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SUMMARY

Hypoglycemia is a major complication of insulin therapy, particularly in type 1 diabetes mellitus. During hy-

poglycemia, the brain initiates vascular adaptations to maintain adequate blood flow. Here, we examined the 
effects of non-severe recurrent hypoglycemia (RH) on brain vascular diameter and neurovascular coupling 
(NVC)—the functional mechanism adapting local blood flow to neuronal energetic demand—in a streptozo-

tocin (STZ)-induced hyperglycemia mouse model. We assessed stimulus-induced dilation of penetrating ar-

terioles (PAs) in the somatosensory cortex of awake mice using in vivo two-photon microscopy. NVC remains 
preserved after 8 weeks of sustained hyperglycemia. Non-severe RH episodes, however, cause a transient 
delay in NVC, which resolves within 24 h. These results suggest that PAs maintain vascular autoregulatory 
mechanisms despite the metabolic challenges posed by hyperglycemia and RH, highlighting the resilience 
of brain PAs to systemic glucose fluctuations. We conclude that hyperglycemia per se is not a disruptor of 
NVC in PAs in the diabetic pathology.

INTRODUCTION

Functional hyperemia, or neurovascular coupling (NVC), refers to 

the physiological process that ensures that local blood perfusion 

is adjusted to match neurometabolic demands in the brain. 1,2 

This mechanism is regulated across different levels of the brain’s 

vasculature arbor, which can be divided into pial arteries, paren-

chymal or penetrating arterioles (PAs), and the capillary bed— 

each playing a distinct role in the NVC response. 3 Within this 

vascular system, PAs serve as a critical gateway between the 

pial arteries and the capillary bed, serving as a key regulatory 

point for blood flow perfusion across different cortical layers. 4,5 

Due to their strategic position, PAs act as a bottleneck in the ce-

rebral blood flow, making their dilation essential for increasing 

blood supply to the capillary bed. 3,6,7

There is significant evidence that diabetes is a strong contrib-

utor to vascular damage and NVC impairment. 8,9 However, while 

type 2 diabetes mellitus (T2DM) has been consistently linked to 

disrupted NVC, 10,11 the impact of type 1 diabetes mellitus 

(T1DM) is less documented. Preclinical studies using hypergly-

cemic T1DM models have yielded mixed results, some of them 

reporting NVC impairment, 12,13 while others fail to find significant 

effects. 14 It is relevant to mention that although both T1DM and 

T2DM share the hyperglycemic profile, they are distinct diseases

with different causes and comorbidities. 15,16 One key difference 

between T1DM and T2DM lies in insulin production and function. 

T1DM results from the absence of insulin production by the 

pancreas, whereas T2DM is characterized by insulin resistance 

in peripheral tissues. Consequently, insulin therapy is a standard 

treatment for T1DM to regulate blood glucose levels and is also 

used in some advanced T2DM cases, either as a standalone 

therapy or in combination with other treatments. 17 A major clin-

ical complication of insulin therapy is hypoglycemia (blood 

glucose levels drop below 70 mg/dL), which has been linked to 

increased risk of dementia 18,19 and stroke. 20 Hypoglycemic ep-

isodes occur more frequently in T1DM patients, 21,22 although 

they can also be observed in advanced T2DM cases, but at a 

lower frequency due to insulin resistance. 19,23,24 While severe 

hypoglycemia (<40 mg/dL, level 3) is relatively rare, occurring 

at a rate of 0.1–4.9 episodes per patient per year, mild 

(54–70 mg/dL, level 1) to moderate (45–54 mg/dL, level 2) hypo-

glycemia is far more common. T1DM patients experience an 

average of 60–91 episodes per year. 22,25 These figures, based 

primarily on self-reported data, likely underestimate the actual 

number of hypoglycemic events due to the development of 

hypoglycemia unawareness, a condition in which autonomic 

and neuroglycopenic symptoms decrease due to repeated 

exposure to non-severe hypoglycemic episodes. 17,26 Most of
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the non-severe hypoglycemic episodes are self-managed when 

symptoms arise, however, recent studies indicate that only 50% 

of non-severe hypoglycemic episodes are detected by pa-

tients 27 due to the development of hypoglycemic unaware-

ness, 23 making it a silent but significant risk factor for dementia 

and cerebrovascular events in diabetic patients.

Hypoglycemia not only increases the risk of cardiovascular dis-

ease 28–30 but also induces vascular changes that can disrupt 

NVC. 31,32 However, the specific effects of recurrent and unre-

ported hypoglycemic episodes on brain vasculature remain largely 

unexplored. In this study, we investigated whether alterations 

in systemic blood glucose levels—specifically sustained hypergly-

cemia (modeling the persistent hyperglycemia associated 

with T1DM) combined with repeated episodes of non-

severe hypoglycemia (modeling brief insulin-induced hypoglyce-

mic events)—affect functionality of brain PAs. The present longitu-

dinal in vivo study shows that hyperglycemia alone does not impair 

the functionality of the arterial vascular component in the brain. 

However, non-severe systemic hypoglycemic episodes in sus-

tained hyperglycemic conditions appear to induce transient alter-

ations in NVC, that are subsequently recovered.

RESULTS

PAs in the primary somatosensory cortex display 

stochastic dilation dynamics following whisker 

stimulation

We analyzed the NVC response of PAs at 50 μm deep in the 

S1BF (Figures 1A–1C). First, we demonstrated that PA dilation 

is triggered exclusively by external whisker stimulation by 

measuring NVC responses under various conditions that should 

not elicit a vascular response, such as whisker stimulation on 

whisker-trimmed animals or when the picospritzer was out of 

target (OT) and not aiming at the whiskers (Figure 1D). We also 

assessed the vein responses to whisker stimulation. We 

observed that dilation occurs only in PAs, only when whiskers 

are stimulated by air puffs, and not with spontaneous whisking 

or in the absence of whiskers. To rule out sampling bias affecting 

our results, we analyzed the basal dynamics of 70 PAs across the 

S1BF of 24 mice before diabetes induction. We found that the 

amplitude and the t Max of each PA do not correlate with the basal 

diameter of the PA (Figures 1E and 1F), indicating that the ampli-

tude and timing of the NVC response is unique to each PA high-

lighting the need for longitudinal studies when NVC is being 

analyzed in individual PAs.

