1B, main effect of time F(2.3,43.3)10.212; 
P=0.0001; and group F(1,19)36.977; P=0.0001; and inter-
action F(2.3,43.3)10.240; P=0.0001). This suggests that 
the hypoperfused mouse brain is autoregulating in response 
to a decrease in CBF. Angiography at 7 weeks (Figure 1A) 
revealed increased tortuosity in the Circle of Willis, which 
may be partially responsible for the recovery in CBF. 
However, the overall size of the Circle of Willis vascula-
ture was not significantly different between groups (Figure 
IA in the online-only Data Supplement). There was no 

A

B C

Figure 1. Cerebral blood flow (CBF) and morphological changes in the hypoperfused brain. A, Representative CBF maps and angiogra-
phy reconstructions showing increases in Circle of Willis tortuosity in hypoperfused mice. B, CBF over time (means±SD) in sham (n=10) 
and hypoperfused (n=11) groups. C, % hippocampal size in both groups.
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significant difference in ventricle:brain ratio (Figure IB in 
the online-only Data Supplement), but there was a decrease 
in hippocampal size in the hypoperfused mice, though this 
failed to achieve significance (Figure 1C; Student unpaired  
t test t(19)2.068; P=0.053).

Metabolite concentrations were measured in the striatum 
with magnetic resonance spectroscopy (Figure 2), but there 
were no significant concentration differences in any of the 
metabolites (Figure 2B).

Hypoperfused Brain Exhibits Little Evidence of 
Pathology With Diffusion Index Measures but 
Undergoes Substantial Network Reorganization
Seven of the 23 brain regions from the DTI data were selected 
for analysis: anterior commissure, corpus callosum, and inter-
nal capsule, as well as gray matter that may be affected by 
hypoperfusion or is presumed to be involved in cognitive 
decline: hippocampus, striatum, cingulate cortex, and thala-
mus. FA, mean diffusivity, axial diffusivity, and radial diffu-
sivity values are depicted for both groups in 2 white and 1 
gray matter structure (Figure 3A through 3D). FA and axial 
diffusivity decreases are correlated with tissue degeneration 
and axonal degradation, whereas mean diffusivity and radial 
diffusivity increases are correlated with loss of tissue integrity 
and demyelination.11 There were no significant differences 
between groups in any of the structures, suggesting little dam-
age to the white matter.

Despite this, the reconstructed corpus callosum seemed 
reduced in hypoperfused mice (Figure 4). Graph theory inte-
grated all the DTI trajectories and identified changes at a 

network level. There were no significant differences between 
groups for global efficiency (Figure 4A), suggesting that the 
overall ability of the brain network to exchange information 
was minimally affected by hypoperfusion. However, sig-
nificant group differences were noted in several measures of 
functional segregation. Modularity was significantly lower in 
the hypoperfused group (Student unpaired t test t(17)3.028; 
P=0.014; Figure 4B), which suggests a reduced number of 
heavily interconnected subgroups of structures. Interestingly, 
several lower level clustering parameters were significantly 
higher in the hypoperfused group: transitivity (Student 
unpaired t test: t(17)-4.706; P=0.0007; Figure 4C), clustering 
coefficient (Mann–Whitney U test: U=9, z=−2.939; P=0.007; 
Figure IIA in the online-only Data Supplement), and local 
efficiency (Student unpaired t test: t(17)-3.410; P=0.007; 
Figure 4D). These 3 parameters were also highly correlated. 
Transitivity and clustering coefficient rely on the presence of 
triangles (groups of 3 connected brain structures). This reflects 
an increase in the total number of connected triplets, as well as 
the prevalence of clustering in general and an increased abil-
ity of small subnetworks to function when any given node is 
removed. No significant differences were noted for degrees 
or assortativity (Figure IIB and IIC in the online-only Data 
Supplement).

A logistic regression model from the network parameters 
was fitted to the data. The response variable was group classi-
fication, and the covariates were the different network param-
eters. We performed model selection by exploring all possible 
models and chose the 1 with the minimum Akaike Information 
Criterion, which penalizes models with too many parameters. 

A

B

Figure 2. Brain metabolite concentrations in response to hypoperfusion. A, A representative spectrum from the striatum of a hypoper-
fused mouse. B, Metabolite concentrations (mmol/L) from sham and hypoperfused mice (means±SD). Ala indicates alanine; GABA, 
γ-aminobutyric acid; Glc, glucose; Gln, glutamine; Glu, glutamate; GPC, glycerophosphocholine; GSH, glutathione; Ins, myo-inositol; Lac, 
lactate (sham [n=5] and hypoperfused [n=6]); NAA, N-acetylaspartate; PCh, phosphocholine; and Tau, taurine.
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The best model showed that global and local efficiency and 
degrees could accurately classify the 2 groups of mice. Cross 
validation (by removing one animal at a time) showed that 15 
of 19 animals were still correctly classified.

