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Endothelin‑1 mediated 
vasoconstriction leads to memory 
impairment and synaptic 
dysfunction
Latha Diwakar1, Ruturaj Gowaikar1, Keerthana Chithanathan1, Barathan Gnanabharathi1, 
Deepika Singh Tomar1 & Vijayalakshmi Ravindranath1,2*

Cerebrovascular lesions seen as white matter hyperintensity in MRI of elderly population caused due 
to micro‑infracts and micro‑bleeds contributes to vascular dementia. Such vascular insult caused 
by impairment in blood flow to specific area in brain involving small vessels can gradually worsen 
the pathology leading to cognitive deficits. In the present study we developed a transient model of 
vaso‑constriction to study the impact of such pathology by bilateral injection of ET‑1 (Endothelin‑1; 
a 21 amino acid vasoconstricting peptide) into lateral ventricles of C57 mice. The impediment in 
cerebral blood flow decreased CD31 expression in endothelial cells lining the blood vessels around the 
hippocampal region, leading to memory deficits after 7 days. Activity dependent protein translation, 
critical for synaptic plasticity was absent in synaptoneurosomes prepared from hippocampal tissue. 
Further, Akt1‑ mTOR signaling cascade was downregulated indicating the possible cause for loss of 
activity dependent protein translation. However, these effects were reversed after 30 days indicating 
the ephemeral nature of deficits following a single vascular insult. Present study demonstrates that 
vasoconstriction leading to memory deficit and decline in activity dependent protein translation in 
hippocampus as a potential molecular mechanism impacting synaptic plasticity.

Dementia is a major public health issue in aging population with increasing life expectancy. It covers a spectrum 
of disorders including Alzheimer’s Disease (AD), Lewy body dementia and Vascular Dementia (VD), among 
others and more o�en vascular component plays a major role in all these conditions. �e accurate diagnosis 
of VD is dependent on neuroimaging, neuropsychological and pathological  con�rmation1. Di�erent types of 
VD are caused by factors in�uencing vascular pathologies in tissues at various anatomical location in the brain. 
Atherosclerotic, micro bleeds and micro-infarcts are some of the vascular insults that cause damage to the brain 
leading to VD, while occurrence of such events in large vessels has acute and severe outcome seen as hemor-
rhagic and ischemic  stroke2.

Vasoconstriction in small vessels could occur periodically over age and this over time contributes to VD. 
In recent years, cerebral small vessel disease (SVD) is being recognized as a major factor leading to cognitive 
impairment seen in  dementia3. Even though there is strong evidence for vascular risk factors as contributors for 
dementia, it is poorly understood. VD may begin as mild cognitive changes due to blockade of small blood vessels 
that worsen gradually as a result of multiple minor infarcts, leading to cumulative damage. Patients with multiple 
micro infarcts as well as repeated occurrence of micro infarcts have high risk of developing  dementia4. White mat-
ter hyperintensities which is caused due to vascular dysfunction during aging correlates with cognitive  de�cits5.

We developed a mouse model of vasoconstriction predominantly in small vessels by intra-cerebroventricular 
(ICV) injection of endothelin-1 (ET-1) into lateral ventricles, bilaterally. ET-1 is a 21 amino acid endogenous 
vasoconstrictor peptide and acts through endothelin receptor A or B, a G protein coupled receptors expressed in 
vascular endothelial  cells6. ET-1 synthesized by endothelial cells and astrocytes, is altered physiologically during 
vascular insults to regulate constriction and reperfusion of vessels in  patients7. Topical administration as well as 
stereotaxic injections of ET-1 into tissue near middle cerebral artery and sub-cortical injections has been used in 
many studies to accomplish long lasting vasoconstriction and gradual  reperfusion8. ET-1 induced vasoconstric-
tion is known to have variability due to response of blood vessels and  distribution9. We tried to overcome this by 
injecting into lateral ventricles allowing it to spread through cerebrospinal �uid. In present study ICV injection of 
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ET-1 into lateral ventricles caused vasoconstriction around hippocampal region as observed by decreased CD31 
(cluster of di�erentiation 31) expression, a marker for endothelial cells lining the blood vessels.