NVC response remains largely unaffected in the PAs of 

the somatosensory cortex 8 weeks after STZ-induced 

hyperglycemia

We employed a well-established methodology based on STZ in-

jections to induce sustained hyperglycemia in both male and fe-

male mice. 33 Fasting blood glucose levels increased beyond the 

hyperglycemic threshold (200 mg/dL) 2 weeks after STZ admin-

istration in both sexes (Figure 2A) and further increased with 

respect to the control group 8 weeks after STZ administration. 

Notably, we observed a sex-specific response to hyperglycemia 

development following administration of 50 mg/kg STZ, with 

male mice exhibiting higher fasting blood glucose levels than fe-

males (two-way ANOVA: sex F(1,38) = 46.79, p < 0.0001; Tukey’s 

post hoc test male vs. female at 8 weeks p < 0.0001), consistent 

with previous reports (Figure 2A). 34,35 Attempts to equalize hy-

perglycemia levels between sexes by increasing the STZ dose 

to 75 mg/kg in females resulted in severe adverse effects, 

including excessive body weight loss and high mortality rates 

in the weeks following STZ injections. Despite this increased 

dose, fasting glucose levels in females never reached those 

observed in males treated with 50 mg/kg STZ (data not shown). 

For this reason, we conducted the study using an equal dose of 

50 mg/kg STZ for both sexes. GTT and plasma insulin levels 

confirmed that both male and female STZ-treated mice devel-

oped glucose dysregulation, a hallmark of T1DM (Figures 2B– 

2E). In agreement with previously published studies, 36,37 even 

in control mice, males and females exhibited distinct GTT 

dynamics, indicating an inherent sexual dimorphism in glucose 

metabolism (two-way ANOVA: STZ F(1,43) = 730.3, 

p < 0.0001; sex F(1,43) = 69.64, p < 0.0001; Tukey’s post hoc 

test: control male vs. female: p = 0.001; Tukey’s post hoc test: 

STZ male vs. female, p < 0.0001) and insulin production. In this 

sense, plasma insulin levels were significantly reduced in STZ-

treated mice compared to controls (Figure 2D; t test: control 

vs. STZ, p = 0.0042), displaying sex-dependent differences 

consistent with those observed in glucose dynamics (Figure 

2E; two-way ANOVA: STZ F(1,27) = 10.80, p = 0.0028; Tukey’s 

post hoc test male control vs. STZ, p = 0.0057; female control 

vs. STZ, p = 0.1001).

To assess the impact of sustained hyperglycemia on NVC in 

PAs, we compared whisker stimulation-induced dilation in the 

same PAs within each animal before hyperglycemia (BL) and 

8 weeks post-hyperglycemia induction (Pre-RH; Figures 2F– 

2S). While dilation amplitude showed a decreasing trend in hy-

perglycemic conditions, particularly in females, no significant 

differences were detected (Figures 2H–2J). Temporal dynamics 

(t Max and t Amp50% ) remained unchanged, with no evident sex dif-

ferences (Figures 2K–2P). However, the AUC of the dilation trace 

was significantly reduced in STZ-hyperglycemic mice (t test: 

p = 0.0107), likely due to the trend toward decreased amplitude, 

with females primarily driving this effect (Figures 2Q–2S).

Recurrent hypoglycemia transiently delays the 

stimulation-dependent vascular dilation of PAs of STZ-

treated mice

To assess the impact of non-severe recurrent hypoglycemia (RH) 

episodes on NVC, we compared the NVC response of individual 

PAs before RH (Pre-RH) and at 3 h and 24 h post-RH (RH-3h and 

RH-24) in both control and STZ-treated mice (Figure 3). During 

each hypoglycemic episode, blood glucose was maintained be-

tween 45 and 70 mg/dL for 1 h, followed by a glucose rescue in-

jection if needed, and a subsequent recovery period (Figure 3A). 

Throughout the hypoglycemia episode, animals remained 

conscious and active in their cages. Recovery was complete, 

with no gross differences in behavior from non-hypoglycemic 

mice and showing levels of blood glucose consistently above 

80 mg/dL 3 h immediately after the hypoglycemic episode. 

When we analyzed the dilation dynamics in response to 

whisker stimulation, we found no statistically significant differ-

ences in amplitude at 3- or at 24-h post-RH in either control or
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STZ mice (Figures 3B–3H). However, in STZ mice, NVC response 

was delayed at 3-h post-RH compared to pre-RH, with a stron-

ger effect in males (Figures 3I–3K; two-way repeated measures 

ANOVA (I): time point x STZ F(1438,64.71) = 11.85, p = 0.0002; 

Tukey’s post hoc test: STZ pre-RH vs. RH-3h, p = 0.0021; RH-

3h vs. RH-24h, p = 0.012; Nested t test (J): control vs. STZ, p = 

0.0054; two-way ANOVA (K): STZ F(1,43) = 27.88, p < 0.0001;

sex F(1,43) = 8.423, p = 0058; Tukey’s post hoc test: male control 

vs. STZ, p = 0.0002, female control vs. STZ, p = 0.02; STZ male 

vs. female, p = 0.0726), indicating an acute RH-induced vascular 

dysregulation. This delay was largely undetectable at 24 h, 

though a strong trend persisted in STZ-treated mice (Figures 

3L–3M; Nested t test (L): 24 h control vs. STZ, p = 0.0524). Simi-

larly, the t Amp50% followed the same pattern (Figures 3N–3R;

Figure 1. Experimental design

(A) Timeline of the study.

(B) Cranial window implanted over the parietal cortex of a mouse showing the custom-designed head bar employed (inset). Main picture shows a close-up of the 

superficial vasculature and the delineated location of the most caudal and medial portion of S1BF obtained by IOS imaging. Scale bar: 1 mm.

(C) Representative figure showing a pseudo color depth-coded z stack of the vasculature in S1BF. Expanded images represent cross-section of a PA (top row: 

raw images; middle row: binarized images) right before the onset of whisker stimulation (left) and at the peak of the stimulation-induced vascular dilation (right). 

The bottom image shows the overlay of the binarized cross-sections of the PA at pre-NVC (white) and at t Max (purple). Scale bar: 100 μm.

(D) Experimental proof of principle: NVC is only elicited in PAs and only when whiskers are present and are directly stimulated by air puffs. Solid lines represent the 

average and the shaded bands represent the SEM of the traces.