Reactive Gliosis Was Observed in the 
Hippocampus of Some Hypoperfused Mice 
Without Overt Rarefaction of the White Matter
We observed no evidence of white matter rarefaction with 
Luxol blue stain (Figure 5). There was also no evidence of 
increased astrocytic or microglial activity in any of the white 
matter structures. However, there was some reactive gliosis and 
scarring in the hippocampus of 2 of the hypoperfused mice.

Hypoperfusion Reduces Spatial Learning 
in the Water Maze, and Performance Is 
Correlated With Network Analysis Measures
Escape latencies decreased over the testing period 
(Figure 6A, main effect of time F(3.9,80)13.2; P=0.0001), 
and mice travelled decreasing distances to the platform 
(Figure IIIA in the online-only Data Supplement; main 
effect of time F(6,108)16.1; P=0.0001), indicating that 
both groups acquired the paradigm. However, hypoperfused 

mice exhibited slightly longer escape latencies than shams 
(Figure 6A, main effect of group F(1,18)6.6; P=0.01) and 
travelled greater distances to find the platform (main effect 
of group F(1,18)4.7; P=0.04), indicating a reduced rate of 
learning. There were no significant differences in swim 
speeds between groups (Figure 6B, no main effect of time 
F(3.17,57.183)0.709; P=0.558 or group F(1,18)1.049; 
P=0.319), suggesting that motor function was intact. There 
were no significant differences in the time spent in the target 
quadrant during the probe trial (Figure IIIB in the online-
only Data Supplement). Furthermore, overall performance 
across the 7 days in the water maze was correlated with 
several network parameters: degrees, global and local effi-
ciency, and clustering coefficient (Pearson correlation coef-
ficients of 0.052, 0.282, 0.285, and 0.364; P=0.069).

During the first trial in the novel object recognition test, 
discrimination ratios were ≈0.5, indicating that both groups 
explored the 2 objects equally. This occurred both before sur-
gery (0.49±0.03 [sham] and 0.53±0.07 [hypoperfused]) and at 
4-weeks post-surgery (0.55±0.1 [sham] and 0.59±0.1 [hypo-
perfused]). Discrimination ratios increased during the second 
trial (values >0.5=greater novel object exploration), indicat-
ing biased exploration of the novel object (Figure 6C). The 

A

C

B

D

Figure 3. The effects of hypoperfusion on diffusion tensor imaging (DTI) indices. Quantitative fractional anisotropy (FA), mean diffusivity 
(MD), axial diffusivity (AD), and radial diffusivity (RD) maps from 2 representative animals per group (calibration bars correspond to quanti-
tative values). A, FA; (B) MD; (C) AD; and (D) RD (means±SD) in both groups.
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mean discrimination ratio of shams increased at 4 weeks and 
decreased in the hypoperfused group when compared with 
baseline. However, there was no significant effect of time or 
group (Figure 6C; F(1,17)0.0001; P=0.983 and F(1,17)0.5; 
P=0.48, respectively). This might reflect excessive exposure 
over time to the testing environment. For example, discrimina-
tion ratios on the second trial varied widely at 4 weeks (Figure 
6C) because some animals explored very little (1 sham animal 
performed no exploration [data entered as missing]). Indeed, 
overall % time exploring the objects decreased in both groups 
at 4 weeks (5.6±1.4 [sham] and 4.7±1.2 [hypoperfused]) 
when compared with baseline (7.5±1.2 [sham] and 8.2±2.6 
[hypoperfused]). When combined, exploration time was 

significantly lower at 4 weeks (Student paired t test t(19)4.0; 
P=0.001).

Discussion
This study demonstrates that CBF increases with time in 
this mouse model of hypoperfusion, which may be because 
of increases in tortuosity of the Circle of Willis. Although 
no brain atrophy was observed (ventricle:brain ratio), there 
was hippocampal shrinkage in the hypoperfused mice and 
reactive astrogliosis in the hippocampus of 2 mice. This was 
combined with spatial learning impairments in the water 
maze. We did not observe white matter rarefaction in the 
hypoperfused animals with basic histology, though this is 

A

C

B

D

Figure 4. Graph theory revealed micro-
structural network changes in the 
hypoperfused brain. Representative 
reconstructions of the corpus callosum 
from 2 animals in each group. A, Global 
efficiency; (B) modularity, (C) transitivity, 
and (D) local efficiency in both groups.