Results
Decreased expression of CD31 after 3 days ET‑1 injection in hippocampal region. Mice were 
injected with Trypan Blue dye according to stereotactic coordinates mentioned in methods (Fig. 1Ai) showed 
the dye spread across the ventricular space (Fig. 1Aii). Nissl staining of mouse brain a�er stereotaxic injection 
shows the needle track clearly leading to the site of injection (Fig. 1Aiii). Immuno�uorescence staining in brain 
sections of C57 mice injected with ET-1 bilaterally into the ventricles showed decreased expression of CD31, a 
marker for vascular endothelial cells a�er 3 days of treatment (Fig. 1B,C) and negative control was done to ensure 
that there was no nonspeci�c staining. �e change in CD31 staining caused by ET-1, was measured in terms of 
the length and number of CD31 positive vessels. �ere was signi�cant decrease in the number and length of 
CD31 positive (Fig. 1D) vessels in ET-1 injected mice compared to vehicle controls. To �nd out whether loss of 
CD31 expression lead to Blood Brain Barrier (BBB) leakage we stained sections from early and late time points 
for blood derived IgG followed by isolectin staining for topography of vessels. It was observed that there was BBB 
leakage a�er 3 days of ET-1 injection. However, there was no IgG detected at 30 days of ET-1treatment indicating 
restoration of BBB (Sup. Fig. 1). Further, ET-1 injection into lateral ventricles did not cause apparent neuronal 
loss in hippocampus as observed by NeuN staining (Sup. Fig. 2).

Vasoconstriction leads to learning and memory deficits 7 days after ET‑1 injection. We evalu-
ated the consequence of reduced blood �ow on learning and memory paradigm in these animals. We trained 
mice on Morris water maze a�er 2 days of injection to assess their spatial memory (Fig. 2A). On day 6 and 7 of 
the Morris water maze trials, ET-1injected mice showed signi�cantly increased escape latency time compared 
to saline treated mice (Fig. 2B). We performed contextual fear conditioning test (cFc) on day 6 a�er ET-1 treat-
ment, mice were given foot shock and the recall in the same context was examined a�er 24 h (Fig. 2C). We 
observed a dramatic decrease in freezing response 7 days a�er ET-1 injection (Fig. 2D) indicating a failure in the 
recall to the context. �e cFc recall de�cit observed in ET-1 injected mice was similar to that seen in 9-month-
old male APP/PS1 (APPswe/PS1ΔE9) mouse model of AD (Suppl. Fig. 3). We performed novel object recogni-
tion test to assess episodic memory, which also represents proper functioning of hippocampal circuitry function 
in ET-1 infused and saline controls. �e ability of mice to recognize novel object verses familiar object during the 
test phase was assessed (Fig. 2E). ET-1 injected mice showed considerable decrease in exploration time with the 
novel object as indicated by discrimination ratio a�er 7 days (Fig. 2F). �us, the tests performed to assess spatial 
and associative memory showed impairment a�er 7 days of ET-1 injection demonstrating the vasoconstriction 
caused by ET-1 is leading to learning and memory de�cits.

�e gait parameters were measured for mice injected unilaterally with ET-1 in le� hemisphere of brain by 
appraising the footprint patterns. �e rear and front paws were inked with nontoxic paint, allowed walk through 
a tunnel with a strip of paper on the �oor. �e resulting foot patterns were assessed quantitatively to 5 measure-
ments for stride length and gait (stance) width. �ere was no change in step length or in gait width compared 
to controls (Sup Fig. 4A and B).

We measured the motor performance ability of mice a�er ET-1 injection on accelerating rotarod for 15 days 
every alternate day a�er 2 days of surgery. �ere was no di�erence in the performance of rotarod between ET-1 
injected and saline on all the days (Sup Fig. 4C). �e mice stayed on the accelerating rotarod for about 150 s 
indicating there was no motor de�cit due to unilateral injection of ET-1.

Activation of microglia and increase in Iba‑1 expression after ET‑1 injection. We performed 
immunostaining for microglial marker Iba-1 (ionized calcium binding adaptor molecule 1) in mouse brain 
hippocampus (Fig. 3A). We observed a signi�cant increase in area of cell body of microglia. �e number of pro-
cesses increased in mice injected with ET-1 compared to saline (Fig. 3B). �e increase in number of processes 
and area of cell body in ET-1 injected mice potentially indicated the phagocytic nature of activated microglia 
a�er 3 days of ET-1 injection. We also considered whether in�ammation persists until 7 days when we saw the 
behavioral de�cits and found signi�cantly increased expression of Iba-1 (Fig. 3C). �ese results demonstrated 
in�ammatory changes following ICV injection of ET-1.

Activity dependent protein translation is curtailed in synaptoneurosomes from hippocampus 
of mice injected with ET‑1. Activity dependent protein translation is important to maintain synaptic plas-
ticity. �erefore, to know the e�ect on behavioral dysfunction in present study we measured activity dependent 
protein translation in synaptoneurosomes isolated from hippocampus of ET-1 injected mice. �e structural 
integrity of synaptoneurosomes was evaluated by electron micrograph before  S35 (Sulphur 35) incorporation 
assay (Fig. 4A). Total protein translation as assessed by  S35 incorporation did not change in the hippocampal 
post-nuclear supernatant (Fig.  4B) indicating that total protein translation was una�ected by ET-1. Activity 
dependent protein translation was assessed by stimulating hippocampal synaptoneurosomes with 50 mM KCl 
(potassium chloride) and measuring newly synthesized protein through incorporation of  S35 methionine.