(E) NVC amplitude and (F) changes in NVC t Max as a function of the PA basal diameter show no correlation (Pearson’s r correlation) represented as the best linear 

fit and SD of the values.

2PLSM, two-photon laser scanning microscopy; AUC, area under the curve; BL, baseline; C, caudal; H, habituation; L, lateral; M, medial; NVC, neurovascular 

coupling; OT, off-target; R, rostral, RH, recurrent hypoglycemia; S1BF, somatosensory barrel field cortex; STZ, streptozotocin; t Amp50% , time to reach 50% of 

maximum amplitude; t Max , time to reach maximum amplitude.
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Figure 2. No changes in the NVC response after 8 weeks of sustained hyperglycemia

(A) Evolution of fasting blood glucose levels over 8 weeks in control and STZ-treated mice. Blue line with blue shadow represents the average ± SD values of 

fasting blood glucose in STZ-treated mice (male and female mice combined), while the black line with gray shadow represents the non-induced or control mice. 

Green and red lines represent males and females, respectively, in both control (solid line) or STZ-treated (dotted line) mice.

(B) Blood glucose curves of GTT in males (green) and females (red) of both control (solid line) and STZ-induced hyperglycemic (dotted line) mice. Values represent 

the average ± SD.

(C) AUC computed from GTT traces. Two-way ANOVA followed by Tukey’s post hoc test. Values represent the average ± SD.

Insulin levels of control and STZ mice, both averaged (D) and separated by sex (E). Values represent the average ± SD.

Population traces of the NVC response in both control (F) and STZ (G) mice at the different time points of the study, represented as averaged population traces ± 

SEM.

NVC changes in amplitude (H–J), t Max (K–M), t Amp50% (N–P), and AUC (Q–S) in both control and STZ mice n = 31 PAs from 10 mice in control and n = 36 PAs from 

10 mice in STZ; n = 6 males and 4 females in both Control and STZ. Values represent the average ± SD.

(legend continued on next page)
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two-way repeated measures ANOVA (N): time point x STZ 

F(1438,64.71) = 9.596, p = 0.0007; Tukey’s post hoc test: STZ 

pre-RH vs. RH-3h, p = 0.0061; RH-3h vs. RH-24h, p = 0.036; 

Nested t test (O): control vs. STZ, p = 0.0015; two-way ANOVA 

(P): STZ F(1,43) = 12.30, p = 0.0007; sex F(1,43) = 13.5, p = 

0.0011; STZ x sex F(1,43) = 4.372, p = 0.0425; Tukey’s post 

hoc test: male control vs. STZ, p = 0.002; STZ male vs. female, 

p = 0.0013), with detectable differences still present at 24-h 

post-RH in STZ-treated mice (Figure 3Q). Control mice sub-

jected to RH showed no delay in vascular dynamics. The AUC re-

mained unchanged in both groups (Figures 3S–3W), indicating 

that RH affects only the temporal dynamics of dilation in STZ 

mice and not its magnitude.

Basal diameter of PAs is maintained under 

hyperglycemic and RH conditions

We analyzed the basal diameter of PAs to ensure that the 

absence of changes in NVC was not due to alterations in their 

resting diameter (Figure 4A). No significant differences in basal 

PA diameter were observed in either hyperglycemic mice 

(Figures 4B–4D) or after RH (Figures 4E–4I) across any of the 

analyzed time points or conditions. These findings indicate that 

PA diameter remains stable under sustained hyperglycemia 

and following RH.

Delayed vascular response observed in diabetic mice 

after RH is driven by hyperglycemic levels rather than 

insulin dosage

Previous studies from our team demonstrated that insulin exerts 

a direct vasodilatory effect on brain vasculature in ex vivo prep-

arations. 38 While we observed no changes in basal vascular 

diameter, suggesting that exogenous insulin levels were insuffi-

cient to trigger vascular dilation, we analyzed the relationship be-

tween fasting glucose levels, insulin dosage, and the t Max delay 

at 3-h post-RH in STZ-treated mice. A significant positive corre-

lation between fasting glucose levels and t Max delay (Figure 5A) 

indicates that hyperglycemia severity influences the RH-induced 

vascular response delay. However, no correlation was found be-

tween the last insulin dose administered and the t Max delay in 

PAs (Figure 5B), suggesting that circulating insulin is unlikely to 

contribute to the impaired NVC response.

Additionally, serum Humulin-R levels measured 3-h post-RH 

(approximately 5 h after insulin injection) were nearly undetect-

able compared to the high levels observed at 1-h post-injection 

(during hypoglycemic peak; Figure 5C). This further supports the 

notion that insulin is unlikely to interfere with the delayed NVC 

response in PAs at this time point.

DISCUSSION

The present study provides novel insights into the effects of non-

severe RH on NVC in PAs of the somatosensory cortex in an 

STZ-induced hyperglycemic model. Our findings indicate that

PAs exhibit a unique resilience to NVC impairments under hyper-

glycemia and RH conditions, showing only some mild deficits in 

sustained hyperglycemia, and a transiently delayed vascular 

response after non-severe RH. This raises the question as to 

whether PAs remain largely unaffected by NVC modulation and 

whether their role differs from the roles of the other vascular 

compartments.

NVC is a compartmentalized process, with distinct contribu-

tions at the different levels of the cerebrovascular tree. Pial ar-

teries, PAs, and capillaries each regulate blood flow through 

specialized mechanisms. Capillaries, for instance, serve as the 

primary site for spatial blood redistribution, relying on pericytes 

and endothelial signaling to fine-tune perfusion in response to 

neural activity. 39 Pial arteries, on the other hand, integrate up-

stream regulatory inputs that influence broader hemodynamic 

changes. 40 In contrast, PAs function as pressure-regulating con-

duits, bridging the larger pial arteries with the dense capillary 

network. 5 Given their critical role in stabilizing perfusion across 

cortical layers, we hypothesize that PAs maintain their functional 

integrity despite glycemic fluctuations.

In this regard, our findings demonstrate that PAs maintain their 

basal diameter following hyperglycemic induction and RH, indi-

cating that their vascular tone remains stable. These results sug-

gest that PAs possess robust autoregulatory mechanisms that 

prevent potential dysregulation in NVC under very different gly-

cemic conditions.

