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Brain processes that depend on the hippocampus (HC)
become dysfunctional early in several disease states,
including Alzheimer’
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supplying less oxygen. Most of our dilations are related to calcium
events and not due to random vasomotion because when traces
were shuffled so that vessel dilation data were no longer aligned
to calcium events, dilations occurred less frequently (V1: 5.2%,
HC: 5.7%; Fig. 3f, i). Even when vessels did dilate in HC,
responses were smaller than in V1, despite larger triggering cal-
cium events (Fig. 3j–m). Therefore, smaller dilations across all
vessels in HC were due to both a decrease in responsiveness of
vessels, and to dilations being smaller in HC when they did occur.

We next looked at vessels with diameters <7 µm to explore the
effect of neuronal calcium activity specifically on capillaries. The
smaller dilations observed in HC corresponded to smaller
increases in RBC velocity in HC capillaries following local
calcium activation, as assessed using fast line scanning of
capillaries and nearby neuronal soma (Supplementary Figure 1),
though RBC velocity was equally likely to increase in the two
regions. Whilst these same HC capillaries captured by fast line
scanning were less likely to dilate than V1 capillaries, if they did
dilate, their responses were the same size in both regions. When
we split our xy movie data in Fig. 3 into vessels smaller and larger
than 7 µm, we confirmed that both groups of vessels were less
likely to dilate in HC than V1. When they did dilate, vessels larger
than 7 µm also had smaller dilations in HC, whilst dilations in
smaller vessels were the same size in both regions (Supplementary
Figure 2). Dilations of HC vessels larger than 7 µm were 51% of
those in V1, however, so similarly scaled responses in smaller HC
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interneurons and astrocytes of the synthetic enzymes for pros-
taglandins, epoxyeicosatrienoic acids (EETs) and nitric oxide
(Supplementary Tables 1–3), suggesting that cells in HC are as
capable of producing these vasoactive molecules as those in
cortex. In fact, there were significantly higher levels of Nos1
(Fig. 4a) and Ptges3 (Fig. 4b) expression in HC pyramidal neu-
rons, and of Ptges3 (Fig. 4c) in HC astrocytes, which might
predict that, if anything, the production of vasodilatory molecules
(prostaglandin and nitric oxide) would be greater in HC than V1.

HC neurovascular coupling is not lower because neuronal fir-
ing is less synchronous. Alternatively, HC neurons could be less
effective at signalling to blood vessels if their firing is less syn-
chronous than in V1, so that levels of dilatory second messengers
(e.g., nitric oxide or prostaglandin) summate less, meaning their
concentration and potential effect on the vasculature is reduced.
Indeed, coding in HC is sparser and distributed, whereas that in
V1 is retinotopic, so it might be predicted that neuronal firing in
HC would, indeed, be less synchronised. We tested this by

imaging across a wide field-of-view to capture large numbers ofdilato9e ce2We (Fig.
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and summed regional responses both suggest weaker neurovas-
cular coupling in HC.

We wondered whether the cellular or laminar organisation of HC
and V1 could explain the different neurovascular coupling proper-
ties, perhaps if second messengers released from different neuronal
compartments have differential effects on the vasculature. To this
end, we tested whether neurovascular coupling was different in
vessels in response to calcium signals in the neuropil (NP) or
nearby somas (Supplementary Figure 3). We found that, although
vessels in V1 were more likely to respond to calcium signals from
the NP, vessel responsiveness in HC did not distinguish between the
different neuronal compartments. The NVCindices between the
different neuronal compartments were no different within each
region, with a significantly greater NVCindex in V1 than HC for
both NP and soma. We also investigated whether there were
laminar differences in neurovascular coupling that could explain
our results. We found some differences in responses between layers
in both regions (Supplementary Figure 4), however across all layers,
the NVCindex was significantly greater in V1 than HC.

HC neurovascular coupling is not lower because of vascular
deficits arising from the surgical preparation. The surgery to
create a cranial window over CA1 is more invasive than for V1,
because it requires aspiration of some of the overlying cortex and
the implantation of a cannula with glass coverslip. We tested for
vascular network damage in CA1 in the surgical versus non-
surgical hemisphere. We found that the aspiration and cannula
implantation did not cause significant compression to dorsal
CA1, nor alter the overall vascular density of the region (Sup-
plementary Figure 5). Furthermore, signs of inflammation were
limited to tissue <100 μm from the window and did not affect the
responses recorded (Supplementary Fig 6).

