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Fast Hemodynamic Responses in the Visual Cortex of the

Awake Mouse

M. Andrea Pisauro, Neel T. Dhruv, Matteo Carandini, and Andrea Benucci
Institute of Ophthalmology, University College London, London EC1V 9EL, United Kingdom

Hemodynamic responses in mice and other species are typically measured under anesthesia. However, anesthesia could influence their
relationship to neural activity. To investigate this relationship, we used optical imaging in mouse primary visual cortex (V1). Hemody-
namic responses yielded clear maps of retinotopy in both anesthetized and awake mice. However, during wakefulness, responses were
four times larger and twice as fast. These differences held whether we induced anesthesia with urethane or isoflurane and whether awake
mice were stationary or running on a treadmill. With electrode recordings, we established that the effects of wakefulness reflect changes
in neurovascular coupling, not in neural activity. By activating V1 directly via optogenetics, we replicated the effects of wakefulness in
terms of timing but not of amplitude. We conclude that neurovascular coupling depends critically on anesthesia and wakefulness: during
wakefulness, neural activity is followed by much stronger and quicker hemodynamic responses.

Introduction

Neural activity is often inferred from measurements of blood
responses, typically obtained from blood-oxygen-level-dependent
(BOLD) signals acquired in humans with fMRI. To make this
inference, we must understand neurovascular coupling: that is,
how neural activity relates to blood volume and oxygenation.
Neurovascular coupling is thought to involve a cascade of events
starting with glutamate release at synapses (Attwell and Iadecola,
2002; Attwell et al., 2010). The resulting hemodynamic response
lasts several seconds and reflects the activity of local neurons
(Heeger et al., 2000; Logothetis et al., 2001). To a good approxi-
mation, hemodynamic signals are simply a filtered version of the
neural signals (Boynton et al., 1996; Kahn et al., 2011; Cardoso et
al., 2012).

Neurovascular coupling depends on factors influencing phys-
iological state, such as anesthesia and wakefulness. Anesthesia has
been shown to decrease the amplitude of hemodynamic re-
sponses in humans (Marcar et al., 2006; Qiu et al., 2008), mon-
keys (Shtoyerman et al., 2000; Chen et al., 2005; Goense and
Logothetis, 2008), and rodents (Peeters et al., 2001; Martin et al.,
2006; Desai et al., 2011). However, there is disagreement on
whether anesthesia also affects the time course of hemodynamic
responses. Studies in rats indicate that anesthesia lengthens the
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latency and time course of the responses (Martin et al., 2006;
Masamoto et al., 2009). Conversely, a study in primates reported
that anesthesia does not affect time courses (Shtoyerman et al.,
2000). This difference in results may be ascribed to differences in
species or anesthesia and remains an open question.

Here we investigate these issues with experiments in the pri-
mary visual cortex (V1) of the mouse. The mouse is becoming a
standard species in systems neuroscience due to the availability of
genetic tools for probing and interrogating neural circuits. In
particular, it is becoming common to measure hemodynamic
responses in anesthetized mice; for example, to measure retino-
topy (Schuett et al., 2002; Kalatsky and Stryker, 2003) and its
changes after cortical plasticity (Cang et al., 2005; Smith and
Trachtenberg, 2007; Kaneko et al., 2008; Sato and Stryker, 2008;
Southwell et al., 2010; Merlin et al., 2013) or to assess potential
therapies (Pearson et al., 2012). It is therefore important to char-
acterize hemodynamic responses in mice and how they are af-
fected by wakefulness and anesthesia.

We measured hemodynamic responses using optical imaging,
both in wakefulness and under anesthesia. We induced anesthe-
sia with two regimes that are common in studies of mouse V1:
isoflurane and urethane. To control for the effect of locomotion,
we also compared responses when awake mice were stationary
versus running on a spherical treadmill. To interpret these results
in terms of neurovascular coupling, we recorded neural re-
sponses and compared the effects of anesthesia on neural and
hemodynamic activity. Finally, we established a causal relation-
ship between cortical activation and hemodynamic responses by
driving neurons not only with visual stimulation but also opto-
genetically. The results point to striking differences in neurovas-
cular coupling between the awake and the anesthetized cortex,
both in amplitude and in time course.