�ere was increased incorporation of  S35 methionine upon stimulation of hippocampal synaptoneurosomes 
with KCl indicating higher protein translation at the synapse. However,  S35 methionine incorporation was 
unchanged in mice 7 days a�er injection with ET-1 (Fig. 4C) indicating that activity dependent protein transla-
tion is a�ected at the synapse following vasoconstriction. Since activity dependent protein translation is critical 
for synaptic plasticity these changes may be a�ecting learning and memory de�cits seen a�er 7 days of ET-1 
injection.
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Figure 1.  Decreased expression of CD31 a�er 3 days of bilateral ET-1 injection. (A) (i) Shows the site of injection on the atlas 
of Franklin and Paxinos (1997) of mouse brain depicting the location of cerebral ventricles where ET-1 was injected. (ii) �e 
Nissil staining showing the needle track at the site of injection. (iii) �e coronal sections of mouse brain show the dye spread 
from site injection. (B) �e expression of CD31 was decreased a�er 3 days of ET-1 injection in CA1 region of hippocampus 
compared to vehicle control at ×10 magni�cation. �e arrows show pyramidal layer in CA1 region of hippocampus and micro 
vessels. (C) �e images are at 20x magni�cation of ET-1 injected and vehicle control used for quantitation (-ve control is used 
to indicate that there was no nonspeci�c staining). (D) �e graph showing number and length of CD31 positive blood vessels 
at 3 days of ET-1 injection. Values are from three sections of hippocampus of control and ET-1 injected mice expressed as 
Mean ± SD of n = 3 animals with statistical signi�cance.
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Figure 2.  Evaluation of spatial and associative memory de�cits. (A) �e graph shows spatial memory de�cit 
in ET-1 injected mice, on day 3 (visible platform) there is no di�erence between the groups. From day 4–7 
(hidden platform) there was signi�cant di�erence in escape latency suggesting ET-1 treated mice performed less 
compared to controls. (B) �e bar graph indicates escape latency performance a�er 7 days of ET-1 treatment, 
mice took more time to �nd the platform which is expressed as Mean ± SD of n = 6 animals. (C) Representative 
illustration of context fear conditioning test set up. Both the groups were given 0.6 mA shock a�er 6 days of 
ET-1, recall was done a�er 24 h at 7 days of ET-1. (D) �ere was signi�cant decrease in percentage of freezing 
a�er 7 days ET-1 injection. Values are Mean ± SD of n = 10 animals. (E) First panel depicts the illustration of 
novel object recognition task. (F) �e graph indicates defective memory performance in the test phase a�er 
7 days of ET-1 injection expressed as Mean ± SD of discrimination ratio of n = 10 animals.
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Figure 3.  Increased expression of Iba-1 in CA1 showing microglial activation near the ventricles. (A) ET-1 
treatment stimulated microglial activation a�er 3 days around the ventricles. (B) �e graph shows signi�cant 
increase in cell area and number of process in activated microglia of ET-1 treated mice compared to vehicle 
controls (�ree sections from each animal was selected for quanti�cation. n = 3). (C) �e immunoblot showed 
increased expression of Iba-1 protein a�er 7 days of ET-1 treatment in hippocampal lysate. �e bar graph shows 
signi�cant increase in relative expression of Iba-1 in ET-1 treated mice compared to vehicle control (n = 3).
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Akt‑1 and GSK phosphorylation are down regulated during the transient ischemia caused 
by ET‑1 injection. Protein translation is dependent on Akt1-mTOR (RAC-alpha serine/threonine- pro-
tein kinase- mechanistic target of rapamycin) signaling in brain. Studies have shown that this pathway is very 
important in regulating translation and our earlier studies in AD mice have shown that Akt-mTOR pathway 
is critical regulator of activity dependent protein translation at the  synapse10 (Fig. 4D). We examined the Akt-
mTOR signaling cascade in the hippocampal lysate 7 days a�er injection of ET-1 or saline. Akt1 is activated by 
phosphorylation at �r308 (�reonine) and then at Ser473 (Serine). We saw decreased phosphorylation of both 
Akt1 at �r308 and Ser473 in 7 days a�er ET-1 injection (Fig. 5A,B,E,F). �is was in concurrence with changes 

