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Abstract

Neurovascular defects are one of the most common alterations in Alzheimer’s disease (AD) 

pathogenesis, but whether these deficits develop before the onset of amyloid beta (Aβ) 

accumulation remains to be determined. Using in vivo optical imaging in freely moving mice, 

we explored activity-induced hippocampal microvascular blood flow dynamics in AppSAA knock-

in and J20 mouse models of AD at early stages of disease progression. We found that prior 

to the onset of Aβ accumulation, there was a pathologically elevated blood flow response to 

context exploration, termed functional hyperemia. After the onset of Aβ accumulation, this context 

exploration–induced hyperemia declined rapidly relative to that in control mice. Using in vivo 
electrophysiology recordings to explore the neural circuit mechanism underlying this blood flow 

alteration, we found that hippocampal interneurons before the onset of Aβ accumulation were 

hyperactive during context exploration. Chemogenetic tests suggest that hyperactive activation 

of inhibitory neurons accounted for the elevated functional hyperemia. The suppression of 

nitric oxide (NO) produced from hippocampal interneurons in young AD mice decreased the 

accumulation of Aβ. Together, these findings reveal that neurovascular coupling is aberrantly 

elevated before Aβ deposition, and this hyperactive functional hyperemia declines rapidly upon 

Aβ accumulation.
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Introduction

Functional hyperemia, also known as neurovascular coupling, refers to a local increase in 

blood flow by the dilation of blood vessels in response to increased metabolic activity in 

a brain area(1, 2). It is a critical brain function that maintains brain metabolic homeostasis 

by delivering oxygen and glucose to the brain as well as clearing the brain of toxic waste 

and metabolic byproducts such as amyloid-β (Aβ) peptide, lactate, and carbon dioxide(1). 

Studies in Alzheimer’s disease (AD) patients using functional magnetic resonance imaging 

(fMRI) show impairments in functional hyperemia due to a loss of medial temporal lobe and 

hippocampus activation(3–5). A multifactorial data-driven analysis of various neuroimaging 

techniques in late-onset AD patients demonstrates that vascular dysfunction is a crucial 

pathological event during the early stages of disease development(6). Furthermore, vascular 

risk factors including blood-brain barrier disruption, genetics, hypertension, heart disease, 

and diabetes as well as stroke may contribute to the development of AD pathology(7–

9). Although these studies suggest that vascular dynamics play an essential role in the 

progression of AD symptoms, the function of vascular dynamics before the onset of Aβ 
accumulation remains to be determined.

Cardiac rhythm activity is generally considered to be the driving force of systemic 

hemodynamics. However, accumulating evidence reveals that cerebrovascular dynamics, 

such as blood flow velocity, are regulated by neuronal circuit activity(1, 2). The use 

of fMRI and Doppler fluxmetry to analyze functional hyperemia and cerebral blood 

flow reveals a decline in brain activity-induced hyperemia of cerebral vessels with aging 

and AD(10–20). These emerging findings raise the question of whether neuronal activity-

induced microvascular dynamics are altered prior to Aβ accumulation and contribute to AD 

pathogenesis.

Mechanistic studies of neuronal activity-induced microvascular dynamics suggest that both 

excitatory and inhibitory neurons are involved in regulating functional hyperemia(2, 21–26). 

In a recent study, we found that context exploration–induced activation of hippocampal 

inhibitory neurons in mice leads to functional hyperemia in the dentate gyrus (DG)(26). 

Moreover, this increased blood flow is at least partially due to elevated production of 

NO by inhibitory neurons(26). Interestingly, aberrant neuronal network activity, such as 

impairments in interneurons, is commonly reported to account for cognitive deficits in AD 

patients and mouse models(27–35). These studies lead to the question of whether there are 

alterations in interneuron activity prior to AD diagnosis that might further affect functional 

hyperemia.

In this study, we analyzed functional hyperemia in the hippocampus of AppSAA knock-

in (AppKI) and J20 AD mouse models before and after the onset of AD pathogenesis 

and explored the underlying neural circuit mechanisms. Using in vivo optical imaging, 

we analyzed hippocampal microvascular blood flow dynamics in young and old AD 

mouse models. We found that before Aβ accumulation, there was aberrantly prolonged 

functional hyperemia in response to novel context exploration relative to age-matched 

control mice. In vivo electrophysiology recordings of hippocampal neuronal activity during 
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context exploration revealed continuously elevated activation of interneurons prior to Aβ 
accumulation. Chemogenetic activation of inhibitory neurons was sufficient to induce 

hyperemia, which was suppressed by inhibition of NO production. This suggests that 

hyperactive inhibitory neuronal activation accounts for increased functional hyperemia 

prior to Aβ accumulation in AD mice. Importantly, inhibiting neurovascular coupling by 

suppressing NO production decreased the burden of Aβ accumulation, shedding light on the 

physiological significance of aberrantly prolonged functional hyperemia.

Results

Aberrantly prolonged functional hyperemia in the hippocampus of 3-month-old AppKI 
mice induced by context exploration

Dysfunctional vascular dynamics have recently been considered a key cause of brain 

degeneration(8, 36). In contrast to studies of impairments in functional hyperemia after 

disease diagnosis, impairments prior to diagnosis remain largely unexplored. In this study, 

we used AD mouse models to analyze functional hyperemia in the hippocampus before and 

after the onset of AD pathogenesis and explored the underlying neural circuit mechanisms.

Pathological hallmarks of AD include the presence of Aβ plaques and neurofibrillary 

tangles(37). We first analyzed the timeline and distribution of Aβ accumulation in the 

hippocampus of AppKI mice(38) at 2, 3, 4, 5, 6, and 9 months of age. We observed incipient 

Aβ accumulation in the hippocampus starting at 4 months of age followed by a sharp 

increase in Aβ pathology (Fig. 1A, B), consistent with previous findings in this and other 

AppKI mouse lines(38, 39). We then quantified Aβ accumulation in each subfield of the 

hippocampus, including the DG, Cornu Ammonis 1 (CA1), and CA2/CA3. All subfields 

progressively showed age-dependent accumulation of Aβ starting at 4 months of age (Fig. 

1B). We further analyzed Aβ accumulation in individual laminae of the DG. Although there 

was no detectable Aβ signal at 3 months of age, there was strong Aβ accumulation in all 

laminae by 6 months of age (Fig. 1C).