Materials and Methods

Experiments were conducted according to the UK Animals Scientific
Procedures Act (1986). Mice were 8- to 20-week-old male C57BL/6]. For
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Figure 1. Experimental setup. The spherical treadmill with camera for intrinsic imaging,
green LED (530 nm, for optical imaging) and blue LED (470 nm, for ChR2 stimulation); the
monitor for visual stimulation and the head fixation system.

experiments involving optogenetics, we used transgenic mice that ex-
press Channelrhodopsin-2 (ChR2) in cortex [B6.CgTg(THyl1-COP4/
EYFP), 9Gfng/j or 18Gfng/j, Arenkiel et al., 2007].

Initial surgery. For the implant surgery, we used isoflurane anesthesia
(1-2%), and injected an anti-inflammatory drug (carprofen [Rimadyl], 4
mg/kg, subcutaneously [SC]). We maintained body temperature at
~37°C using a heating pad and protected the eyes with artificial tears to
prevent dryness (Viscotears; Novartis). We implanted a chronic head
post and a stainless steel chamber, fixing them to the bone with dental
cement (Sun Medical). To improve optical clarity, we used N-butyl cya-
noacrylate (Vetbond; 3M) to glue a 5-mm-diameter glass coverslip inside
the chamber. This preparation allowed high-quality imaging for up to 3
months. Imaging experiments started 3—4 d after recovery.

Treadmill. For experiments in awake mice, we placed the animal on a
spherical treadmill (Harvey et al., 2009), a ball suspended on a stream of
air (Fig. 1). Experiments typically lasted ~1 h. The mouse was free to run
on the ball or stay stationary. We measured the movements of the tread-
mill with two optical mice. We classified each trial as running (as op-
posed to stationary) if the average running speed during the trial was
>1.6 cm/s, a value that separated two modes in the distribution of run-
ning speeds.

Anesthesia. To image during anesthesia, we replaced the treadmill with
a heated pad. In most experiments, we anesthetized the mice with isoflu-
rane (1-2%). Experiments typically lasted 1-2 h and were followed by
recovery. Three additional mice were anesthetized with urethane (1 g/kg,
intraperitoneally [IP]), preceded by an anti-inflammatory agent (Colva-
sone, 2 mg/kg, intramuscularly), a sedative (Chlorprothixene, 10 s mg/
kg, IP), and an analgesic (Fentanyl, 0.05 mg/kg, SC). These experiments
were followed by euthanasia. Two mice were imaged both in wakefulness
and under anesthesia.

Imaging. We illuminated the cortex with green light (530 = 20 nm)
using a high-power LED (Thorlabs; Fig. 1). We acquired images at 10 Hz
at512 X 512 pixels (2 X 2 binned) using a CMOS camera (MV-D1024E-
160; Photonfocus) or a sSCMOS camera (PCO.edge; PCO). In 10 experi-
ments, we increased the temporal resolution to 25 Hz and doubled the
spatial resolution, but neither changed the results. We placed a black
cone between the camera and the chamber to shield the objective lens
from the light of the monitors.

Visual stimuli. Stimuli were presented monocularly on three gamma-
corrected LCD monitors (NEC Multisync LCD 2190UXp or HannsG
HW191, refresh rate 60 Hz) arranged in a semicircle (radius ~30 cm)
centered on the animal. Stimuli were periodic moving bars (Kalatsky and
Stryker, 2003) or stationary flickering bars (Schuett et al., 2002). We used
periodic moving bars in 23 experiments on 3 awake mice and 19 exper-
iments on 3 mice anesthetized with isoflurane. Bars were 4° wide and
drifted slowly and periodically (0.10-0.12 Hz) across 60—90° of con-
tralateral visual field for 5-10 cycles. We used static flickering bars in 18
experiments on 3 awake mice and 11 experiments in 4 anesthetized mice
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(8 under isoflurane and 3 under urethane). Flickering bars were oriented
vertically or horizontally and spanned ~15° while reversing in contrast at
2 Hz. Waves were square with dominant spatial frequency of 0.2-0.4
cycles/® and 100% contrast presented in random positions in blocks pre-
sented 2030 times.

Neural recordings. In separate experiments, we measured neural ac-
tivity in V1 by replacing optical imaging with electrophysiological
recordings. We measured responses to flickering bars under anesthe-
sia (5 mice, 6 experiments, under urethane) and during wakefulness
(6 mice, 12 experiments). We also measured responses to optogenetic
stimulation in two homozygous 18Gfng/j mice that were awake
(2 experiments) and subsequently anesthetized with isoflurane (4
experiments).