Figure 4.  Local activity-dependent protein translation at the synapse is diminished in ET-1 treated mice. 
(A) Electron micrograph of synaptoneurosomes indicating postsynaptic density and vesicles in presynaptic 
terminal. (B) Protein translation measured as  S35-methionine incorporation in PNS fraction of hippocampus 
was una�ected in control and ET-1 treated mice. (C) Synaptoneurosomes prepared from hippocampus of 
control and ET-1 treated mice were subjected to protein translation a�er KCl stimulation was measured as 
 S35-methionine incorporation. Stimulation of protein translation in synaptoneurosomes in the presence of KCl 
was abolished in ET-1 treated mice a�er 7 day of ET-1 treatment. Data are represented as Mean ± SD (n = 5) and 
values are signi�cantly di�erent from corresponding controls. (D) �e graphical representation shows di�erent 
players involved in Akt-mTOR pathway leading to protein translation.
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Figure 5.  Impairment in Akt1-mToR pathway phosphorylation in hippocampal lysate of bilateral ET-1 injected mice. 
(A) �e levels phosphorylated forms of Akt1 Ser473 was decreased in ET-1 injected mice. However, there was no 
di�erence in total Akt1 form between ET-1 injected and vehicle control. (B) �e graph represents the relative expression 
phospho Ser473 to total Akt1 and values are Mean ± SD, n = 8 animals. (E) Phosphorylation of �r308, which are critical 
for kinase activity was decreased a�er 7 days of ET-1 treatment. (F) Shows the data of relative expression phospho 
�r308 to total Akt1 and values are Mean ± SD, n = 8 animals. (I) Further phosphorylation of GSK was also low a�er 
7 days of ET-1 treatment compared to total GSK. (J) Graph shows the values of Mean ± SD of n = 8 animals, values are 
signi�cantly di�erent from corresponding controls. (C) �ere was decrease in levels of phosphorylated mTOR2448 in 
ET-1 treated mice. (D) �e graph represents relative expression phosphomTOR to total mTOR, values are Mean ± SD of 
n = 8 animals. (G) �e downstream molecule of mTOR, pS6K at �r389 was low in hippocampal lysate of bilateral ET-1 
injected mice a�er 7 days of ET-1. (H) �e data shows signi�cant decrease between ET-1 treated and vehicle control. (K) 
�e blot showed decreased expression of p4EBP at �r46/47 a�er 7 days of ET-1 treatment. (L) �e graph represents 
signi�cant di�erence in relative expression of p4EBP to total 4EBP in ET-1 treated mice a�er 7 days.
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of behavioral de�cit and decrease in activity dependent translation at the synapse 7 days a�er ET-1 treatment. 
Further we also observed consequent decrease in pGSK (phosphorylated glycogen synthase kinase), which is 
downstream of pAkt 7  days a�er ET-1 injection (Fig.  5I,J). Phosphorylated Akt1 indirectly activates mTOR 
by phosphorylating TSC1/2 (tuberous sclerosis protein complex 1/2) complex, which is a negative regulator of 
mTOR there by activating the pathway to phosphorylate 4EBP1 (eukaryotic initiation factor 4E- binding pro-
tein-1) at �r46/47, S6K (p70 Ribosomal S6 kinase) at �r389 both are important in initiating protein transla-
tion downstream (Fig. 4D). �e pmTOR (Ser2448) levels were decreased in hippocampal lysate a�er 7 days of 
ET-1 (Fig. 5C,D). Further, we observed that there was simultaneous decrease in downstream e�ector molecules 
pS6K (Fig. 5G,H) and p4EBP1 (Fig. 5K,L). mTOR phosphorylation is also known to cause energy de�ciency 
leading to  autophagy11, however in our studies we did not observe any changes in LC3b I/II ratio (Sup. Figure 5). 
�ese results demonstrate that Akt1-mTOR signaling pathway, which is important in maintaining protein trans-
lation particularly at the synapse is downregulated thus impeding synaptic plasticity.

Memory impairment and synaptic function caused by a single dose of ET‑1 is reversed in 
30 days. No behavioral de�cits were observed 30 days a�er ET-1 thus indicating that the learning and mem-
ory de�cits observed at 7 days following small vessel vasoconstriction were reversed completely. �is reversal 
was seen in novel object recognition test a�er 30 days ET-1 (Sup Fig. 6A) and recall a�er contextual fear condi-
tioning (Sup Fig. 6B). Immunostaining done for CD31 expression in sections from the above set of mice showed 
no di�erence in number and length of CD31 positive vessels between saline and ET-1 (Sup Fig. 6C and D). BBB 
leakage was not seen a�er 30 days of ET-1 injection in concordance with reversal of behavioral de�cits (Sup. 
Fig. 1). Further, activity dependent protein translation in hippocampal synaptoneurosomes from mice treated 
with ET-1 for 30 days was similar to vehicle controls (Sup Fig. 6E). �ese results indicate that vascular homeosta-
sis is reestablished within 30 days a�er ET-1treatment restored Akt-mTOR signaling players Akt-1 (Sup Fig. 7 A, 
B, E & F), GSK (Sup Fig. 7 I & J), mTOR (Sup Fig. 7 C & D) and downstream molecules like S6K as well as 4EBP1 
leading to reversal of the memory de�cits (Sup Fig. 7 G, H, K & L). �e microglial activation was also reversed 
by 30 days of ET-1 treatment (Sup Fig. 8 A, B & C).