In this sense, the assessment of NVC using two-photon imag-

ing in awake mice is specifically designed to understand the 

contribution of PAs to this functional response. While assessing 

NVC employing other techniques, such as laser speckle or laser 

doppler, may identify changes in regional blood flow induced by 

either hyperglycemia or RH, those approaches inform about the 

global distribution of blood flow, which is mainly driven by capil-

lary function. 41,42 Indeed, capillaries may be more sensitive to 

metabolic changes due to their reliance on metabolic and endo-

thelial signaling. 43 Under metabolic stress conditions, such as 

hyper- and hypoglycemia, capillary function may be more sus-

ceptible to impairment, a possibility that is worth exploring in 

future studies. In contrast, the ability of PAs to maintain stable 

vascular tone and preserve their function after eight weeks of 

sustained hyperglycemia or after mild-to-moderate RH episode 

suggests that this vascular compartment operates indepen-

dently of systemic metabolic fluctuations, ensuring consistent 

cerebral perfusion even in altered glycemic states, and aligning 

with the theory of vascular compartmentalization in the brain. 3

Transient delay on PA’s dilation in STZ-hyperglycemic 

mice

Although PAs remained largely unaffected in terms of dilation 

amplitude, we observed a delayed NVC response in STZ-

treated mice after RH. This indicates that while PAs preserve 

their dilation capacity, the temporal component of their 

response to stimulation can be transiently disrupted when

Statistical differences were assessed using two-way ANOVA followed by a Tukey’s post hoc test (A, C, E, J, M, P, S), unpaired Student’s t test (D), two-way 

repeated measures ANOVA followed by a Tukey’s post hoc test (H, K, N, Q), or nested t test (I, L, O, R); *p < 0.05; **p < 0.01; ****p < 0.0001.

AUC, area under the curve; GTT, glucose tolerance test; NVC, neurovascular coupling; PA, penetrating arteriole; STZ, streptozotocin; t Amp50% , time to reach 50% 

of maximum amplitude; t Max , time to reach maximum amplitude.
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Figure 3. Effect of RH on NVC at 3 and 24 h after the last hypoglycemic episode

(A) Individual glucose profiles (thin lines) of both control (left) and STZ-treated (right) mice during recurrent hypoglycemia episodes. The average population blood 

glucose values during hypoglycemia are represented with thick lines.

Population trace of the NVC response before and after RH in (B) control and (C) STZ-treated mice, represented as averaged population traces ± SEM.

(legend continued on next page)
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sustained hyperglycemia and RH occur simultaneously. In this 

sense, the effects of hypoglycemia on brain vasculature have 

been documented in the literature, showing that during hypo-

glycemic episodes, vessel tone is increased in an astrocyte-

dependent manner. 44 This astrocyte-dependent dilation takes 

effect when blood glucose levels drop below 70 mg/dL, indi-

cating that even mild to moderate hypoglycemia impacts brain 

vascular regulation. Despite evidence of increased vascular 

tone during the hypoglycemic episodes, NVC remains pre-

served in control mice, relying on the adaptations of both 

neuronal activity and vascular dilation to low glucose condi-

tions. 45 Whether hypoglycemia impact lingers after recovering 

from the hypoglycemic episode has not been explored so far, 

nor in control, STZ-treated, or other model of diabetic mice. 

We found that 3 h after RH, when euglycemic levels have 

been restored, NVC dynamics are unaltered in control mice. 

Interestingly, in STZ mice, NVC response is delayed without 

affecting the amplitude nor the basal vascular tone. These re-

sults show that STZ-induced hyperglycemia makes PAs more 

vulnerable to RH episodes, delaying the recovery of their ho-

meostatic state. This finding has been previously discussed 

by other authors who suggested that intrinsic adaptive mecha-

nisms of glucose counter-regulation (e.g., glucagon and cate-

cholamines release) are blunted in T1DM patients previously 

exposed to hypoglycemia, resulting in increased severity of hy-

poglycemic episodes. 46,47 One plausible reason for the delayed 

NVC response may be an alteration in the function of potassium 

inwardly rectifying (Kir) channels, which are crucial for capillary-

to-arteriole dilation transmission. 39 Dysfunction of this vascular 

mechanism can cause delayed NVC without affecting the 

magnitude of the dilation. A necessary component for the 

functionality of both Kir and K-ATP-dependent channels is 

ATP production, which is altered in the context of STZ-induced 

hyperglycemia, 48 suggesting a metabolic switch under hyper-

glycemic conditions. While NVC is delayed at 3 h after RH, 

the system’s functionality is restored after 24 h, indicating 

that between 3 and 24 h homeostasis is reinstated and the ef-

fect of non-severe hypoglycemic episodes on brain vasculature 

is short-lived at PA level. Further studies are needed to eluci-

date both the specific mechanisms related to the acute delay 

of NVC in the context of diabetes and the metabolic adaptation 

that allows the maintenance of vascular homeostasis during 

persistent hyperglycemia and RH. It is possible that longer du-

rations of hypoglycemia or a higher frequency of recurrent ep-

isodes could induce dysfunction at the PA level. However, 

modeling prolonged periods of non-severe hypoglycemia is 

technically challenging using insulin-induced hypoglycemia, 

as extending the duration often leads to glucose levels that 

fall into the severe hypoglycemia range. Alternative ap-

proaches, such as the hypoglycemic clamp technique, would 

be more suitable for this purpose. On the other hand, increasing

the number of hypoglycemic episodes disrupts the compensa-

tory mechanisms that regulate glucose homeostasis. There-

fore, a specific study incorporating hormonal monitoring and 

control of the counter-regulatory response would be required 

to accurately assess the impact of repeated hypoglycemic ep-

isodes on PA functionality.

NVC in T1DM vs. T2DM: The putative role of 

comorbidities

Although T1DM and T2DM share the feature of glucose dysregu-

lation, they are fundamentally distinct diseases with different 

pathophysiological mechanisms and clinical presentations. 

T1DM is primarily an autoimmune disorder characterized by 

the destruction of pancreatic β-cells, leading to absolute insulin 

deficiency. In contrast, T2DM is a heterogeneous metabolic dis-

order associated with insulin resistance, obesity, and a cluster of 

comorbidities such as hypertension, dyslipidemia, and cardio-

vascular disease. These differences raise an important question: 

How applicable are findings from studies on NVC in T2DM in the 

context of T1DM?