The initial surgical preparation resembled that used for imaging ex-
periments. We exposed the skull, implanted a head post, and performed
a craniotomy under isoflurane (1-2%). For recordings in anesthetized
mice, we switched the anesthetic regime to urethane (1 g/kg, IP) and
started neural recordings ~30 min afterward. For experiments in awake
mice, the implant surgery involved a chamber over visual cortex and
recordings started at least 1 week after recovery. We protected the brain
between recording days by filling the chamber with a removable silicone-
elastomer plug (Kwik-Cast; World Precision Instruments). We acquired
multiunit activity (MUA) at 30 kHz using silicon electrodes (single
shank, 16 contacts, 50 um spacing between contacts, 703 wm? area;
NeuroNexus).

Optogenetics. To stimulate ChR2, we implanted five homozygous
B6.CgTg (THy1-COP4/EYFP) mice. Three were 9Gfng/j, which express
ChR2 in all cortical layers, and two were 18Gfng/j, which express ChR2
mostly in layer five. We performed seven experiments on five awake mice
and three experiments on three mice anesthetized with isoflurane. We
stimulated the cortex with 200 ms light pulses via a fiber-coupled high-
power LED (Thorlabs) at 470 nm. This wavelength matches the peak of
the excitation spectrum of ChR2 (Zhang et al., 2006). We either used a
collimator (CFC-2X-A; Thorlabs) or an epi-illumination system (Fig. 1)
to produce an excitation spot with radius ~2 mm. We simultaneously
imaged the cortex or recorded electrophysiologically, as described above.

To analyze responses to optogenetic stimulation, we subtracted the
time average over ~0.5 s of response before stimulation. Population
averages for time course, amplitude, and delay were obtained as for re-
sponses to flickering bars (see below).

Retinotopic maps from periodic moving bars. To analyze the responses
to periodic moving bars, we first removed global fluctuations, which are
not stimulus driven. We concatenated the two spatial dimensions of each
frame along a single vector, thus reducing the representation of the re-
sponses to a 2D matrix D(x, t). We then performed singular value de-
composition to obtain a spatial vector f(x) and a temporal vector g(t), the
product of which accounted for 94.6 = 0.4% (n = 42) of the variance and
reflects the global fluctuations as follows:

D(x,t) = flx)g(t) + R(x, 1)

The desired signals are the residuals R(x, t), which reflect the retinotopic,
stimulus-evoked responses. These typically oscillated in time with the
periodicity of the stimulus. We used the phase of this oscillation to cal-
culate the delay of the stimulus-evoked response at each pixel. We then
canceled the hemodynamic delay by subtracting the delays from stimuli
moving in opposite directions, thus obtaining maps of retinotopy
(Kalatsky and Stryker, 2003).

To measure the amplitude of the hemodynamic responses, we defined
a square region of interest (ROI) including pixels with clear positional
tuning (amplitude of the Fourier component at the stimulus frequency
greater than the 20th percentile). Next, we averaged across pixels in the
ROI and across stimulus cycles and, finally, we defined the amplitude as
the absolute difference between the maximum and the minimum of this
mean cycle response.

To measure power spectral densities, we computed, for each pixel, the
phase of the Fourier component at the frequency of stimulation. We then
used these phases to bin the pixels in 2° intervals and averaged the time
courses of pixels in each phase bin. We computed power spectral densi-
ties for each phase bin and averaged the results across bins.



Pisauro et al.  Fast Hemodynamic Responses in Visual Cortex of the Awake Mouse

J. Neurosci., November 13,2013 - 33(46):18343-18351 * 18345

x10
A C D Single pixel response,  Cycle average E Power Spectral Density F 14
590 8
o
ﬁ 3, Stimulus
045 é
I = =
a5 07 < 3 <]
0 90 0 45 90
deg anesthetized (deg) 1o, — 0.5 8
10s 8
5] O
= o e}
| mm awake
N anesthetized o
| — [Emmas et i awake
0 180 360 0.1 1 10 0

awake anesthetized

Figure 2.

anesthetized

Phase (deg) Frequency (Hz)