Figure 5. White matter integrity and 
astrogliosis in the hypoperfused brain. 
Luxol blue, GFAP, and Iba1 stained tissue 
sections from the corpus callosum of a 
representative animal in each group (dot-
ted line outlines the corpus callosum [cc]. 
v indicates ventricles.
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not surprising, because the pathology has been reported to be 
more subtle. The hypoperfused brain had clearly reorganized 
because application of graph theory to structural connectiv-
ity data showed an overall reduction in the ability to subdi-
vide the brain into distinctive groups of highly interconnected 
structures, combined with an increase in connectivity among 
clusters of brain structures. Some network parameters were 

correlated with water maze deficits, and others were excellent 
predictors of outcome.

We reported a decrease in CBF that increases with time that 
was comparable to our previous results,10 as well as findings from 
the article that introduced this model: CBF recovered to within 
10% of presurgical levels by 30 days.3 Similar results have also 
been reported with CBF recovery to 81.7% at 1 month12 and to 
80% as early as 14 days after hypoperfusion.13 All of the previ-
ous studies used 180-μm-diameter microcoils made from piano 
wire. We have found that this material dissolves after implanta-
tion (Figure IV in the online-only Data Supplement) and could 
have explained the CBF recovery reported in these studies. 
However, the present study used a smaller diameter microcoil 
(160 μm) made from nonmagnetic, surgical grade material that 
was recovered at the conclusion of the experiments (Figure IV 
in the online-only Data Supplement), and near recovery of CBF 
was still observed in the hypoperfused group that occurred to a 
lesser extent than when 180 μm coils were used (Figure V in the 
online-only Data Supplement). We observed increases in the tor-
tuosity of the Circle of Willis with angiography that may be par-
tially responsible for the recovery in CBF because this collateral 
structure attempts to compensate. We did not observe an increase 
in Circle of Willis size; therefore, we hesitate to conclude that 
tortuosity equals arteriogenesis, though it is possible this phe-
nomenon is playing a role in the observed CBF increase. We also 
substantially reduced interindividual variation and confirmed no 
changes in sham CBF, by using nonmagnetic microcoils in this 
study. At least when using magnetic resonance imaging, this 
strategy is necessary because the magnetic microcoils made 
from piano wire compromise CBF measurements by interfering 
with the magnetic resonance imaging acquisition.

Spatial working memory impairments have been reported 
in hypoperfused mice in the radial arm maze; animals dis-
played an increase in the number of revisiting errors after 
14,5 and 8 months of hypoperfusion.12 Spatial learning defi-
cits in the water maze had not been previously observed until 
hypoperfusion was extended to 6 months.9 Compared with 
this, we increased the severity of hypoperfusion and thus 
may have achieved deficits sooner. Consistent with the pre-
vailing hypothesis, it is possible that these memory deficits 
are because of white matter damage. However, it is also pos-
sible that the deficits are because of hippocampal damage. We 
observed a nonsignificant decrease in hippocampal size in 
this model, along with reactive astrogliosis in 2 hypoperfused 
mice. This is in line with 1 report that observed this in the 
most severely deprived hemisphere (with 160 μm inner diam-
eter microcoils) when the degree of hypoperfusion was var-
ied.14 Other groups have reported hippocampal damage after 
hypoperfusion.12,15,16 Working memory in the radial arm and 
water maze has a strong spatial component that is particularly 
sensitive to hippocampal damage. We chose the novel object 
recognition task to avoid this as much as possible; this task 
requires intact perirhinal and prefrontal cortices.17,18 There 
was decreased novel object exploration in the hypoperfused 
mice after 4 weeks when compared with baseline, but this 
was not significant. We did observe high variability in overall 
exploration at 4 weeks (compared with baseline) that we think 
is because of mice being overly habituated to the test envi-
ronment; indeed, they spent less time exploring the objects in 

A

B

C

Figure 6. The effects of hypoperfusion on spatial learning and 
short-term recognition memory. A, Escape latency and (B) swim 
speed of both groups during the Morris water maze place task 
(means±SD). C, Discrimination ratio of both groups in the sec-
ond trial of the novel object recognition (NOR) task before and at 
4-wk post-surgery (>0.5 indicates increased exploration of the 
novel object).
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general after the second exposure. In the future, we will avoid 
repeated exposure to this test.