NVC impairments have been widely documented in T2DM, 

both in humans and animal models. Studies have shown that in-

dividuals with T2DM exhibit cerebrovascular dysfunction, 

including reduced cerebral blood flow and impaired vascular 

reactivity, which are exacerbated by the presence of comorbid-

ities such as hypertension and atherosclerosis. 10,11,49,50 In ro-

dent models of T2DM, impaired NVC responses have been 

linked to endothelial dysfunction, oxidative stress, and chronic 

low-grade inflammation. 51 However, since T2DM is often diag-

nosed alongside these metabolic and vascular complications, 

it is challenging to isolate the specific contribution of hyperglyce-

mia to NVC deficits in models of T2DM. The STZ-induced model 

of hyperglycemia closely resembles T1DM and allows investiga-

tion of the direct impact of glucose dysregulation on NVC, mini-

mizing the confounding metabolic factors associated with 

T2DM. Our findings suggest that after 8 weeks of sustained hy-

perglycemia, NVC remains largely preserved in PAs, indicating 

that the brain vasculature can adapt to chronic hyperglycemia 

without significant functional impairment. This aligns with previ-

ous reports showing that cerebral blood flow remains un-

changed in T1DM models, even under conditions of acute hyper-

glycemia. 14,52 However, other studies have reported decreased 

NVC in pial arteries of T1DM rats 16–18 weeks after diabetes in-

duction, suggesting that vascular impairment may develop over 

a longer time course than the one used in our study. 12,13 The 

discrepancy between our findings and previous studies may 

also be due to differences in species (mice vs. rats), vascular 

compartments analyzed (PAs vs. pial arteries), brain region 

analyzed (given that different brain regions are characterized 

by their unique patterns of NVC 53 ), and the duration of hypergly-

cemia exposure. Determining whether NVC deficits eventually

NVC changes in amplitude (D–H), t Max (I–M), t Amp50% (N–R), and AUC (S–W) in both control and STZ mice. n = 22 PAs from 6 mice in control (N = 4 males, 2 

females) and n = 25 PAs from 8 mice in STZ (N = 5 males, 3 females). Values represent the average ± SD.

Statistical differences were assessed using two-way repeated measures ANOVA followed by a Tukey’s post hoc test (D, I, N, S), nested Student’s t test (E, G, J, L, 

O, Q, T, V), or two-way ANOVA followed by a Tukey’s post hoc test (F, H, K, M, P, R, U, W); *p < 0.05; **p < 0.01; ***p < 0.001.

AUC: area under the curve; NVC: neurovascular coupling; PA: penetrating arteriole; RH: recurrent hypoglycemia; t Amp50% : time to reach 50% of maximum 

amplitude; t Max : time to reach maximum amplitude.
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emerge in STZ-induced hyperglycemia and if specific vascular 

compartments exhibit differential vulnerability to metabolic 

stress are yet to be explored.

As a conclusion, our findings reveal that NVC at the PA level 

remains intact in a mouse model of STZ-induced hyperglycemia, 

as well as in hyperglycemic mice subjected to RH, preserving 

vascular tone and dilation capacity, indicating that this vascular 

compartment is highly resilient to glucose dysregulation. Howev-

er, RH induces a transient delay in NVC response in diabetic 

mice, potentially reflecting a temporary vascular adaptation. Un-

like T2DM, where comorbidities contribute to cerebrovascular 

dysfunction, sustained hyperglycemia alone does not impair 

NVC at the PA level. These findings underscore the need 

to differentiate between diabetes types in cerebrovascular 

research and the importance of further studies on metabolic ad-

aptations in the diabetic brain vasculature.

Limitations of the study

An important aspect not addressed in this study is the endo-

crine counter-regulatory response triggered during hypoglyce-

mia. Under normal glucose homeostasis, a drop in circulating 

glucose stimulates glucagon release from pancreatic α-cells, 

which promotes hepatic glucose production through glycogen-

olysis and gluconeogenesis. This response is complemented by 

autonomic activation and adrenaline release, which further 

enhance hepatic glucose output and limit peripheral glucose 

utilization. 54,55 In insulin-deficient states such as T1DM or 

STZ-induced hyperglycemia, the glucagon release can be 

impaired or delayed, increasing vulnerability to severe hypogly-

cemia. Repeated hypoglycemic episodes can progressively 

blunt these hormonal responses, leading to hypoglycemia-

associated autonomic failure (HAAF). This condition influences 

both the magnitude of glucose reduction and its effects on the 

brain, thereby modulating the depth and duration of hypoglyce-

mic episodes and increasing the risk of severe hypoglyce-

mia. 47,56,57 Studies distinguishing between mild-to-moderate 

and severe hypoglycemia or examining how these different de-

grees of glucose reduction differentially affect counter-regula-

tory hormonal responses under euglycemic and hyperglycemic 

conditions may provide deeper insight into the continuum of

Figure 4. No changes in basal diameter in PAs

(A) Representative images of a PA throughout the four imaging time points of the experiment. Scale bars: 20 μm (left, low magnification images) and 2 μm (right, 

high magnification images).

(B− D) Changes in basal diameter of the same PAs in control and diabetic mice between baseline (BL) and after 8 weeks of sustained hyperglycemia (Pre-RH or 

STZ).

(E–I) changes in basal diameter between Pre-RH, 3 h, and 24 h after RH.

B–D: n = 31 PAs from 10 mice in control and n = 36 PAs from 10 mice in STZ, 6 males and 4 females in both control and STZ; E–I: n = 22 PAs from 6 mice in control 

(4 males, 2 females) and n = 25 PAs from 8 mice in STZ (5 males, 3 females). Values represent the average ± SD.

Statistical differences were assessed using two-way ANOVA followed by a Tukey’s post hoc test (B, D, G, I) or nested t test (C, F, H).

BL, baseline; NVC, neurovascular coupling; PA, penetrating arteriole; RH, recurrent hypoglycemia.
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glycemic dysregulation. Our study pursued a targeted strategy, 

prioritizing the effects of reduced circulating glucose on NVC 

over a direct assessment of hormonal dynamics. Future studies 

quantifying insulin, glucagon, and catecholamines will be 

essential to elucidate the endocrine contribution to hypoglyce-

mia-induced brain responses under both normoglycemic and 

STZ-induced hyperglycemic conditions.