Hemodynamic responses to periodic moving bars in mouse V1 in wakefulness and anesthesia. A, Moving bar stimulus (4° wide drifting at 0.1 Hz for 5 cycles) and color bar mapping

degrees of visual field to the position of the bar on the screen. B, Maps of retinotopy for a mouse in awake (left) and anesthetized (right) conditions. Colors map degrees of visual field on the azimuth.
Brightness indicates signal amplitude. Scale bar, 1 mm. For display purposes, in this and subsequent figures, we low-pass filtered the maps in space (cutoff 3 cycles/mm). C, Comparison of azimuth
preference for the maps shown in B. We considered pixels with amplitude >15th percentile. Pixels were binned according to their preference in anesthetized condition (abscissa). For each bin, we
then computed the average preferred position measured in the awake condition (ordinate). Gray regions, = 15D. D, Time courses of activity for the pixel marked with a white cross in B for the whole
stimulus (left) and averaged across cycles (right), awake (red trace), and anesthetized (blue trace). £, Examples of power spectral density in awake and anesthetized conditions. A peak at frequencies
of ~10 Hz was present in both responses and reflected the heart rate. Dotted line indicates the frequency of the stimulus. F, Summary of amplitudes for all experiments, 23 awake (red circles) and

19 anesthetized (blue circles). Squares indicate mean amplitudes for each condition.

Retinotopic maps from flickering bars. To analyze the responses to flick-
ering bars, we averaged across stimulus repetitions to obtain a mean
response to each stimulus s, D(x, t). We then subtracted the mean
response over time to a gray screen, < Dy, (x, 1) > ,, and divided the
result by the mean response over space and time < D(x,t) > ., as
follows:

Dy(x, 1) — < Dyame(, t) >,
< Ds(x) t) > Xt

R(x,t) =

To obtain a single time course, E(t), we averaged in space across of all
pixels within a ROI and across all stimuli. We low-pass filtered this re-
sponse (cutoff frequency at 4 Hz) as follows:

E(t) = F[<RJ(x,1t)>_]

where Fis a low-pass-filtering operator. We computed the amplitude, A,
as the maximum deflection from baseline of this time course and the
delay, D, as the time to reach this maximum value.

To obtain maps of retinotopy from hemodynamic responses to flick-
ering bars presented at different positions, for each pixel, we fitted a
Gaussian function to its amplitude tuning for different stimulus posi-
tions. The values of the azimuth or elevation for which this Gaussian
curve had its peak indicated the retinotopic preferences for that pixel.
The SD, constrained to be the same for all pixels, established the spatial
selectivity of the responses.

Analysis of neural responses. To analyze neural responses to flickering
bars, we computed firing rates by averaging MUA in 16.7 ms time bins
and averaging across stimulus repetitions. For each active contact site s
(second harmonic > 5 spikes/s), we computed the firing rate, R(t, s, p), at
each stimulus position, p, and selected the best stimulus position, p(s),
for which the mean firing rate was highest. We then averaged across sites
to obtain a mean time course for the experiment as follows:

E(t) = <R(t,s p(s) >

From these traces, we computed the amplitude as the absolute value of
the maximum of the curves after subtracting the baseline response and
the delay as the time to reach this maximum value. Population responses
were obtained by averaging together all of the experiments.

Statistics. Except when noted otherwise, p-values reported are ob-
tained from t tests. In the figures, *p < 0.05, **p < 0.01, and ***p <
0.001.

Results
We measured hemodynamic responses using optical imaging in
mouse area V1 during visual stimulation (Fig. 1). We illuminated

the cortex with a green light at 530 nm. This wavelength is an
isosbestic point in the absorbance spectra of oxy- and deoxyhe-
moglobin; that is, the point where the two spectra intersect. At
this wavelength, absorbance changes reflect variations in blood
volume, which has a close relationship to neural activity (Sirotin
et al., 2009).

Hemodynamic responses are larger in wakefulness than
under anesthesia

To study the effect of wakefulness and anesthesia on the ampli-
tude of the hemodynamic response, we measured responses to
periodic moving bars (Fig. 2A—D). The stimulus was a white bar
drifting slowly across the contralateral visual field and cycling
across the screen with a period of 10 s (Fig. 2A). As expected, the
responses to this stimulus provided high-quality retinotopic
maps of area V1 (Kalatsky and Stryker, 2003). The maps obtained
during wakefulness were of comparable quality to those obtained
under anesthesia (Fig. 2B). Reassuringly, similar maps were ob-
tained when the same animal was imaged in the two conditions
(Fig. 2C). As expected, the responses were periodic, oscillating at
the stimulus frequency 0.1 Hz, both in awake and in anesthetized
mice (Fig. 2D).