To directly analyze functional hyperemia in the hippocampus of AD mice, we used an 

in vivo recording paradigm with optical methods as previously described(26) (Fig. 2A). 

Briefly, we injected an adeno-associated virus (AAV) expressing green fluorescent protein 

(GFP) into the DG of adult mice, followed by implantation of a gradient refractive index 

(GRIN) lens. Three weeks later, we captured fluorescent images of the DG with an Inscopix 

miniature microscope. Using the contrast of optical signals between red blood cells (RBCs) 

and plasma, we obtained direct measurements of blood flow by analyzing the movement of 

plasma through a given microvessel (Fig. 2B, top). The slope of the movement of plasma 

(pixels/time) was measured as an index of blood flow velocity (Fig. 2B, bottom).

Before analyzing activity-induced hyperemia in AD mice, we measured context exploration–

induced microvascular blood flow velocity in 3-month-old wild-type (WT) mice. We first 

recorded from mice for 10 min in their home cage (HC) containing only bedding to establish 

baseline blood flow velocity. We then performed recordings in an enriched environment 

(EE) cage containing 5–6 objects to promote context exploration for 70 min. We performed 

1-min recordings every 3 min during baseline followed by a 10-min continuous recording. 
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After the first 10 min, we recorded 1 min every 10 min to avoid possible photobleaching. 

The following day, recordings were made while mice were in their HC for the first 10 

min to establish a baseline and then 70 min still in their HC as a control. We observed 

a robust increase in blood flow velocity during the first 10 min of EE exploration, which 

returned to baseline levels within 40 min (Fig. 2C, left), consistent with our previous 

report(26). We next examined the context exploration–induced elevation of microvascular 

blood flow velocity in 3-month-old AppKI mice, which lacked detectable Aβ accumulation. 

Using the same viral infusion, lens implantation, and recording procedures, we observed 

elevated flow velocity in the first 10 min (Fig. 2C, right), similar to that observed in WT 

mice. Surprisingly, in 3-month-old AppKI mice, the EE-induced increase in flow velocity 

remained elevated after 1 h (Fig. 2C, right), indicative of aberrantly prolonged functional 

hyperemia.

To examine whether this aberrantly prolonged activation of functional hyperemia in response 

to EE also occurs in other AD mouse lines, we measured microvascular flow velocity under 

EE in the J20 mouse model(40), which does not have detectable Aβ plaque accumulation 

until 4–5 months of age(41, 42). Consistent with our findings in 3-month-old AppKI mice, 

we observed aberrantly prolonged hyperemia in response to EE in 3-month-old J20 mice 

(Supple. Fig. 1A, left). To further analyze the EE-induced increase in blood flow velocity 

in WT, AppKI, and J20 mice, we quantified the average fold change of blood flow velocity 

during 1–10 min, 20–40 min, and 60–70 min of EE. There were comparable EE-induced 

elevations of functional hyperemia during 1–10 min in all three groups (Fig. 2D). However, 

elevations during 20–40 min and 60–70 min were observed in AppKI and J20 mice but not 

WT mice (Fig. 2E, F). To exclude the possibility that the change in functional hyperemia 

was due to altered exploration activity, we analyzed the traveling distance of mice. There 

were no detectable differences in traveling distance among WT, AppKI, and J20 mice under 

HC or EE conditions (Supple. Fig. 2A–E).

Accelerated decline of context exploration–induced hyperemia in aging AppKI mice

Brain activity-induced hyperemia is reduced in AD patients(43–45). Thus, the finding that 

AD mice showed aberrantly prolonged EE-induced hyperemia prior to Aβ accumulation led 

us to examine functional hyperemia in these mice after the onset of detectable accumulation 

of Aβ.

We first assessed functional hyperemia during healthy aging in 6- and 9-month-old WT 

mice. The EE-induced alteration of blood flow velocity during the first 40 min remained 

elevated in 6-month-old WT mice (Fig. 3A, left), similar to that observed at 3 months of age. 

However, in 9-month-old WT mice, blood flow velocity fell back to baseline levels within 

10 min (Fig. 3A, right). We next examined EE-induced hyperemia in 6- and 9-month-old 

AppKI mice. 6-month-old AppKI mice showed a return of blood flow velocity to baseline 

levels within 10 min (Fig. 3B, left). EE-induced functional hyperemia was barely detectable 

in 9-month-old AppKI mice (Fig. 3B, right).

To statistically compare the reductions in EE-induced hyperemia during aging between WT 

and AppKI mice, we measured the amplitudes of EE-induced hyperemia during 1–10 min 

and 20–70 min of EE. 3-month-old WT mice had a higher increase in blood flow velocity 
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than 6- and 9-month-old WT mice during 1– 10 min, with no sharp decrease between 6- and 

9-month-old mice (Fig. 3C). However, the amplitudes of functional hyperemia during 20–70 

min of EE were similar between 3- and 6-month-old mice and were lower in 9-month-old 

mice, which showed no increase in blood flow velocity during this period (Fig. 3D). These 

observations indicate a progressive decline in brain activity-induced hyperemia in aging 

WT mice (Fig. 3C, D). In aging AppKI mice, EE-induced hyperemia declined substantially 

during the first 10 min of EE (Fig. 3E). An elevation of EE-induced hyperemia between 20–

70 min was observed in 3-month-old AppKI mice (Fig. 3F) but not in 6- and 9-month-old 

AppKI mice. The traveling distance of these mice was comparable in both HC and EE 

conditions (Supple. Fig. 2A, B; Supple. Fig. 3A–H). To further determine whether this effect 

is specific to certain transgenic mice, we analyzed EE-induced hyperemia in 6-month-old 

J20 mice. Similar to that observed in 6-month-old AppKI mice, the EE-induced elevation 

of blood flow velocity returned to baseline levels within 20 min in 6-month-old J20 mice 

(Supple. Fig. 1A, right).

Taken together, these findings reveal that prior to detectable Aβ accumulation, context 

exploration induced aberrantly prolonged functional hyperemia in the hippocampus of 

AppKI mice. Importantly, compared with WT mice, aging AD mice showed accelerated 

decline of context exploration–induced hyperemia as Aβ accumulated.