In this experiment, we were unable to detect white mat-
ter change using DTI indices, despite previously reporting 
increases in mean diffusivity, radial diffusivity, and axial dif-
fusivity (but no change in FA) in several brain structures.10 
Another group has shown decreases in FA in the corpus 
callosum and internal capsule of hypoperfused mice after 1 
and 6 months, with no corresponding changes in mean dif-
fusivity.8,9 It is possible that our automated analysis strategy 
may have contributed to the lack of effects. Despite making 
substantial effort to modify the atlas to reflect our DTI data, 
smaller structures, such as the corpus callosum, did not con-
sistently coregister well. Basic histology was also performed 
to look for gross changes in the white matter, and, in sup-
port of the DTI index data, white matter rarefaction was not 
observed. It is likely that the pathology associated with the 
white matter was too subtle to be detected with either DTI 
indices or Luxol blue. Indeed, the white matter rarefaction 
reported in the original studies3,4 has not been replicated by 
ourselves10,15 or others.5,8,9 The latter studies report a more 
subtle pathology that is consistent with hypoxic disruption 
of myelin integrity in the white matter structures. There were 
small accumulations of myelin debris (degraded myelin basic 
protein), and myelin-associated glycoprotein staining took 
on a discontinuous and granular appearance. Another study 
has reported that, although myelin-associated glycoprotein 
protein levels do not change, the granular myelin-associated 
glycoprotein reflects a loss of cellular distribution that is 
likely associated with disruption in axon–glia interactions.19 
One potential limitation of the present study is that the mice 
were trained in 9 hole boxes; though they failed to reach cri-
teria, it is possible that this acted as a form of enrichment 
and protected them against the more severe hypoperfusion 
procedure. Indeed, we have observed a more pronounced 
phenotype when the smaller (160 μm) microcoils were 
implanted into naïve mice.

Graph theory is a popular mathematical technique that mod-
els the complex organization of the brain. It is a novel approach 
for studying structural and functional human brain connectiv-
ity with neuroimaging techniques and is gaining popularity as a 
way to understand the diseased brain.20,21 There are a few recent 
reports that examine connectomes of the intact rodent brain.22,23 
We are among the first to apply this technique to mouse brain 
DTI data and the first to detect changes in the hypoperfused 
brain. Global efficiency is a well-defined measure reflecting 
the potential for functional integration of information.24 It is 
strongly related to the density of connections, and decreases 
are accepted as a marker of network deterioration. A decline 
in global efficiency has predicted the development of demen-
tia in patients with small vessel disease.25 Although we failed 
to observe a group difference in this study, global efficiency 
was extremely reproducible and, along with local efficiency 
and degrees, was successfully able to classify our groups using 
the logistic regression model; therefore, it is a valuable bio-
marker for hypoperfusion. Measures of functional segregation 
refer to the existence of subnetworks composed of structures 
that are heavily interconnected and thus presumed to partici-
pate in specialized functions. Modularity is strongly related to 

the adaptability of a system and was significantly decreased in 
the hypoperfused group. This indicates fewer distinctive sub-
networks. Local efficiency estimates how well a local subnet-
work is connected to any particular structure. Interestingly, we 
observed an increase in local efficiency in the hypoperfused 
group, alongside an increase in clustering coefficient and tran-
sitivity (other measures of connectivity within smaller subnet-
works of 3 regions). Similar increases have been reported in 
patients with small vessel disease, which were negatively cor-
related with cognitive performance, and interpreted as small 
changes in tissue microstructure within particular hubs.26 It is 
possible the results of this study may reflect some degree of 
compensation on the part of the hypoperfused brain: closely 
connected structures increase their connections in response to 
an overall decline in the connections between larger functional 
subnetworks. One limitation of this type of analysis is that it is 
highly dependent on the number and density of connections. 
However, there was no difference in the number of connec-
tions between groups. The lack of atrophy in the hypoperfused 
mice would also suggest that our results are biologically mean-
ingful, despite not being fully explained. It is also possible 
that with a larger sample size, or a greater amount of data as 
this technique becomes more prevalent, we could validate the 
model. The hypertensive rat has been suggested as another ani-
mal model of vascular cognitive impairment because it exhibits 
recognition memory deficits and reduced white matter integ-
rity without overt white matter lesions.27 Graph theory has been 
recently pioneered in the spontaneously hypertensive rat and 
revealed a decrease in global and local efficiency and modu-
larity.28 This suggests an overall decline in functional integra-
tion and segregation in the spontaneously hypertensive rat, as 
opposed to the reorganization of subnetworks we observed in 
the hypoperfused mouse. More studies that use this type of 
analysis are necessary to improve our understanding of how 
the different types of pathologies correlate with network altera-
tions. It should also be cautioned that differences in acquisition 
parameters and postprocessing strategies, particularly tractog-
raphy methods, can produce different results, and this should 
always be carefully considered. It has also been suggested that 
generative network models, such as exponential graph models, 
might be a useful alternative to the descriptive work presented 
here.29

Our strategy to use aged mice and increase the severity 
of hypoperfusion resulted in a more reproducible pheno-
type because subtle behavioral impairments were observed. 
We also successfully identified several novel neuroimaging 
biomarkers for use with this mouse model. Accurate CBF 
imaging can be used to stratify groups of mice, and DTI in 
particular provided several quantitative indices alongside use-
ful network parameters that were accurately able to predict 
outcome.
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