The responses elicited by this stimulus were much larger in
awake than in anesthetized mice (Fig. 2D—F). For example, the
responses obtained from a representative pixel were 2.5 times
larger in wakefulness than under anesthesia (Fig. 2D). A sim-
ilar effect can be seen when plotting the power spectral density
as a function of frequency (Fig. 2E). In wakefulness, there is
more power at all frequencies and, in particular, there is an
~1000-fold increase at the peak at the stimulus frequency, 0.1
Hz.

Similar effects were seen across animals and recordings: on
average, responses measured during wakefulness were ~4 times
larger than those measured under anesthesia (Fig. 2F). The am-
plitude of the hemodynamic response was 4.8 + 0.5 (AI/T* 10 ~*)
in wakefulness (SE, N = 24 experiments in 3 mice) and a signif-
icantly lower 1.2 = 0.4 under anesthesia (SE, N = 19 experiments
in 3 mice, p < 0.001). For two mice, we could compare directly
the mean amplitudes in the two conditions and the differences
were substantial. In the first mouse, the amplitude was 5.4 * 0.7
(AI/T * 10™*) in wakefulness (SE, N = 12 experiments) versus
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1.0 = 0.1 under anesthesia (SE, N = 10,
p < 0.001). In the second mouse, the am-
plitude was 5.0 = 0.9 in wakefulness (SE,
N = 8) versus 0.6 = 0.1 under anesthesia 50°
(SE,N =7, p < 0.001). B

Anesthesia does not influence the
spatial extent of hemodynamic
responses

The periodic stimuli are an efficient
method to obtain maps, but they con-
found the spatial aspect of the responses
with the temporal aspect. To investigate
whether anesthesia affected the spatial
and temporal resolution of the hemody-
namic response, we turned to stimuli that
were episodic rather than periodic.

Specifically, we measured responses to
counterphase flickering bars presented at
different horizontal positions (Fig. 3).
These stimuli were followed by a darken-
ing of the cortex lasting for several sec-
onds due to an increase in blood volume
(Bonhoeffer and Grinvald, 1996). The
spatial extent of the responses to flickering bars was similar in
wakefulness and under anesthesia (Fig. 3B). For each pixel, we
estimated the preferred position and the spatial spread of the
response as the mean and SD of a Gaussian function fitted to the
responses as a function of stimulus position (Fig. 3C). The aver-
age spatial spread across animals and recordings was not signifi-
cantly different in the two conditions: 29 * 3° in awake mice (SE,
N = 18 experiments in 3 mice) and 26 * 5° in anesthetized mice
(SE, N = 11 experiments in 4 mice, p > 0.5).

Therefore, although anesthesia had a profound effect on the
amplitude of the hemodynamic response, it did not affect its
spatial extent. Indeed, individual responses to flickering bars
could be combined to yield high-quality retinotopic maps of area
V1 (Schuett et al., 2002) whether a mouse was awake or anesthe-
tized (Fig. 4A, B).

awake

anesthetized

Figure 3.

Hemodynamic responses are faster in wakefulness than

under anesthesia

The flickering bars also allowed us to study the temporal proper-
ties of the responses, revealing profound differences between
measurements performed in wakefulness and under anesthesia
(Fig. 4C). When measured in wakefulness, the hemodynamic
response was not only much larger, but also markedly faster than
that measured under anesthesia (Fig. 4C).

These results were consistent across animals and experiments:
hemodynamic responses measured during wakefulness were
~1-3 s faster than those measured under anesthesia (Fig. 4D, E).
The responses in awake mice peaked earlier and returned to base-
line faster than those in anesthetized mice (Fig. 4D). Delays were
2.2 * 0.4 s during wakefulness (SE, N = 18) and a significantly
slower 4.3 = 0.6 s under isoflurane anesthesia (SE, N = 9, p <
0.001; Fig. 4E).

The responses were also significantly larger for awake animals
(Fig. 4 D, E), confirming what was found earlier with responses to
moving bars (Fig. 2). Response amplitudes (averaged over space)
were 0.78 = 0.08% during wakefulness and a significantly lower
0.33 * 0.06% under isoflurane anesthesia (p < 0.001).
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Differences are not due to anesthetic type or behavioral state

We have seen that there are dramatic differences in the amplitude
and time course of hemodynamic responses in V1 of awake ver-
sus anesthetized mice. Next, we investigated whether we could
further distinguish these effects based on additional factors: for
anesthetized mice, the type of anesthesia, and for awake mice, the
behavioral state. Neither factor proved to play a substantial role.