This study has notable strengths, assessing the NVC response 

in awake mice using a longitudinal approach, reinforcing the val-

idity of our findings. The study also provides an accessible plat-

form for studying NVC in the somatosensory cortex that includes 

the codes and custom-designed pieces utilized and available at 

GitHub. A technical limitation of our study, however, is that our 

current awake setup makes the quantification of NVC at the 

capillary level quite unreliable due to movement artifacts inherent 

to awake imaging. Such analysis would be valuable to determine 

the specific effects of sustained hyperglycemia and RH on cap-

illaries compared to PAs in future studies.
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(A) Change in t Max as a function of the glucose levels.

(B) Change in t Max as a function of the insulin dose administered on the last day of the RH protocol of STZ+RH mice at 3 h after the last episode of RH. n = 28 PAs 

from 9 mice.

(C) Plasma Humulin-R levels in blood at 1 and 5 h after different insulin administration dosages.
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7. Chow, B.W., Nuñ ez, V., Kaplan, L., Granger, A.J., Bistrong, K., Zucker, 

H.L., Kumar, P., Sabatini, B.L., and Gu, C. (2020). Caveolae in CNS arteri-

oles mediate neurovascular coupling. Nature 579, 106–110. https://doi. 

org/10.1038/s41586-020-2026-1.

8. Feng, L., and Gao, L. (2024). The role of neurovascular coupling dysfunc-

tion in cognitive decline of diabetes patients. Front. Neurosci. 18, 

1375908. https://doi.org/10.3389/fnins.2024.1375908.

9. Fletcher, E.L., Dixon, M.A., Mills, S.A., and Jobling, A.I. (2023). Anomalies 

in neurovascular coupling during early diabetes: A review. Clin. Exp. 

Ophthalmol. 51, 81–91. https://doi.org/10.1111/ceo.14190.

10. Canna, A., Esposito, F., Tedeschi, G., Trojsi, F., Passaniti, C., di Meo, I., 

Polito, R., Maiorino, M.I., Paolisso, G., Cirillo, M., and Rizzo, M.R. 

(2022). Neurovascular coupling in patients with type 2 diabetes mellitus. 

Front. Aging Neurosci. 14, 976340. https://doi.org/10.3389/fnagi.2022. 

976340.

11. Duarte, J.V., Guerra, C., Moreno, C., Gomes, L., and Castelo-Branco, M. 

(2022). Changes in hemodynamic response function components reveal 

specific changes in neurovascular coupling in type 2 diabetes. Front. 

Physiol. 13, 1101470. https://doi.org/10.3389/fphys.2022.1101470.

12. Vetri, F., Xu, H., Paisansathan, C., and Pelligrino, D.A. (2012). Impairment 

of neurovascular coupling in type 1 diabetes mellitus in rats is linked to 

PKC modulation of BK(Ca) and Kir channels. Am. J. Physiol. Heart 

Circ. Physiol. 302, H1274–H1284. https://doi.org/10.1152/ajpheart. 

01067.2011.

13. Vetri, F., Qi, M., Xu, H., Oberholzer, J., and Paisansathan, C. (2017). 

Impairment of neurovascular coupling in Type 1 Diabetes Mellitus in rats 

is prevented by pancreatic islet transplantation and reversed by a semi-

selective PKC inhibitor. Brain Res. 1655, 48–54. https://doi.org/10.1016/ 

j.brainres.2016.11.012.

14. Berends, E., Pencheva, M.G., van de Waarenburg, M.P.H., Scheijen, 

J.L.J.M., Hermes, D.J.H.P., Wouters, K., van Oostenbrugge, R.J., Foulqu-

ier, S., and Schalkwijk, C.G. (2024). Glyoxalase 1 overexpression improves 

neurovascular coupling and limits development of mild cognitive impair-

ment in a mouse model of type 1 diabetes. J. Physiol. 602, 6209–6223. 

https://doi.org/10.1113/JP286723.

15. Nowakowska, M., Zghebi, S.S., Ashcroft, D.M., Buchan, I., Chew-Gra-

ham, C., Holt, T., Mallen, C., Van Marwijk, H., Peek, N., Perera-Salazar, 

R., et al. (2019). The comorbidity burden of type 2 diabetes mellitus: pat-

terns, clusters and predictions from a large English primary care cohort. 

BMC Med. 17, 145. https://doi.org/10.1186/s12916-019-1373-y.

16. Krause, M., and De Vito, G. (2023). Type 1 and Type 2 Diabetes Mellitus: 

Commonalities, Differences and the Importance of Exercise and Nutrition. 

Nutrients 15, 4279. https://doi.org/10.3390/nu15194279.

17. Park, J., Kim, G., Kim, B.-S., Han, K.-D., Kwon, S.Y., Park, S.H., Lee, Y.-B., 

Jin, S.-M., and Kim, J.H. (2023). Insulin Fact Sheet in Type 1 and 2 Dia-

betes Mellitus and Trends of Antidiabetic Medication Use in Insulin Users 

with Type 2 Diabetes Mellitus: 2002 to 2019. Diabetes Metab. J. 47, 

211–219. https://doi.org/10.4093/dmj.2022.0346.

18. Rhee, S.Y. (2017). Hypoglycemia and Dementia. Endocrinol. Endocrinol. 

Metab. 32, 195–199. https://doi.org/10.3803/EnM.2017.32.2.195.

19. Huang, L., Zhu, M., and Ji, J. (2022). Association between hypoglycemia 

and dementia in patients with diabetes: a systematic review and meta-

analysis of 1.4 million patients. Diabetol. Metab. Syndr. 14, 31. https:// 

doi.org/10.1186/s13098-022-00799-9.

20. Smith, L., Chakraborty, D., Bhattacharya, P., Sarmah, D., Koch, S., and 

Dave, K.R. (2018). Exposure to hypoglycemia and risk of stroke. Ann. N. 

Y. Acad. Sci. 1431, 25–34. https://doi.org/10.1111/nyas.13872.

21. O ¨ stenson, C.G., Geelhoed-Duijvestijn, P., Lahtela, J., Weitgasser, R., Mar-

kert Jensen, M., and Pedersen-Bjergaard, U. (2014). Research: Complica-

tions Self-reported non-severe hypoglycaemic events in Europe. Diabet. 