Chemogenetic activation of hippocampal inhibitory neurons induced similar hyperemia in 
3- and 6-month-old AppKI mice

The accelerated decline in functional hyperemia observed in aging AppKI mice led us to 

speculate whether neurovascular coupling machinery becomes less functional with age. In 

the hippocampus of adult mice, we recently found that EE activates hippocampal inhibitory 

neurons and that this activation is responsible for elevated functional hyperemia(26). To 

assess the function of neurovascular coupling machinery, we thus activated hippocampal 

interneurons and analyzed microvascular blood flow velocity in AppKI mice.

We first activated hippocampal inhibitory neurons and analyzed blood flow velocity in 

3-month-old AppKI mice, which lacked detectable Aβ accumulation. In 3-month-old AppKI 

mice, we expressed hM3Dq (Gq), an excitatory designer receptor exclusively activated by a 

designer drug (DREADD), tagged with dTomato in hippocampal interneurons by injecting 

AAV9-hDlx-GqDREADD(46) into the DG. The hDlx promoter was used to specifically 

express the transgenes in interneurons (Fig. 4A). AAV9-CAG-GFP was co-injected to 

express GFP for analyzing blood flow velocity. Three weeks after viral injection and lens 

implantation, we recorded inhibitory neuron activity-induced blood flow velocity (Fig. 4B). 

After the baseline recording, we injected mice with saline as a control and administered the 

DREADD ligand JHU37160(47) (0.5 mg/kg, i.p.) the following day. Microvascular blood 

flow was recorded for 3 min every 10 min for up to 30 min post-injection. Afterward, mice 

were sacrificed to verify the injection site. Measurements were averaged over each 3-min 

recording and plotted against the recording time (Fig. 4C). JHU37160-induced activation 

of interneurons in the DG substantially increased blood flow velocity as early as 10 min 

post-injection. The elevation of microvascular blood flow velocity by JHU37160 persisted 

for the entire 30 min (Fig. 4C). As expected, there was no detectable change during the 
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recording time window in saline-injected control mice. During these experiments, there was 

no detectable difference in traveling distance between saline- and JHU37160-injected mice 

(Supple. Fig. 4A).

We next examined inhibitory neuronal activation-induced hyperemia in 6-month-old AppKI 

mice. We found that JHU37160-induced activation of interneurons in the DG of 6-month-old 

AppKI mice also substantially increased blood flow velocity starting 10 min post-injection 

and lasting throughout the 30-min recording. There was no detectable change during the 

recording time window in saline-injected controls (Fig. 4D). Interestingly, the amplitude of 

the elevated blood flow velocity was similar to that in 3-month-old AppKI mice (Fig. 4E). 

Traveling distance was similar between saline- and JHU37160-injected mice (Suppl. Fig. 

4B).

Furthermore, to exclude the possibility of potential changes in blood flow velocity due to 

the JHU37160 drug itself, we injected JHU37160 into mice infected with only AAV9-CAG-

GFP. As expected, blood flow velocity after injection of JHU37160 was comparable to that 

after injection of saline (Fig. 4F), and there was no difference in traveling distance between 

groups (Supple. Fig. 4C).

The activation of inhibitory neurons increases blood flow at least partially through NO 

signaling, which can be blocked by inhibition of neuronal isoform of nitric oxide synthase 

(nNOS) with omega-nitro-L-arginine methyl ester (L-NAME)(26). In adult AppKI mice 

expressing AAV9-hDlx-GqDREADD in the DG, we injected L-NAME (30 μg/g, i.p.) 20 

min prior to JHU37160 injection and analyzed mice for 30 min after JHU37160 injection. 

L-NAME injection was sufficient to abolish JHU37160-induced hyperemia in adult AppKI 

mice compared with JHU37160-only injected mice (Fig. 4G). The traveling distance 

between groups did not differ (Supple. Fig. 4D).

These findings show that interneuron activity induced similar elevation of microvascular 

blood flow velocity in the hippocampus of 3- and 6-month-old AppKI mice. This suggests 

that the coupling machinery between the interneuron network and microvasculature in 6-

month-old AppKI mice is functionally similar to that of 3-month-old mice.

Hyperactivation of hippocampal interneurons during context exploration in young AppKI 
mice

The observation that chemogenetic activation of inhibitory neurons induced similar 

hyperemia in 3- and 6-month-old AppKI mice led us to explore possible neuronal 

mechanisms underlying aberrantly prolonged EE-induced hyperemia. We employed tetrode 

recordings in 3-month-old AppKI and WT mice to analyze inhibitory neuronal firing in the 

hippocampus under both HC and EE conditions. Two weeks after implanting a tetrode in 

the DG, we recorded neuronal activity from each mouse in HC for 20 min, followed by 1-h 

recording in EE (Fig. 5A). After the experiments, mice were sacrificed to verify the tetrode 

implantation site, and only mice with the correct location were included in the analysis 

(Supple. Fig. 5A).
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We then classified the recorded units as excitatory DG cells (DGCs) or inhibitory neurons 

according to their waveform symmetry index, waveform width, and long-term firing 

rate(48). Firing frequencies across HC and EE conditions were analyzed and plotted (Fig. 

5B, C; Supplementary Figure 5B). In 3-month-old WT mice, interneurons increased their 

firing rate during exploration (Fig. 5D, E), consistent with a previous report(48). The 

elevation in firing rate was obvious during the first 20 min of EE and returned to baseline 

between 40–60 min (Fig. 5F, G). In 3-month-old AppKI mice, the firing rate of interneurons 

increased robustly in response to EE (Fig. 5H, I). This elevation remained throughout the 

entire 1-h exploration period (Fig. 5J, K). We next examined the DGC firing rate in WT and 

AppKI mice. In WT mice, DGCs decreased their firing rate in response to EE (Supple. Fig. 

5C–E), as previously reported(48). Interestingly, we did not detect a change in DGC firing 

rate during EE in AppKI mice (Supple. Fig. 5F–H).

In summary, tetrode recordings of inhibitory and excitatory neurons in the DG revealed 

prolonged elevation of interneuron activation during EE in 3-month-old AppKI mice 

compared with age-matched WT mice. This sustainable activation of inhibitory neurons 

during EE might account for the aberrantly prolonged EE-induced functional hyperemia in 

3-month-old AppKI mice.