To assess the role of anesthesia, we measured the responses to
flickering bars with an alternative anesthetic regime based on a
single injection of urethane. Just as with isoflurane, this anes-
thetic led to hemodynamic responses with smaller amplitudes
and slower dynamics than during wakefulness (Fig. 4E). The la-
tency of the responses was 4.3 = 0.3 s (SE, N = 4), which was
indistinguishable from that seen with isoflurane. At 0.48 =
0.11%, however, response amplitude was slightly but signifi-
cantly larger than under isoflurane (p < 0.01).

To assess the role of behavioral state, we investigated whether
hemodynamic responses depended on locomotion (Fig. 5). Lo-
comotion increases neural responses in V1 (Niell and Stryker,
2010; Ayaz et al., 2013) so we asked whether it could also increase
hemodynamic responses. Awake animals spent a noticeable frac-
tion of the time running, 26 * 8% (SE, N = 18), so we compared
responses when awake mice were stationary versus when they
were running (Fig. 5A,B). Hemodynamic responses were not
significantly different in the two conditions (0.91 * 0.06% vs
0.86 = 0.10%, SE, p > 0.05; Fig. 5C). Similarly, there was no
significant difference in delay (2.3 = 0.1 vs 2.2 * 0.1 5, SE, p >
0.05; Fig. 5D). In six mice, the imaging sessions contained at least
10% of trials in both the running and stationary conditions, al-
lowing us to compare the hemodynamic responses within the
same experiments. The resulting paired t tests again indicated no
statistical difference between running and stationary conditions
(p=0.5).

Thelack of effect of locomotion on hemodynamic responses is
peculiar given that locomotion increases neural responses (Niell
and Stryker, 2010; Ayaz etal., 2013). Perhaps this increase is offset
by a decrease in the strength of neurovascular coupling, for ex-
ample, due to changes in the dilation of blood vessels. We tried to
test this explanation by measuring vessel diameter, but failed to
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see any effect of locomotion (data not shown). However, the
spatial resolution of our images may be insufficient for this anal-
ysis. Indeed, we could not even demonstrate variations in vessel
diameter caused by visual stimulation. Measurements with two-
photon microscopy in somatosensory cortex suggest that this
variation is ~10% (Sekiguchi et al., 2013). Most likely, the optical
blur in our wide-field images obscures such small changes.

Neural responses are similar in wakefulness and
under anesthesia
We next asked whether the difference between hemodynamic re-
sponses in awake and anesthetized conditions reflects a difference in
the underlying neural responses (Fig. 6). We recorded spike activity
via a multicontact silicon probe inserted in area V1, and we showed
the same contrast-reversing stimuli used for optical imaging. As ex-
pected, the spike responses were periodic and oscillated at 4 Hz, that
is, at twice the stimulus frequency (Fig. 6A). Such responses could
originate from complex cells and from pools of simple cells with
different preferred spatial phases in their receptive fields (Movshon
etal., 1978a, 1978b).

Anesthesia reduced neural responses only slightly, much less
than it reduced hemodynamic responses. Response amplitude

was 36 = 3 spikes/s (SE, N = 12 in 6 mice) in wakefulness com-
pared with 31 = 6 spikes/s under anesthesia (SE, N = 6 in 5 mice).
This difference was significant (p < 0.05) but small, almost one
order of magnitude smaller than the large difference seen
in hemodynamic responses (Fig. 6B). Indeed, wakefulness in-
creased spike responses by only 16 * 249%, whereas it in-
creased the magnitude of hemodynamic responses by 111 *
38% (p < 0.001; Fig. 6C).

Anesthesia also delayed neural responses but, once again,
this effect was tiny compared with the effect seen in hemody-
namic responses. Neural responses exhibited a significant dif-
ference in delay between the two conditions: 92 = 10 ms in
wakefulness (N = 12) and 189 * 8 ms under anesthesia (N =
6, p < 0.001 vs awake). However, this difference was almost 20
times smaller than that in hemodynamic responses (Fig. 6D).
Indeed, anesthesia increased delay by only 97 = 8 ms in spike
responses and by 2.1 = 0.7 s in hemodynamic responses (p <
0.001; Fig. 6E).