Discussion
We have developed a mouse model of vasoconstriction involving predominantly small vessels using a single, 
bilateral injection of ET-1 into the lateral ventricles, which decreased CD31 (a marker for endothelial cells) levels 
in the small vessels around the hippocampal region (Fig. 1B). �is leads to spatial and associative memory de�cits 
but no motor dysfunction. Activity dependent protein translation at the synapse is essential for synaptic plasticity 
and this was compromised in the hippocampus 7 days a�er ET-1 treatment when memory de�cits were seen. 
Akt-mTOR pathway, which is critical for activity dependent protein translation was downregulated. However, 
these de�cits reversed 30 days a�er ET-1 injection indicating that the damage caused by vasoconstriction was 
repaired with abrogation of behavioral de�cits and restoration of integrity of BBB, activity dependent protein 
translation and Akt-mTOR signaling.

ET-1 is an endogenously secreted vasoconstricting peptide with considerable long-lasting action for  days12. 
Earlier reports have shown that direct injection of ET-1 into the brain (sub-cortical, intracortical or hippocam-
pal) produces expected behavioral de�cits that last up to few days. In this study, we have attempted to generate 
a model of vasoconstriction akin to that seen a�er a single transient ischemic attack, wherein behavioral and 
biochemical de�cits are observed initially but are completely reversed a�er 30 days.

ET-1 injection (2 µg) directly into rat brain tissue (cortex, striatum and hippocampus etc.) produces irrevers-
ible, focal lesion resulting in permanent behavioral de�cits in locomotion and or memory depending on site of 
 injection13–15. Intracerebral injection of lower doses of ET-1 (0.5–1 μg) into mouse brain cortex produces infarct 
induced lesion that are largely resolved by 3  days16. Intraventricular injection of ET-1 (9 pmol) in rats has shown 
metabolic stimulation, however there was no ischemic e�ect on neurons or  glia17. In present study we injected 
ET-1 (2 µg per hemisphere, that is 4 µg in total per mouse) into the lateral ventricles, which is much higher dose 
considering the body weight of mouse is 25 gm vs 250gm, the average body weight of rat. Earlier studies have 
reported that injecting higher doses of ET-1 (4 µg/ mouse) into the cortex results in  mortality18. However, in 
present study since ET-1 was injected into the ventricles its concentration was presumably diluted as it di�used 
into the surrounding brain tissue including hippocampus. CSF (cerebrospinal �uid) subsequently �ows through 
the ventricular system of the brain, which consists of the two lateral ventricles and the third ventricle, which 
�nally connects to the subarachnoid space. CSF is mainly secreted by specialized vascular structures, the choroid 
plexuses in the  ventricle19,20. It has been shown that active transport can be bi-directional over the epithelial cells 
of the choroid  plexus21. �e direction of �ow, the anatomical structures involved, and the driving forces that 
are involved in interstitial �uid and CSF �ow is  controversial22,23. �us, ET-1 injection into ventricles could also 
have e�ect on CSF �ow and choroid plexuses and this needs to be investigated further. �us, our mouse model 
of vasoconstriction enabled us to deliver su�cient dose of ET-1 to bring about adequate vasoconstriction in 
brain regions while there was no lethality.

We then explored the molecular mechanisms that could underly the behavioral de�cits seen in mice expose 
to ET-1. Synaptic plasticity is an important attribute for learning and memory and activity dependent protein 
translation at the synapse is essential for synaptic plasticity. We therefore assayed incorporation of  S35 methionine 
in synaptoneurosomes from hippocampus (7 days post ET-1) a�er they were stimulated by 50 mM KCl. While 
 S35 methionine incorporation increased signi�cantly in vehicle injected mice upon stimulation with KCl this 
was not observed in ET-1 treated mice indicating that activity dependent protein translation was non-existent 
following ET-1 treatment.
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We observed ET-1 induced vasoconstriction downregulated both the phosphorylated forms of Akt1 (Ser473 
and �r308) in hippocampal lysate leading to compromised protein translation in the synaptoneurosomes. 
Moreover, there was loss of pmTOR and its downstream substrates, pS6k and p4EBP1 in hippocampal lysate of 
ET-1 injected mice at 7 days (Fig. 5). Earlier studies from our lab have shown that activity dependent protein 
translation is absent in synaptoneurosomes because of loss of Akt1 kinase activity leading to downregulation 
in Akt-mTOR pathway in very early (1-month-old) in AD mouse model (APP/PS1)10. Studies on amyloid-β 
peptide (Aβ) interaction with the vasculature have shown that ET-1 mediates oxidative stress through the recep-
tor for advanced glycosylation end products (RAGE), leading to reduction in blood �ow in AD  mice24. Further 
these Aβ-induced perturbations in cerebral vessels, neurons, and microglia in AD can be e�ectively controlled 
by RAGE  blocker25. �us, it would be important to study the importance of ET-1 induced vasoconstriction in 
presence of Aβ.