Suppression of hyperactive functional hyperemia decreased Aβ accumulation in young 
AppKI mice

The observation that hyperactive inhibitory neuron activity induces prolonged functional 

hyperemia in young AppKI mice leads us to suspect whether this prolonged hyperemia 

disrupts brain metabolic homeostasis, potentially promoting Aβ accumulation. We therefore 

explored whether suppression of hyperactive functional hyperemia in young AppKI mice 

affects Aβ accumulation. Thus, we examined Aβ signal in AppKI mice at 4 months 

of age, when Aβ starts to accumulate in the hippocampus, after suppressed functional 

hyperemia. L-NAME efficiently inhibits brain activity-indued hyperemia in adult mice (26), 

and inhibitory neuron activation-induced hyperemia in young AppKI mice (Fig. 4G). We 

first confirmed the effect of L-NAME on functional hyperemia in young freely behaving 

AppKI mice, showing an obvious reduction when L-NAME was applied (Supple. Fig. 6). 

We then used LNAME to suppress hyperactive functional hyperemia and determined its 

role in regulating Aβ accumulation. AppKI mice received L-NAME orally through drinking 

water at a concentration of 100 mg/kg for 3 days or standard drinking water as a control. 

We then performed immunostaining for Aβ in hippocampal slices (Fig. 6A). We observed 

that Aβ accumulation in the hippocampus, especially in the DG, was reduced in L-NAME 

treated group compared with the control group (Fig. 6B, C).

Next, we examined how these treatments affected Aβ accumulation in 6-month-old AppKI 

mice (Supple. Fig. 7A). Similar to the 4-month-old AppKI mice, we observed a decline in 

Aβ accumulation with L-NAME treatment (Supple. Fig. 7B, C). However, in contrast to the 

4-month-old AppKI mice, we observed that the treatment of L-NAME became less effective 

to decrease the Aβ accumulation in the hippocampus and DG.
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Taken together, these observations show that inhibition of the effect of neural circuit activity 

on vascular dynamics through L-NAME decreased the accumulation of Aβ in at least young 

and adult AppKI mice.

Discussion

In this study, using in vivo optical imaging, we analyzed context exploration–induced 

microvascular blood flow dynamics, termed functional hyperemia, in AD mouse models 

across aging. We found aberrantly prolonged elevation of functional hyperemia during 

context exploration in the hippocampus of AD mice prior to the onset of Aβ accumulation. 

By contrast, in age-matched WT mice, the elevation of activity-induced hyperemia was 

transient. Moreover, we observed an accelerated decline of context exploration–induced 

functional hyperemia in AD mice compared with age-matched WT mice. Importantly, 

using tetrode recordings, we found that hippocampal interneurons in AD mice were 

tonically activated during context exploration before the onset of Aβ accumulation. Lastly, 

suppression of functional hyperemia with L-NAME delayed Aβ accumulation in the 

hippocampus of AD mice.

Changes in functional hyperemia in models of AD and aging are well-defined in both 

humans and mice(18, 49, 50). However, changes in functional hyperemia prior to AD 

pathogenesis have yet to be carefully investigated. Imaging cerebral blood flow in awake 

animals has always been challenging, especially with high spatiotemporal resolution. 

Therefore, using a recently established optical imaging method in freely moving mice, we 

were able to examine the neural circuit mechanisms underlying altered functional hyperemia 

in the hippocampus of AD and aging mice. Surprisingly, we found that context exploration 

induced aberrantly prolonged functional hyperemia in the hippocampus of 3-month-old AD 

mice, but a rapid decline in functional hyperemia occurred with aging and Aβ accumulation. 

This finding of a decline in functional hyperemia is consistent with observations made in 

AD patients(18–20).

What is the consequence of early-age hyperactive functional hyperemia? Functional 

hyperemia is a type of brain activity that maintains brain metabolic homeostasis, during 

which there is a hemodynamic response to neuronal activity to supply neural circuits with 

more oxygen and nutrients(1, 2). Meanwhile, metabolic waste and other cellular products 

like Aβ are removed from neural circuits(1, 2). One would expect that a reduction in 

functional hyperemia would lead to a deficiency of nutrient supplies during brain activity 

and, importantly, accumulation of Aβ in the brain. In AD patients and mice, it is commonly 

assumed that vascular and functional hyperemia dysfunction occurs due to and after the 

accumulation of Aβ(18–20, 51–55). However, recent studies show that Aβ is not necessarily 

strictly correlated with this decline(56–58). These findings further suggest that Aβ is not 

the sole cause of dysregulated functional hyperemia. Similarly, our present observations 

show aberrantly prolonged functional hyperemia in pre-amyloid-stage AD mice, suggesting 

that Aβ does not necessarily warrant functional hyperemia dysfunction. Our study then 

brings into question the role of functional hyperemia early in the course of hippocampal Aβ 
accumulation in AD.
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The observation that pronounced functional hyperemia precedes A-β accumulation led us 

to hypothesize whether prolonged hyperemia disrupts brain metabolic homeostasis. We 

speculate that it disrupts blood flow, potentially leading to an influx of metabolites into 

brain circuits. This excess could cause imbalanced metabolic activity, possibly a form 

of hyperglycolysis, driven by hyperactive inhibitory neurons. Such imbalance `s suggest 

dysfunctional metabolic homeostasis even before Aβ accumulates, potentially contributing 

to its pathological development in AD. To fully understand the link between hyperactive 

functional hyperemia and Aβ accumulation, we might need metabolomic analyses to obtain 

a comprehensive metabolic profile of AppKI mice compared to age-matched controls. 

Additionally, future studies investigating functional hyperemia after Aβ injection into 

the hippocampus of wild-type mice could provide insights into the causal relationship 

between local Aβ concentrations and declines in hyperemia throughout AD progression. 

Finally, while our study focused on the hippocampus, understanding whether aberrantly 

prolonged functional hyperemia occurs in other brain regions of AD mice could offer further 

mechanistic insights into the role of hyperemia in the neuroanatomical spread of AD.

Neurovascular coupling signaling is mediated primarily by the vasoactive metabolites of 

arachidonic acid, NO, and potassium(1). In a recent study, we found that inhibitory neurons 

are activated during context exploration and, importantly, nNOS-positive neurons among 

parvalbumin-expressing neurons may play a major role in controlling exploration-induced 

hyperemia in adult WT mice(26). Consistently, both 3- and 6-month-old AppKI mice 

showed a robust increase in blood flow velocity with interneuron activation. Moreover, 

suppression of NO signaling with L-NAME abolished the increase in blood flow velocity 

due to interneuron activation. Despite strong evidence that NO signaling is the main 

factor, our study is limited in that we examined the entire interneuron population, despite 

that different subtypes of interneurons could play distinct roles in functional hyperemia. 