Pericytes have a less-contractile morphology in HC than V1. In
the absence of clear differences in neuronal firing properties or
expression of neurovascular coupling signalling molecules, we
next investigated whether our results could reflect differences in
vascular structure or function. The architecture of the vasculature
is well established in neocortex, where pial vessels run along the
brain’s surface before penetrating the tissue and branching into a
dense capillary network (e.g., Figure 6a). The hippocampal vas-
cular network is less well characterised, but is known to be
inverted compared with that in neocortex, with large arteries and
veins emerging in the hippocampal sulcus and sending their arch-
like branches up into CA115. Our in vivo recordings confirm this
vascular organisation (Fig. 6a–b, Supplementary Figure 7) with
the large (>15 µm) diameter perfusing vessels located ~300 µm

below the dorsal surface of layer SO. Our imaging depth was on
average 70 µm (range: 1–308 µm), so the vessels we sampled in
HC were generally further from their source (HC vessels averaged
227 µm from their source, versus 135 µm in V1), but the distance
to the perfusion source did not alter resting RBC velocity or
calcium-dependent blood vessel dilations in HC (Supplementary
Figure 7). In V1, the distance from the pial arteries did not affect
the size of dilations, but RBC velocity was higher in vessels nearer
the source arteries (Supplementary Figure 7).

Next, we examined microvascular anatomy for differences that
could help explain the functional deficits in NVC in HC. Vascular
anatomy in neocortex is often described in reference to branching
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83, 20 in HC) and endothelial (n = 137, 10 in HC) cells using the
same single-cell mRNA data set as above17 across three broad
categories associated with neurovascular function: contractile
machinery, ion (potassium and calcium) channels and neuro-
vascular signalling pathways (Supplementary Tables 4 and 5). The
latter category included recently identified EET and 20-HETE
receptors22,23 and, given the recent finding that endothelial

NMDA receptors can control vascular tone24, NMDA receptor
subunits.

Several genes showed differential expression between V1 and
HC, all of which pointed to the vasculature in V1 being more
contractile or responsive than in HC (Supplementary Figure 8;
Supplementary Tables 4 and 5). Mural cells showed higher
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whereas levels of transcripts for several other ion channel subunits
were significantly higher in V1 before correction for multiple
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First, end-arterioles and mid-capillaries were smaller in
diameter in HC than V1, suggesting the microvasculature may
be more resistant to flow in HC than V1, contributing to the
decrease in net CBF and lower RBC velocity observed. The flow
characteristics of the two vascular beds were also different. In V1,
RBC velocity was faster nearer the arterial source, consistent with
a shorter, lower resistance path being taken by RBCs passing
through superficial neocortical layers31. HC flow did not show
this dependence on distance from the perfusion source,

suggesting the absence of these shorter, lower resistance
paths in HC.

Ensheathing pericytes initiate the dilatory response to sensory
stimulation in the olfactory bulb32, and are among the earliest to
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Alzheimer’s disease46, suggesting that insufficient oxygen delivery
to HC might be a key early factor in Alzheimer’s disease in some
individuals, and that improving oxygen delivery may be
therapeutic.

Interpreting BOLD. Our results also illuminate why BOLD sig-
nals in HC were found to be unreliably coupled to neuronal
activity9,10. In HC, smaller and less-frequent vascular dilations in
response to local changes in neuronal activity will produce
smaller positive BOLD signals. BOLD signals are therefore a less-
sensitive measure of neuronal activity in HC than in neocortex.
Simple experimental designs that compare the degree of activa-
tion across the brain could therefore erroneously conclude lower
HC activation than cortex even when activity levels are the same.
Analyses that test for specific patterns of activity, such as corre-
lations of voxels with a behavioural measure or cognitive model
of interest, will be less affected by the different neurovascular
coupling properties in HC and V147, but the relative insensitivity
may nevertheless lead to more failures to detect subtle effects in
HC than in neocortex48.

Our work suggests HC physiological and pathophysiological
functioning is shaped (and limited) by its vasculature, an insight
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Analysing the area of CA1 in surgical and non-surgical hemispheres: Wide-field
images were taken of the entire brain slice by tile scanning (Supplementary Figure 5).
In brief, two positions were marked around the outer edges of the brain slice, one in
the upper left corner and one the lower right corner. A rectangle with multiple grids
was created between these two positions, and a motorised stage was used to move the
sample and create a tiled scan of the whole slice. 2D images were captured at the
focal point for each grid, with blending (statistical and linear) between grid images.
An ImageJ plugin60 was then used to stitch the grid images together in post
processing. For analysis of the area and aspect ratio of CA1 in surgical and control
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