Med. 31, 92–101. https://doi.org/10.1111/dme.12261.

22. Khunti, K., Alsifri, S., Aronson, R., Cigrovski Berkovi� c, M., Enters-Weijnen, 
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METHOD DETAILS

Experimental design

We conducted a longitudinal study to evaluate the NVC response to whisker stimulation in awake mice of a streptozotozin- (STZ) 

induced hyperglycemia model (Figure 1A). To achieve this, we implanted a cranial window to optically access the primary somato-

sensory barrel field cortex (S1BF; Figures 1B and 1C). After a two-week recovery period, the mice were habituated to the awake im-

aging setup of the two-photon microscope, and immediately following habituation, we performed the first NVC evaluation in the 

penetrating arterioles of the S1BF to establish a baseline (BL) response. Next, we induced experimental diabetes in a group of 

mice using STZ, while maintaining a control group of non-induced mice. Eight weeks after diabetes induction, mice were re-habit-

uated to the awake imaging setup, and we re-evaluated the NVC in the same penetrating arterioles to determine the effect of sus-

tained hyperglycemia (Pre-RH). Then, mice underwent RH and we assessed NVC of the same PAs at 3 hours (RH-3h) and 24 hours 

(RH-24) after the last episode of the RH protocol.

Blood glucose measurements

Glucose levels were measured after a 5-hour fasting period. Blood collection was done by pricking the lateral tail vein with a 21G 

needle and applying gentle pressure to extract a drop of blood. Glucose levels were measured with a handheld glucometer (Contour 

Next EZ, Bayer). Blood draws were performed before diabetes induction, as well as 2 and 8 weeks later, following a 5-hour fasting 

period to determine fasting blood glucose levels. Additionally, blood draws were performed every 15 minutes during hypoglycemic 

episodes to ensure blood glucose levels were maintained within the target range.

Hyperglycemia induction

Sustained hyperglycemia was induced following a 5-day protocol consisting of daily low-STZ dose injections, as previously 

described. 33 Each day mice were fasted for 5 hours before receiving an intraperitoneal injection of STZ (50 mg/kg) dissolved in 

100 mM sodium citrate buffer, pH 4.6. Nondiabetic control mice received injections of the citrate buffer alone. After each injection, 

the mice were monitored for 3 hours before being returned to their cages. Blood glucose levels were assessed before the first STZ 

dose, and again at 2 weeks and 8 weeks after the final STZ administration. Mice were considered hyperglycemic if fasting glucose 

levels exceeded 200 mg/dL at the two-week time point.

Glucose tolerance tests (GTT)

Mice were fasted for 6 h before the GTT assessment. For this, mice were moved to individual clean cages with no food but unre-

stricted access to water. Blood samples were collected from the tip of the tail vein before and after (15, 30, 60, 90, and 120 min) 

a single intraperitoneal injection of 20% glucose (2 g/kg body weight). Blood glucose levels were measured using a glucometer 

(OneTouch Verio Flex). Glucose levels across time points were used to calculate the area under de curve (AUC), and the initial 

time point before the glucose injection was used as the fasting glucose levels.

Recurrent hypoglycemia protocol

Five episodes of mild-to-moderate hypoglycemia (45-70 mg/dL of blood glucose) were induced over five consecutive days by admin-

istering insulin (1-4 UI/kg, Humulin R, Lily) once per day after 4 hours of fasting. The amount of injected insulin was calculated based 

on the initial glucose levels and following the formula: Insulin dose (UI) = 0.75 x body weight (kg) x fasting blood glucose (mg/dL)/100. 

This formula was optimized to maintain sustained hypoglycemia within a blood glucose range of 45-70 mg/dl. Glucose levels were 

monitored every 15 minutes after the insulin injection. After one hour of hypoglycemia, mice received an intraperitoneal injection of 

glucose (1.5 g/kg) to rescue them from the hypoglycemic episode.

Serum insulin levels

To validate the successful induction of a chronic hyperglycemic state, we measured insulin levels in serum from control and STZ-

treated mice eight weeks after STZ administration. Blood samples were obtained from the heart during animal euthanasia, and 

were centrifugated at 10,000xg for 15 min. Serum was obtained and stored at -80 ◦ C until use. Insulin levels were measured with 

an ELISA assay (Crystal Chem), following manufacturer’s instructions.

Plasma Humulin-R levels

To determine whether any injected insulin remained in the system 3 hours after recovery from the RH episode, we used an ELISA kit 

specifically for human insulin, taking advantage of the fact that the injected Humulin-R is human insulin. Humulin-R levels were measured 

in plasma obtained from diabetic mice at various time points after injection. Briefly, diabetic mice were injected with 0, 1.5, 2, or 4 IU/kg of 

Humulin-R and were sacrificed either 1-hour post-injection (corresponding to the onset of the hypoglycemic phase) or 5 hours post-in-

jection (corresponding to 3 hours after the RH episode). Blood was collected from the cheek and placed in anticoagulant solution (0.5 M 

EDTA) in a 1:10 ratio (anticoagulant:blood). Blood was then centrifuged at 10,000xg for 10 minutes, and the obtained plasma was stored 

at -80 ◦ C for further use. Blood Humulin-R levels were measured using a specific ELISA kit (Crystal Chem) designed to detect human 

insulin with minimal cross-reactivity to mouse or rat insulin and following manufacturer’s instructions.
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Cranial window surgery

For the cranial window procedure, 58–60 mice were anesthetized with isoflurane (5.0% for induction, 1.4-1.7% for maintenance). Dexa-

methasone (0.2 mg/kg; VetOne) and carprofen (5.0 mg/kg, Zoetis, Inc) were subcutaneously injected before the surgery to prevent 

brain swelling and inflammation. Mice were placed on a stereotaxic frame (Stoelting) to perform the surgical procedure. After bone 

exposure, two 00-96 x 1/16’’ screws (Protech Int.) were implanted on the skull of the contralateral hemisphere (frontal and parietal 

bone) to strengthen and provide stability to the acrylic headcap that embeds the head bar utilized to secure the animals to the mi-

croscope stage during awake imaging. A 4 mm craniotomy was performed with a pneumatic dental drill (Midwest Tradition) over the 

S1BF (AP: -1.95, ML: +3.0), keeping the dura intact. A 5 mm coverslip (#1; Electron Microscopy Sciences) was placed over the 

exposed brain and fixed to the skull with ethyl-cyanoacrylate glue. A custom designed head bar (Figure 1B inset) was placed 

over the cranial window and secured with dental acrylic (Lang Dental Mfg. Co., Inc) to the skull. The animal recovered for 2-3 weeks 

before starting with the rig habituation protocol.