Somatostatin-, parvalbumin-, and calretinin-expressing interneurons all exhibit functional 

deficits in different AD models and AD patients(59). Additional studies of the effect of 

specific interneuron subtypes on functional hyperemia may provide more insight into their 

roles in regulating functional hyperemia. Furthermore, the neurovascular unit is comprised 

of various cell types, including astrocytes and microglia. How these different cell types may 

affect functional hyperemia before and after Aβ accumulation in AD mice remains to be 

studied.

Consistent with our observation of aberrantly prolonged functional hyperemia in 3-month-

old AD mice, we found sustainable activation of interneurons in the DG of AD mice 

during context exploration. By contrast, only a transient increase was found in 3-month-old 

WT mice. Therefore, hyperactivation of inhibitory neurons during context exploration is 

a possible mechanism for aberrantly prolonged functional hyperemia in AD mice. In a 

side-by-side comparison of baseline firing frequencies of interneurons and DGCs, firing 

frequencies were lower in AppKI mice than in WT mice (Supple. Fig. 5I, J). Therefore, 

aberrantly prolonged activation of interneurons may compensate for the decreased activity of 

interneurons, allowing the brain to maintain metabolic homeostasis. During brain maturation 

and aging, the formation of Aβ could impair interneuron activity and cause a rapid decline 

in functional hyperemia. This raises the possibility that mild elevation of interneuron activity 

during aging may delay the decline in functional hyperemia.
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Inhibition of functional hyperemia with L-NAME in young AppKI mice decreased the 

amount of Aβ accumulation in the DG of young AppKI mice. In a previous study, we found 

that in wild type of adult, L-NAME decreases but does not have a significant effect on 

functional hyperemia. When we performed the same tests in young AppKI mice, in which 

we found there is hyperactive hyperemia. L-NAME successfully suppressed functional 

hyperemia (Supple. Fig. 6). The suppression of hyperactive functional hyperemia will 

likely counter dysfunctional metabolic homeostasis, which slows down the onset of A-β 
accumulation. A brief treatment in 6–7 months old AppKI mice (Supple. Fig. 7) showed 

a decrease of A-β accumulation although the effect was not as substantial as that with 

4-month-odl AppKI mice. Based on the analysis in Figure 1, the accumulation of A-β 
becomes optically visible in ~4-month-old AppKI mice. The increase remains at an extreme 

rate till 9 months old. At a later stage such as in 18 months old AppKI mice at which stage 

the A-β accumulation is already substantia, that whether L-NAME treatment is effective 

will be interesting to test out in our next step study. However, we should point it out, the 

L-NAME treatment even with 14 days’ treatment, we found that A-β accumulation was just 

proportionally decreased (data not shown). The A-β accumulation seems not to be able to be 

stopped.

Interestingly, many studies show an increased level of NO or nNOS in AD patients and 

mice(60, 61). However, our observations show that inhibition of nNOS reduces Aβ in young 

AppKI mice at an age when there is aberrantly prolonged functional hyperemia. Similarly, 

a previous study reports that early inhibition of inducible NOS prior to AD manifestation 

provides protection against AD pathogenesis(62). As such, transient suppression of nNOS 

with L-NAME before Aβ plaque formation may provide an alternative way to reduce 

Aβ accumulation. However, prolonged exposure to L-NAME can have the opposite effect 

of increasing Aβ accumulation in AD mice(63). This may be because once functional 

hyperemia declines, further suppression causes elevated Aβ accumulation. Altogether, these 

findings provide a novel perspective on the neural circuit mechanisms underlying aberrantly 

prolonged functional hyperemia in the early AD brain. In addition, these results suggest that 

interventions that normalize changes in hyperemia during pre-symptomatic and early stages 

of AD may ultimately have therapeutic benefits.

Materials and Methods

Animals

The Stony Brook University Institutional Animal Care and Use Committee (IACUC) 

monitored the Division of Laboratory Animal Resources and housed and maintained all 

mice. All surgeries and experimental procedures on mice were approved by the Stony 

Brook University IACUC and followed guidelines provided by the National Institutes of 

Health. Surgeries were conducted on mice 1 month prior to experiments. Male and female 

3-, 6-, and 9-month-old C57BL/6J (The Jackson Laboratory, strain #000664) and AppKI 

(The Jackson Laboratory, strain #034711) mice as well as 3- and 6-month-old J20 mice 

(MMRCC, strain #034836-JAX) were used to measure blood flow velocity. All mice were 

housed and maintained on a 12-hour light/dark cycle. Mice were provided ad libitum access 

to food and water.
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In vivo blood flow recording

AAV9-CAG-GFP virus (Addgene) and AAV9-hDLX-GqDREADD-dTomato-Fishell-4 

(Addgene) were stereotaxically injected into the dorsal DG as previously described(26, 64). 

Briefly, mice were anesthetized with 5% isofluorane and maintained on 1% isofluorane. 

Virus was injected at DV: 2.5 mm, AP: −2.0 mm, and ML: ±1.4 mm. After 1 week of 

viral expression, a lens probe (outer diameter: 1.0 mm, length: 4.0 mm, numerical aperture: 

0.5) was implanted ~200 μm above the granule cell layer. Three weeks later, a microscope 

baseplate was fixed to an optimized focal plane on top of the lens probe. All blood flow 

imaging videos were recorded using a miniature microscope and the nVista data acquisition 

system (Inscopix, Palo Alto, CA) at a frame rate of 60 Hz. Cells expressing GFP in the DG 

generated background illumination allowing blood vessels to be highlighted. The difference 

in fluorescent absorption of RBCs and plasma created a contrast allowing plasma to be 

observed as white. After experiments, mice were perfused for confirmation of the lens 

implantation site.

Data processing and analysis

Blood flow velocity in microvessels was analyzed as previously described(26). Briefly, 

videos were processed, motion-corrected, and exported through Inscopix Data Processing 

Software. A MATLAB-based algorithm was used to extract and plot pixels from selected 

vessels on a DMap in relation to time. The x-axis of the DMap signifies time, and the y-axis 

represents the pixel number on the vessel. As the plasma is white on a background of black 

RBCs due to the background fluorescence from GFP, we visualized the plasma moving 

across the vessel as white stripes on the DMap. As such, velocity (μm/s) was calculated as 

slope × frames per second/1.6, with 1.6 being the pixel/μm ratio of the recording setting. 