Our results indicate for the �rst time the commonality between vasoconstriction in brain and early AD in 
downstream pathways that drive the behavioral abnormalities. However, unlike in AD both the behavioral and 
molecular perturbations were reversed by 30 days a�er single injection of ET-1 indicating that these phenomena 
are reversible much like that seen in patients with transient ischemic insults.

Studies have shown that in neurodegenerative disorders including AD patients, show microvasculature dys-
function and defective  BBB26. Microvascular defects are known to diminish the blood �ow causing hindrance 
in clearing toxic molecules from brain leading to their accumulation, which is observed in conditions like cer-
ebral amyloid angiopathy. �erefore, in addition to brain endothelium, vascular smooth muscle cells, pericytes, 
astrocytes and activated microglia are important in cerebral vascular  function27,28.

More recently the important role of pericyte in regulating vasculature specially during regeneration has been 
described. �is is considered to occur through pleiotrophin, which is secreted by the  pericytes29. In the present 
study we have observed the regeneration of vessels and restoration of the behavior and molecular dysregulation. 
It is yet to be determined if pericytes, through secretion of the trophic factor, pleiotrophin play a role in the 
regenerative process. It is important to understand the molecular under pinning of regeneration of vessels since 
it o�ers potential therapeutic avenues for people with vascular dysfunction (infract and micro bleeds) seen as 
white matter hyperintensities in MRI.

Vascular dementia contributes majorly to the total dementia burden and is usually caused by cerebrovascular 
events involving small  vessels30. �e molecular etiology of such vasoconstriction needs to be understood better. 
In this study we have developed a reversible model of small vessel vasoconstriction that presents the dementia 
phenotype for a short period (7 days) and is reversed 30 days. �is model gives us an opportunity to identify the 
molecular underpinnings that lead to vascular dementia phenotype, which we have determined as loss of activity 
dependent protein translation and downregulation of Akt-mTOR pathway thus demonstrating the similarities 
in early molecular events between vascular dementia and early AD.

Materials and methods
Animals. C57BL/6 mice used in all the experiments were maintained in central animal facility, Indian Insti-
tute of Science in controlled light and temperature. Mice were maintained in 12-h dark and light cycle, had 
access to food pellets and ad libitum. Only male mice aged 3.5–4.5 months of age (25–30 g) were used in the 
study. E�orts were made to minimize the number of animals used and ensure minimal su�erings. All the animal 
experiments were designed and followed according to Committee for the Purpose of Control and Supervision of 
Experiments on Animals (CPCSEA), Government of India, which is in compliance with the ARRIVE guidelines. 
Institutional animal ethics approval from Indian Institute of Science, Bengaluru, India was obtained for all the 
animal experimentation (CAF/Ethics/528/2016).

Materials. Primary antibodies against pAkt1 (Ser473, �r308), Akt1, pGSK3β (Ser9), p mTOR (Ser2448), 
mTOR, pS6K (�r389), S6K, p4EBP1 (�r46/47), 4EBP1 and LC3b I/II were purchased from Cell Signaling 
Technologies, Denvers, MA, USA. Anti-CD31 anti-Iba-1, anti-Abeta and anti NeuN antibodies are from Abcam, 
and anti-β-tubulin antibody was from Sigma, St. Louis, MO, USA. Tetramethylbenzidine (TMB) substrate kit 
and secondary antibodies; anti-rabbit and anti-mouse conjugated with horse-radish peroxidase (HRP) were pur-
chased from Vector Laboratories, Burlingame, CA, USA. Endothelin-1 was purchased from Millipore. Isolectin 
dye was purchased from Life science technologies. All other chemicals and reagents used were of analytical grade 
and obtained from either Sigma-Aldrich or Merck.

Vasoconstriction induced by ET‑1. Animals were anesthetized with ketamine and xylazine (4:1), posi-
tioned on a stereotaxic frame (Stoelting Co., Wood Dale, IL, USA). We injected ET-1 bilaterally into the ventri-
cles at following coordinates, 0.02 mm anterior, 1.0 mm lateral of bregma on either side and 0.22 mm in depth. 
We infused 2 µg ET-1 in 2 µl on each side over 20 min and the needle was withdrawn a�er 5 min of injection 
to prevent the back�ow. In some experiments (for gait and rotarod test) animals were injected only on one side 
(le�) to test the e�ect of ET-1 injection on motor function. Control animals were injected with saline at same 
�ow rate and time. Animals were maintained at 37.0 ± 0.5 °C with a heating pad throughout the experimental 
and recovery periods.