These neural measurements, however, are likely to be domi-
nated by pyramidal cells and should not be taken to apply to each
individual type of neuron. For example, anesthesia silences inhib-
itory interneurons that express somatostatin (Adesnik et al.,
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Neural responses to flashing bars in wakefulness and anesthesia. A, Average time courses of the responses for all animals and experiments, 12 in wakefulness (red trace), and six under

anesthesia (blue trace). Shaded regions, == 1 SE. Bottom: Schematic of the luminance change of the stimulus, flickering at 2 Hz. B, Mean peak amplitude of neural responses (left) and hemodynamic
responses (right), colors asinA. Error bars, = 1SE. C, Fractional amplitude change between awake and anesthetized conditions for spikes and hemodynamic responses. Error bars, = 1SE. D, E, same
asin B, Cfor response delays computed as the time to reach the peak.

2012). To determine whether we could
observe similar differential effects, we
considered units with thin spikes (Bartho
etal., 2004), which are putative interneu-
rons expressing parvalbumin (DeFelipe et
al., 2013). The distinction between thick
spikes and thin spikes in our multiunit ac-
tivity was not clear: in general, each site
recorded both types of spikes. However,
recordings at some sites were dominated
by thin spikes (27/106 in wakefulness and
10/41 during anesthesia). Response am-
plitude did not differ significantly be-
tween these sites and the rest, either in
wakefulness (39 * 11 spikes/s vs 43 = 5
spikes/s, p > 0.05) or under anesthesia
(31 = 6 spikes/s vs 34 = 9 spikes/s, p >
0.05). Moreover, anesthesia reduced the
amplitude of both groups similarly: by
5 * 7 spikes/s in sites with thin spikes and
by 12 * 9 spikes/s in the remaining sites.
We conclude that the overall neural re-
sponse does not show radical differences
between the anesthetized and awake con-
ditions. Both in terms of amplitude and of
time course, the differences we measured
are much smaller than those observed in
hemodynamic responses (Fig. 4). The
changes in the hemodynamic response

with brain state must therefore arise either from subtle differ-
ences in the neural response, which are not apparent in the pop-
ulation rates, or, more likely, from a change in neurovascular

coupling.

Optogenetic cortical activation recapitulates the

temporal effects
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Figure7. Hemodynamic and neural responses elicited by optogenetic stimulation in wakefulness and anesthesia. 4, Average

time courses of the hemodynamic response across all pixels in the ROI (see Materials and Methods) in all experiments, seven in
wakefulness (red trace) and three under anesthesia (blue trace). Shaded regions, == 1 SE. Bottom, Time course of optical stimu-
lation, light-blue bar. A short pulse (200 ms) of blue light was flashed at the beginning of each trial. B, Amplitudes and delays of
hemodynamic responses for wakefulness (red circles) and anesthesia (blue circles). Squares, Average values for each condition.
Dashed lines are joining pairs of experiments performed in the same animal and in the same imaging session. (, Average time
courses of the neural response across all units in all experiments, two experiments in two mice in wakefulness (red trace) and four
experiments in two mice under anesthesia (blue trace). Shaded regions, = 1 SE. Bottom, Time course of optical stimulation,
light-blue bar. A short pulse (200 ms) of blue light was flashed at the beginning of each trial. Inset, Amplitudes (difference between
peak and baseline) and delays of neural responses in wakefulness (red circles) and under anesthesia (blue circles). Squares, Average
values for each condition.

excitatory neurons (Arenkiel et al., 2007). We flashed a brief pulse
of blue light (470 nm, 200 ms, ~2 mm diameter) on the visual
cortex and imaged the resulting hemodynamic response imme-
diately after the flash offset. Consistent with previous studies
(Desai et al., 2011; Kahn et al., 2011; Scott and Murphy, 2012),
this optogenetic stimulation elicited strong hemodynamic re-
sponses (Fig. 7A).