Measurements of blood flow velocity were calculated by averaging the slope of all collected 

white stripes in the given period.

Behavioral analysis

To keep data acquisition consistent, all behavioral experiments were performed during the 

daytime.

EE exploration—Imaging during EE exploration was performed in freely behaving mice. 

After a baseline was established in the HC, which contained only bedding, mice were moved 

to an EE cage containing 5–6 objects to freely explore. The EE cage did not include a 

running wheel, as we did not want exercise to be a confounding factor. Tetrode recordings 

and blood flow imaging were performed for 70 min of EE exploration or in the HC as a 

control.

Traveling distance—The traveling distance of mice was recorded and analyzed by 

EthoVision 14.0 (Noldus Information Technology Inc.). For all EE exploration experiments, 

we compared the total traveling distance between HC and EE groups for each minute of the 

1-h recording. For chemogenetic and pharmacological studies, we plotted the total traveling 

distance of each 3-min recording session at each time point and compared traveling distance 

between saline and JHU37160- or L-NAME-injected mice.
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Tetrode recording

Neuronal activity was recorded in the dorsal DG in freely moving mice using custom-made 

tetrodes as previously described(48). Briefly, the tetrode array consisted of eight tetrodes, 

each having four polyimide-coated nichrome wires (wire diameter: 12.7 μm; Kanthal Palm 

Coast). The tetrode array targeted the upper granule cell layer (AP: −2.0, ML: 1.3, DV: 1.5 

mm) after removal of the dura. A small anchoring stainless screw (shaft diameter: 0.86 mm; 

length: 4 mm; Fine Science Tools) was used as a reference electrode, which was drilled into 

the bone above the cerebellum. The tetrode array was then fixed to the skull using dental 

acrylic cement. Following 1 week of recovery, mice were familiarized with the recording 

environment. For each recording, mice were placed in the recording room 30 min before 

recordings to allow them to adapt to the room. Mice were recorded in their HC for 20 

min followed by 1 hour of EE or HC as a control. Continuous recording was performed 

throughout the entire recording procedure, and videos were captured to analyze mouse 

behavior. The tetrode was lowered down (~40 μm) after each recording to target different 

cell populations within the DG. After experiments, mice were perfused for confirmation of 

the tetrode implantation site.

Signals from the dorsal DG were filtered (600–6000 Hz) using Cheetah Data Acquisition 

software (Neuralynx). Offline analysis was used to isolate the action potentials of single 

units through the MATLAB-based function MClust (MClust-4.4; A.D. Redish, University 

of Minnesota, Minneapolis, MN) as previously described(48, 65). In short, single units 

were classified by similar waveforms through three principal components: peak, valley, 

and energy. Clusters were manually selected in accordance with waveform similarity and 

autocorrelograms. To determine the waveform to be analyzed, the average waveform of each 

channel was quantified, and the largest peak-to-valley amplitude from these channels was 

applied to produce the peak-to-valley spike width. The ratio of peak amplitude and valley 

amplitude served as the waveform symmetry index for all units. All isolated single units 

were grouped by their waveform symmetry ratio, spike width, and long-term firing rate. The 

long-term firing rate was calculated from the firing rate during the entire recording session. 

In compliance with previous studies, units that were classified as having low long-term 

firing rates and low burst index were considered DGCs from excitatory units(66, 67). Burst 

firing was characterized by counting the number of spikes with intervals <10 ms within each 

burst.

Chemogenetic and pharmacological studies

We recorded blood flow velocity for 3 min prior to injections for a baseline. Mice in 

DREADD experiments received saline or JHU37160 (0.5 mg/kg, i.p.; MedChemExpress), 

and mice in L-NAME experiments received JHU37160 alone or L-NAME (30 μg/g; Sigma-

Aldrich, St. Louis, MO) and JHU37160 together. L-NAME was injected 30 min prior to the 

start of recording, and JHU37160 was injected 10 min before L-NAME. We then recorded 

blood flow for 3 min every 10 min for a total of 30 min post-injection. JHU37160 was 

diluted using 10% DMSO and 90% 2-hydroxypropyl-B-cyclodextrin (Cayman Chemical 

Company; diluted to 20% with saline). For Aβ experiments, L-NAME was provided orally 

through drinking water at 100 mg/kg, and the water bottles were covered in aluminum foil to 

prevent light degradation.
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Tissue collection and histology

Mice were anesthetized with urethane (200 μg/g) and perfused transcardially with 

phosphate-buffered saline followed by 4% paraformaldehyde. Brains were extracted and 

fixed overnight in 4% paraformaldehyde, transferred to a 30% (w/v) sucrose solution, and 

stored at 4°C until sectioning. Brains were sectioned into 40-μm coronal sections covering 

the entire anterior/posterior axis of the DG. Sections were stored in cryopreservative until 

used for immunostaining.

Immunohistochemistry

Sections were first exposed to 0.5% Triton X-100 (PBST) for 10 min for the 

permeabilization step. We then blocked the sections with 10% donkey serum in 0.25% 

PBST for 1 h at room temperature. The sections were incubated overnight at 4°C with 

primary antibody in 0.25% PBST and 3% donkey serum. The primary antibody used in 

this study was Aβ (rabbit polyclonal anti-human (N-terminal) antibody, 1:250; IBL). The 

following day, sections were switched to secondary antibody Alexa Fluor 488-conjugated 

donkey anti-rabbit (1:1000; Jackson Immuno Research) for 3 h while shaking at room 

temperature. Sections were mounted with DAPI fluoromount, and images were obtained on 

a Zeiss LSM800 confocal microscope.

Aβ quantification

Brain sections were collected from AppKI mice at different ages, and Aβ immunostaining 

was performed. We analyzed every eighth hippocampal section. As the DG and CA1 

have relatively clear borders but CA2 and CA3 are difficult to distinguish, they were 

quantified together. We adapted parts of a quantification method published recently(68). 