Brain sectioning and Immunohistochemistry. A�er 3 days of ET-1 injection mice were anesthetized, 
perfused transcardially with PBS followed by 4% paraformaldehyde (w/v). Brains were dissected out, post �xed 
in 4% paraformaldehyde (w/v) overnight and transferred to 30% sucrose (w/v) in PBS. Cryosections of 20 µm 
were cut and immunohistochemistry was performed according to established protocol using anti CD31 (Abcam) 
or anti Iba-1 antibody (Wako chemicals, Richmond, VA, USA)31. We selected sections from dorsal, middle and 
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ventral hippocampus for quantitation, which was done in a double-blind manner. Stained brain sections were 
imaged in �uorescence or bright �eld microscope, as appropriate. �e CD31 expression of blood vessels were 
captured in two �elds on either side of the ventricles under 20 × objective from three sections of hippocampus 
from rostral to caudal per mouse. Image J so�ware was used to count the numbers and length of CD31 positive 
blood vessels. Quanti�cation was averaged and expressed as number or length of CD31 positive vessels per sec-
tion.

Similarly, we took higher magni�cation images (40x) in all the three hippocampal sections from dorsal, 
middle, and ventral regions of mice injected with ET-1 and saline. Further, we quanti�ed the cell volume and 
number of processes in microglia to show the activation using Neuroleucida so�ware. Hippocampal sections 
were incubated with mouse IgG followed by Isolectin to check for Blood brain barrier  leakage29,32 and with neuN 
antibody to check for neuronal lss or with Aβ antibody for plaques according to earlier  protocols31,33. �e sections 
were imaged under �uorescence or bright �eld microcopy.

Behavioral parameters. �e animals were randomized a�er treatment and all tests were conducted by 
an experimenter blinded to the treatment. All animals were handled for 3 days prior to testing to avoid stress.

Morris water maze. Spatial memory was assessed using Morris water maze test in saline and ET-1 injected 
mice (10 mice per group) by standard hidden platform  training34. �e mice were subjected to spatial task a�er 
2 days of injection. A circular pool (1.1 m diameter) was �lled with water (kept at 19 ± 1 °C), and a transparent 
platform (15 cm in diameter) was placed in one quadrant of the pool. �e water was made cloudy with nontoxic 
tempera paint, and the room was lit optimally with visuospatial cues on the curtain covering the pool. �e test 
was performed over 7 days and consisted of cued task with visible platform at day 1, in which the platform was 
kept 1 cm above the water level. �e mice were le� to swim from all the four quadrant and underwent four tri-
als of 60 s each to �nd the platform. If the mice fail to reach the platform by 60 s, they were guided and allowed 
to stay on platform for 15 s. From second day platform was submerged 1 cm below the water surface and mice 
were subjected to 4 trials as above to �nd the platform. �e behavior was recorded on video camera and latency 
period was calculated manually. �e animals were allowed to dry under a heat lamp a�er each trial to avoid 
hypothermia, and all experiments were started at the same time each day.

Contextual fear conditioning test. Animals were single housed a�er stereotaxic injection (no injection in case 
of APP/PS1 mice) and handled for 3 min three days before the experiment. �e experiment was performed in a 
standard soundproof chamber with stainless-steel grid �oor connected to solid state scrambler. �e scrambler is 
connected to electronic shocker controlled through computer program (Coulbourn instruments, PA, USA). A 
digital camera is �xed on top to record the behavior videos. Animals could explore square contextual fear con-
ditioning (cFC) training context for 1 min and then received 3-foot shocks (0.6 mA at 30 s interval) a�er 6 days 
or 29 days of ET-1 injection. �e square training context was cleaned with 70% alcohol (vol/vol) between each 
session with the animals. Contextual fear memory to the training context was assessed a�er 24 h of fear condi-
tioning by bringing the animals to same chamber. �e fear memory was evaluated by scoring freezing behavior 
expect for respiration.

Novel object recognition test. Object recognition paradigm was used to examine episodic-like memory perse. 
�e animals were handled for 3 min for 3 days before the task and kept in testing room 1 h before to avoid stress. 
�e open �eld consisting of circular container with diameter 60 cm and depth of 28 cm, animals were allowed 
explore the context for 5 min one day before sample phase. In sample phase, two identical objects were pre-
sented, and animals could explore for 10 min. In test phase, one object was the same while the other object was 
novel, and animals explored for 10 min. �e test was performed a�er 5–7 days or 27–30 days of ET-1 injection. 
�e results are expressed as discrimination ratio of time for novel object verses familiar  object35.

Gait analysis. Animals injected with ET-1 unilaterally in le� side of hemisphere were subjected to gait anal-
ysis. �e animal’s footprints were taken a day before surgery and every alternate day for 15 days a�er 2 days of 
ET-1injection according earlier literature with little  modi�cation36. �e hind and front feet were coated with 
nontoxic paint, animals were allowed to walk through a dark 50 cm-long, 9 cm-wide, 10 cm-high tunnel. �en 
the footprint patterns made on the paper lining the �oor of the tunnel were joined with pencil and distance were 
measured for each step length of forward movement. Average distance for each foot was calculated considering 
�ve steps for each animal. To measure gait width, average lateral distance between opposite le� and right steps of 
front and hind feet was determined by measuring the perpendicular distance of a given step to a line connecting 
to its opposite preceding and succeeding steps.