Intrinsic optical signal imaging

Intrinsic optical signal (IOS) was performed in the time between cranial window surgery recovery and the first session of NVC imaging, 

i.e., baseline time point, to identify the location of the S1BF region of the parietal cortex in the cranial window. IOS imaging was per-

formed as we have previously described. 61,62 Mice were anesthetized (5% isoflurane for induction, <1% for maintenance) and 

secured to a custom-built IOS rig using the titanium head bar. An image of the surface’s vasculature was obtained for reference under 

green light (535 nm). Whiskers of the contralateral side to the cranial window were gently applied to a piezo bender actuator (Physik 

Instrumente) using dental wax. Then, intrinsic optical signals at 300 ± 50 μm deep were recorded under red light (630 nm) with a fast 

camera (Pantera 1M60; Dalsa), frame grabber (64 Xcelera-CL PX4; Dalsa), using a custom written MATLAB (MathWorks) routine. The 

imaging session consisted of 30 trials of whisker stimulation for 1.5 seconds in the rostro-caudal direction at 10 Hz with 20 second 

breaks. The response signals for each stimulation were normalized to their baseline signal and summed up to obtain the activity map. 

The map of activity was overlaid with the vasculature’s to identify the activated cortical area that corresponds to S1BF. Once the 

functional map of this cortical area was reliably and consistently identified in a subset of animals (Figure 1B), the region was gener-

alized to the rest of mice, since the position of the cranial window does not vary between animals.

Habituation

Because neurovascular coupling was assessed in awake mice to avoid the dampening effect of anesthesia on functional hyperemia, 

mice needed to be habituated to the imaging setup before the imaging sessions. Mice were habituated for 5 days before the first 

imaging session (Baseline, or BL) and again before the second imaging of NVC (Pre-RH) given the long time interval, 8 weeks, be-

tween these two sessions (Figure 1A). For the habituation (H), mice were lightly anesthetized with isoflurane (4% isoflurane for 30 sec-

onds) and placed on the custom-designed imaging platform by securing the head bar to the head bar holders. The body of the animal 

rested inside a metallic cylinder. The animal was allowed to fully wake up on the platform. The habituation consisted of increased 

restraining times across five consecutive days as follows: 20, 45, 60, and 2 x 90 minutes. On days 4 and 5 the restraining time 

was combined with 25 min of whisker stimulation using air puffs generated with a Picospritzer III (4Hz, 5 s, 20 psi, 30 s/cycle) to 

get the animals used to the whisker stimulation paradigm.

Two-photon laser scanning microscopy of neurovascular coupling

Two-photon laser scanning microscopy (2PLSM) imaging was performed in a custom-built microscope equipped with a Ti:sapphire 

laser (Chameleon Ultra II; Coherent) tuned to 910 nm, a 16x 0.8 NA water-immersion and long working distance objective (Nikon), and 

ScanImage software 63 written in MATLAB. Mice were lightly and transiently anesthetized with isoflurane (4% isoflurane for 30 sec-

onds), and a bolus of 100 μL of fluorescein isothiocyanate-dextran 70 kDa (FITC, 5% w/v in sterile saline) was injected retro-orbitally 

to label the blood serum and visualize the vasculature. 64,65 Immediately after the injection, mice were secured to the custom-

designed imaging platform and positioned directly under the microscope objective. Mice were allowed to fully recover from anes-

thesia for 15-30 minutes before the start of the imaging session. Cross sections of PAs were obtained 50 ± 20 μm deep from the 

pial arteries and were imaged at 9.45 Hz for a total duration of 25 s per trial. For each trial, the whisker stimulation was done using 

air puffs (4Hz, 20 psi, 5 s) and initiated 10 seconds after the onset of the image acquisition. An Arduino-based custom-built I/O 

controller was used to synchronize the imaging acquisition and the onset of the stimulation. Ten stimulation trials were performed 

for each PA and averaged to minimize variability due to artifacts associated with the imaging of awake mice. Two to six PAs per 

mouse were imaged in the S1BF. PAs were imaged longitudinally across time points and their responses were normalized to their 

basal NVC response (BL). A representative video of the methodology can be found in Video S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis quantification of NVC responses

The changes in PA diameter for each stimulation trial were quantified using a custom-written routine in MATLAB. Briefly, image in-

tensity of the cross-section of the PA was adjusted, binarized, and the centroid of the resulting mask was calculated and used to 

measure the minimum diameter of the PA at every frame recorded. Basal diameter was measured from second 3 to the onset of
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the whisker stimulation (at second 10), and the average basal diameter for each trial was used to normalize the stimulation-induced 

changes in diameter (being basal diameter 100%). The traces from the 10 trials per PA were averaged to reduce variability from ar-

tifacts related to awake imaging. NVC diameter response was evaluated between seconds 10 and 15, corresponding to the stimu-

lation time. For each PA and imaging session, the maximum amplitude of the PA during the response to the stimulation (Amplitude), 

the times to reach the maximum amplitude (t Max ) and 50% of the maximum amplitude (t Amp50% ), as well as the area under the curve 

during the stimulation period (AUC) were obtained. These parameters were compared for the same PAs across time points in the 

study, and the percentage of change between the different time points was calculated to evaluate the effects of hyper- and hypo-

glycemia on the NVC response.

Statistical analysis

Statistical analysis was performed in GraphPad Prism. Specific tests that were used to test significance in each plot can be found in 

figure legends. The statistically significant results are described in Results. For the analysis of NVC responses, a total of 2-6 PAs were 

collected per mouse. To avoid bias and appropriately weigh the contribution of mice with different numbers of PAs, all data were 

analyzed using either nested one- or two-way ANOVA, followed by Tukey’s post hoc analysis for multiple comparisons. Data are pre-

sented as mean ± standard deviation (SD), with significance determined at p < 0.05. Representation of significance is set as * p < 0.05, 

** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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