Briefly, we outlined the region of interest (ROI) with the polygon function in ImageJ 

(https://imagej.nih.gov/ij/) while using the Allen Brain Atlas and DAPI counterstain as a 

guide. Using the measure function, we analyzed the area of the ROI. We then used the 

color function to remove all colors except for the color used to stain for Aβ. Next, we 

converted the ROI into 8-bit grayscale and performed the threshold function to determine the 

area of Aβ in the selected ROI. To ensure that the threshold function did not generate any 

confounding factors, we stained and imaged all sections to be used in a figure at the same 

time and kept the threshold level constant. The area fraction option provided us with the 

percentage of Aβ accumulation in the ROI.

Statistical analysis

Two-way ANOVA was used for the Aβ comparisons shown in Fig. 1, student’s t-tests 

were used to analyze the data shown in Fig. 6 and Supp. Fig. 6, linear mixed models for 

longitudinal data were used for blood flow analysis, Kruskal–Wallis tests were used for 

average blood flow velocity fold change and traveling distance comparisons, and Wilcoxon 

signed-rank tests (paired measurements) or Mann–Whitney tests (unpaired measurements) 

were used for the remaining comparisons. In the linear mixed models, individual mice were 

treated as a random effect, and the normality assumption was confirmed. All statistical 

analyses were conducted with 95% confidence intervals, and p-values of 0.05 were 

considered as the cutoff for statistical significance. Statistical analysis was performed using 

Kim et al. Page 13

Mol Psychiatry. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://imagej.nih.gov/ij/


Prism 10.0.3 (GraphPad Software, Boston, Massachusetts). All data are presented as mean ± 

standard error of the mean (SEM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Aβ accumulation in the hippocampus of AppKI mice during aging

A Representative confocal images of Aβ signal in the hippocampus of 2-, 3-, 4-, 6-, 9- and 

12-month-old AppKI mice (scale bar: 500 μm).

B Quantification of Aβ signal by percent area of hippocampal subfields in 2-, 3-, 4-, 6-, and 

9month-old AppKI mice (n = 3 mice per age).

C Quantification of Aβ signal by percent area of DG laminae in 3- and 6-month-old AppKI 

mice (n = 3 mice per age; two-way ANOVA; *p < 0.033, **p < 0.002, ***p < 0.001).

Abbreviations: HIPP = hippocampus; ML = molecular layer; GCL = granule cell layer.
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Figure 2. 
Context exploration induced hyperemia in the hippocampus of 3-month-old WT and AppKI 

mice

A Schematics of the surgical procedure for in vivo blood flow experiments (top) and 

recording of microvascular blood flow velocity under HC and EE conditions (bottom) in 

freely moving mice.

B Example microvessel captured with a miniature microscope (top left). The selected vessel 

from 10 consecutive frames (60-Hz capturing rate) was aligned to visualize the movement of 
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white plasma (top right). Sample dynamic map (DMap) in which the slope (pixel/frame) of 

the white plasma stripes represents the measurement of blood flow velocity (bottom).

C Relative blood flow velocity change in 3-month-old WT (left) and AppKI (right) mice 

during context exploration in EE. Example DMaps of baseline and EE exploration (top) are 

shown. Baseline recordings were averaged to normalize blood flow velocity in HC (black 

line, WT: mice = 5, vessels = 8; AppKI: mice = 4, vessels = 10) and EE (red line, WT: mice 

= 5, vessels = 8; AppKI: mice = 4, vessels = 10). The first 10 min were averaged every 1 

min, and the remaining 60 min were recorded for 1 min every 10 min. A linear mixed model 

for longitudinal data was used to analyze differences between HC and EE. *p < 0.033, **p < 

0.002, ***p < 0.001 after Bonferroni adjustment.

D Average blood flow velocity change in each vessel during 1–10 min of EE exploration 

across different genotypes (vessels: WT = 8, AppKI = 10, J20 = 10; Kruskal–Wallis test; 

n.s., p > 0.12).

E Average blood flow velocity change in each vessel during 20–40 min of EE exploration 

across different genotypes (vessels: WT = 8, AppKI = 10, J20 = 10; Kruskal–Wallis test; *p 

< 0.033, ***p < 0.001, n.s., p > 0.12).

F Average blood flow velocity changes in each vessel during 60–70 min of EE exploration 

across different genotypes (vessels: WT = 8, AppKI = 10, J20 = 10; Kruskal–Wallis test; 

**p < 0.002, ***p < 0.001, n.s., p > 0.12).
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Figure 3. 
Context exploration induced hyperemia in the hippocampus of WT and AppKI mice during 

aging

A Relative blood flow velocity change in 6-month-old WT (left) and 9-month-old WT 

(right) mice with context exploration in EE. Example DMaps of baseline and EE exploration 

(top) are shown. Baseline level recordings were averaged to normalize blood flow velocity 

in HC (black line, 6-month-old: mice = 4, vessels = 8; 9-month-old: mice = 3, vessels = 

10) and EE (red line, 6-month-old: mice = 4, vessels = 8; 9-month-old: mice = 3, vessels = 
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10). The first 10 min were averaged every 1 min, and the remaining 60 min were recorded 

for 1 min every 10 min. A linear mixed model for longitudinal data was used to analyze 

differences between HC and EE. *p < 0.033, **p < 0.002, ***p < 0.001 after Bonferroni 

adjustment.

B Relative blood flow velocity change in 6-month-old AppKI (left) and 9-month-old 

AppKI (right) mice with contextual exploration in EE. Example DMaps of baseline and 

EE exploration (top) are shown. Baseline level recordings were averaged to normalize blood 

flow velocity in HC (black line, 6-month-old: mice = 5, vessels = 10; 9-month-old: mice = 

3, vessels = 10) and EE (red line, 6-month-old: mice = 5, vessels = 10; 9-month-old: mice 

= 3, vessels = 10). The first 10 min were averaged every 1 min, and the remaining 60 min 

were recorded for 1 min every 10 min. A linear mixed model for longitudinal data was used 

to analyze differences between HC and EE. **p < 0.002, ***p < 0.001, n.s., p > 0.12 after 

Bonferroni adjustment.

C Average blood flow velocity change in each vessel during 1–10 min of EE exploration 

across different ages of WT mice (vessels: 3 months = 8, 6 months = 8, 9 months = 10; 

Kruskal–Wallis test; *p < 0.033, n.s., p > 0.12).