Accelerating rotating rod test. �e rotating rod apparatus was used to measure the ability of mice to 
improve motor skill performance with training. Mice were trained for three consecutive days, each session of 
three trials with a gap of 15 min between each trial to avoid fatigue and exhaustion. Mice were placed on the 
rod for three trials per day for alternate days a�er 2 days of single dose of unilateral ET-1 injection and trial was 
done for span of 15 days. Each trial lasted a maximum of 150 s, during which time the rotating rod underwent 
a linear acceleration from 5 to 25 rpm with each step lasting for 30 s for total of 150 s. Animals were scored for 
their latency to fall (in seconds) for each trial. If the animal did not fall, then criterion for 150 s was recorded. 
�e average of three trials in each session was calculated for each animal and results were analyzed statistically 
compared to controls.
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Activity dependent protein translation assay. Synaptoneurosomes from mouse hippocampal tis-
sues were prepared according to earlier  protocol10,37. Tissue was homogenized in translation bu�er consisting 
118 mM NaCl (Sodium Chloride), 4.7 mM KCl, 1.2 mM  MgSO4 (Magnesium Sulfate), 2.5 mM  CaCl2 (Calcium 
Chloride), 1.53 mM  KH2PO4 (Potassium dihydrogen phosphate), 212.7 mM glucose and 1 mM 1,4-dithiothrei-
tol (DTT) (pH7.4) with protease and phosphatase inhibitors, 200 µg/ml chloromphenicol and 30 U/ml RNAse 
inhibitor. Homogenate was �ltered sequentially through two 100 µm and one 10 µm membrane �lters (Milli-
pore). �e �ltrate obtained was then centrifuged at 1500g at 4 °C for 10 min, the pellet containing synaptoneuro-
somes was resuspended in translation bu�er. Synaptoneurosomes was stimulated by incubating with 50 mM KCl 
at 37 °C for 15 min in presence of 50 µCi  S35-L-methionine. Unstimulted synaptoneurosomes were incubated 
with just 50 µCi  S35-L-methionine. �e samples were precipitated with equal volume of ice cold 10% (w/v) TCA. 
�e pellets were washed with ice cold 5% (w/v) TCA extensively followed by ice cold methanol until there was no 
detectable radioactivity in the washed solution. �e washed pellets were resuspended in 0.1 N NaOH (Sodium 
Hydroxide) for counting in liquid scintillation.

Electron microscopy for synaptoneurosomes. Synaptoneurosomes, prepared according to above 
mentioned protocol were examined using transmission electron microscopy. Synaptoneurosomes were �xed in 
3% glutaraldehyde (v/v) and stored at 4 °C for 24 h. Sample was subsequently washed with phosphate bu�ered 
saline (10 mM, pH 7.4, PBS) and �xed in 1% osmium tetroxide for 90 min. Further dehydration was done with 
di�erent grades of alcohol and propylene oxide. �e sample was impregnated with 1:1 ratio of propylene oxide: 
araldite resin, which was increased up to 1:3 ratio followed by pure araldite resin for 3 h. Finally, the samples 
were embedded in �at mould and kept at 60 °C for 48 h for polymerization. Sections were taken on a Leica 
ultamicrotome and transferred on to copper grid. Characterization of the ultrastructure of the synaptoneuro-
somes was performed using the transmission electron microscope (Tecanai, USA)38.

Immunoblotting. Animals were sacri�ced a�er 7 days or 30 days of ET-1 injections, brains were removed 
hippocampus was dissected out and �ash frozen in liquid nitrogen. �e tissue was homogenized in 0.1 M potas-
sium phosphate bu�er (pH 7.4) containing 0.25 M sucrose, protease inhibitor mixture and phosphatase inhibi-
tors. �e brain homogenate was centrifuged at 1000×g for 10 min to obtain post nuclear supernatant. �e protein 
concentration was measured by dye binding method using kit from �ermo scienti�c. �e postnuclear frac-
tion was resolved on 8–12% SDS/PAGE and transferred onto PVDF membrane. �e membranes were probed 
with following primary antibodies to Iba-1, pAkt1 (Ser473, �r308), Akt1, pGSK3β (Ser9), pmTOR (Ser2448), 
mTOR, pS6K (�r389), S6K, p4EBP1 (�r46/47) 4EBP1and LC3b I/II. Blots were normalized to β-tubulin. �e 
bands were detected using chemiluminesence detection system (Bio-Rad Chemidoc-XRS) and analyzed with 
Imagelab so�ware (Bio-Rad).

Statistics. �e data is expressed as mean ± standard deviation. �e di�erence in mean is determined by 
analyzing two groups with two tailed parametric t-test assuming Gaussian distribution, p < 0.05 was considered 
as signi�cant in all the analysis.
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