D Average blood flow velocity changes in each vessel during 20–70 min of EE exploration 

across different ages of WT mice (vessels: 3 months = 8, 6 months = 8, 9 months = 10; 

Kruskal–Wallis test; **p < 0.002, n.s., p > 0.12).

E Average blood flow velocity change in each vessel during 1–10 min of EE exploration 

across different ages of AppKI mice (vessels: 3 months = 10, 6 months = 10, 9 months = 10; 

Kruskal–Wallis test; *p < 0.033, **p < 0.002, ***p < 0.001).

F Average blood flow velocity changes in each vessel during 20–70 minutes of EE 

exploration across different ages of AppKI mice (vessels: 3 months = 10, 6 months = 10, 9 

months = 10; Kruskal–Wallis test; ***p < 0.001, n.s., p > 0.12).
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Figure 4. 
Chemogenetic activation of hippocampal interneurons induced hyperemia in 3- and 6-

month-old AppKI mice

A Illustration of the interaction between interneurons and microvasculature.

B Schematics of the recording timeline of microvascular blood flow velocity with 

chemogenetic activation of interneurons with JHU37160.

C Left: Chemogenetic activation of hippocampal interneurons in the DG induced functional 

hyperemia in 3-month-old AppKI mice. Mice were housed in their HC and received saline 
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(black line, mice = 3, vessels = 7) or JHU37160 (blue line, mice = 3, vessels = 7). Each time 

point was recorded for 3 min, and blood flow velocity was averaged. A linear mixed model 

for longitudinal data was used to analyze differences between saline and JHU37160. ***p 

< 0.001 after Bonferroni adjustment. Right: Quantification of average fold change of blood 

flow velocity 10–30 min post-injection of saline and JHU37160 in 3-month-old AppKI mice 

(mice = 3, vessels = 7; Wilcoxon signed-rank test; *p < 0.033).

D Left: Chemogenetic activation (Gq) of interneurons in the DG induced functional 

hyperemia in 6-month-old AppKI mice. Mice were housed in their HC and received saline 

(black line, mice = 3, vessel = 7) or JHU37160 (blue line, mice = 3, vessel = 7). Each time 

point was recorded for 3 min, and blood flow velocity was averaged. A linear mixed model 

for longitudinal data was used to analyze differences between saline and JHU37160. ***p 

< 0.001 after Bonferroni adjustment. Right: Quantification of average fold change of blood 

flow velocity 10–30 min post-injection of saline and JHU37160 in 6-month-old AppKI mice 

(vessels = 7 each; Wilcoxon signed-rank test; *p < 0.033).

E Comparison of average fold change of blood flow velocity 10–30 min post-injection of 

JHU37160 between 3- and 6-month-old AppKI mice (vessel = 7 each; Mann–Whitney test; 

n.s., p > 0.12)

F Control experiment on the effect of JHU37160 injection on blood flow velocity in AAV9-

CAG-GFP-injected mice. Mice were housed in their HC and received saline (black line, 

mice = 3, vessels = 5) or JHU37160 (blue line, mice = 3, vessels = 5). Each time point 

was recorded for 3 min, and blood flow velocity was averaged. A linear mixed model for 

longitudinal data was used to analyze differences between saline and JHU37160. n.s., p > 

0.12 after Bonferroni adjustment.

G Left: L-NAME inhibition of nNOS abolished functional hyperemia induced by 

chemogenetic activation of hippocampal interneurons in the DG of adult AppKI mice. Mice 

were housed in their HC and received JHU37160 alone (blue line, mice = 3, vessel = 7) 

or JHU37160 and L-NAME together (blue line, mice = 3, vessel = 7). Each time point 

was recorded for 3 min, and blood flow velocity was averaged. A linear mixed model for 

longitudinal data was used to analyze differences between saline and JHU37160. ***p < 

0.001 after Bonferroni adjustment. Right: Quantification of average fold change of blood 

flow velocity 10–30 min post-injection of JHU37160 alone or JHU37160 and L-NAME 

together in 6-month-old AppKI mice (vessel = 7 each; Wilcoxon signed-rank test; *p < 

0.033).
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Figure 5. 
Context exploration induced activation of hippocampal interneurons in 3-month-old AppKI 

mice

A Schematic diagram of the experimental paradigm for hippocampal neuronal activity in 

freely moving mice.

B Schematic drawings of the method used to distinguish between excitatory and inhibitory 

neurons. Representative waveforms for two DGC units and one interneuron (IN) unit are 

shown.
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C Raster plots of IN unit activities of 3-month-old AppKI (top) and WT (bottom) mice.

D Heatmap showing the firing rate of individual inhibitory units under HC and EE 

conditions in 3-month-old WT mice.

E Change in average firing rate (FR) of all inhibitory units over time in 3-month-old WT 

mice.

F Average FR of inhibitory units in HC and 0–20 min of EE in 3-month-old WT mice (units 

= 38, mice = 3; Wilcoxon signed-rank test; *p < 0.033).

G Average FR of inhibitory units in HC and 40–60 min of EE in 3-month-old WT mice 

(units = 38, mice = 3; Wilcoxon signed-rank test; n.s., p > 0.12).

H Heatmap showing the FR of individual inhibitory units under HC and EE conditions in 

3-month-old AppKI mice.

I Change in average FR of all inhibitory units over time in 3-month-old AppKI mice.

J Average FR of inhibitory units in HC and 0–20 min of EE in 3-month-old AppKI mice 

(units = 23, mice = 3; Wilcoxon signed-rank test; ***p < 0.001).

K Average FR of inhibitory units in HC and 40–60 min of EE in 3-month-old AppKI mice 

(units = 23, mice = 3; Wilcoxon signed-rank test; *p < 0.033).
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Figure 6. 
Effect of EE and suppression of hippocampal neurovascular coupling on Aβ accumulation in 

4-month-old AppKI mice

A Representative confocal images showing Aβ accumulation in the hippocampus of 4-

month-old AppKI mice under HC, and L-NAME conditions (scale bar: 200 μm).

B Quantification and comparison of Aβ accumulation by percent area of the DG under HC, 

and L-NAME conditions (mice = 3 per condition; student’s t-test; *p<0.05, **p < 0.01).

C Quantification and comparison of Aβ accumulation by percent area of the HIPP under 

HC, and L-NAME conditions (mice = 3 per condition; student’s t-test; *p<0.05, **p < 0.01).
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