The effects of anesthesia and wakefulness on the time courses

To further test the hypothesis that wakefulness and anesthesia
modify neurovascular coupling, we investigated whether the dif-
ference in the two conditions could be seen also in V1 responses
evoked optogenetically, rather than through visual stimulation
(Fig. 7). We measured hemodynamic responses to optogenetic
stimulation in mice expressing Chr-2 preferentially in pyramidal

recapitulated the effects seen with visual stimulation: responses
peaked and returned to baseline faster in wakefulness than under
anesthesia. On average, delays were 1.4 = 0.1 s in awake mice (SE,
N = 7in 5 mice) and 3.1 = 0.4 s in anesthetized mice (SE, N = 3
in 3 mice, p < 0.001; Fig. 7B). These effects resemble those ob-
served with visual stimulation (Fig. 4).
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were similar whether the mice were sitting
or running. If one’s experiment instead
requires anesthesia, then it seems better to
use urethane than isoflurane: under iso-
flurane, responses were more variable in
time and across repeats and lower in am-
plitude than under urethane or during
wakefulness.

The broad similarity between the ef-
fects of isoflurane and urethane suggests
that changes in glutamate release are not
the only reason for the effects reported

Time (s)

Figure 8.

extraction (MATLAB FileExchange, “grabit.m”).

However, the amplitude of the hemodynamic response was
approximately equal in the two conditions: 0.5 * 0.1% in wake-
fulness and 0.4 * 0.2% under anesthesia (p > 0.05). For two
mice, we could compare the two conditions directly. For the first
mouse, the amplitude was 0.81 £ 0.17% in wakefulness and
0.80 = 0.24% under anesthesia (SD across repeats, N = 20). In
the second mouse, the amplitude was 0.29 = 0.11% in wakeful-
ness and 0.24 % 0.13% under anesthesia (SD across repeats, N =
20). In both cases, the difference was not significant (p > 0.05).
There is therefore a difference between the effects of anesthesia on
visual responses and on optogenetic responses: anesthesia re-
duces the amplitude of the former but not of the latter. This
discrepancy may indicate that the amplitude and delay of the
hemodynamic response are regulated by different mechanisms.

These results reflect the effects of anesthesia on neurovascular
coupling, not its effects on neuronal activity. Indeed, control
measurements established that firing rates evoked by optogenetic
stimulation were similar between the two conditions (Fig. 7C).
The differences in delay were 10—20 ms at most. The peak firing
rate evoked by optical stimulation was similar in the two condi-
tions and, because the baseline activity was higher in wakefulness,
the response amplitude was actually larger under anesthesia
(31 = 6 spikes/s) than in wakefulness (24 = 5 spikes/s, p > 0.05).
These effects cannot account for those measured with hemody-
namic responses, suggesting that the main effects of anesthesia on
hemodynamic responses are due to changes in neurovascular
coupling.

Discussion

We have shown that visual stimulation results in strong and rapid
hemodynamic responses in primary visual cortex of awake mice
and that both the amplitude and time course of neurovascular
coupling depend critically on anesthesia and wakefulness. We
ascribe these effects to neurovascular coupling because they were
not accompanied by differences in spike responses (at least at the
level of population rates) and they were replicated (at least in time
course) by direct optogenetic stimulation of the cortex.

These results indicate that hemodynamic activity in mice is
best measured during wakefulness. Indeed, in awake mice, we
routinely obtained clear maps of retinotopy of quality compara-
ble if not superior to those obtained under anesthesia. Hemody-
namic responses were larger and faster than under anesthesia and

Time (s)

Time course of neural response and BOLD responses in primary visual cortex of awake and anesthetized monkeys. 4,
Neural responses (MUA) to rotating checkerboard patterns during wakefulness (red trace) and under anesthesia (blue trace). B,
Same asin A, but for BOLD responses. Data for anesthetized monkeys are from Figure 3Cin Logothetis etal. (2001). Data for awake
monkeys are from Figure 3Bin Goense and Logothetis (2008). Curves were replotted using an image processing algorithm for data

here. Glutamate release is a key factor in
neurovascular coupling and is suppressed
by isoflurane (Haseneder et al., 2004; Wu
etal., 2004). Conversely, urethane acts on
several neurotransmitters (Hara and Har-
ris, 2002) but spares glutamate release
(Sceniak and Maciver, 2006).

In our experiments, locomotion did
not have a significant effect on hemody-
namic responses to visual stimulation.
This result may appear peculiar, given that physical exercise is
thought to increase cerebral blood flow (Querido and Sheel,
2007) and that locomotion increases neural responses (Niell and
Stryker, 2010; Ayaz et al., 2013), including oscillations in the
gamma range (30—80 Hz; Niell and Stryker, 2010), which are in
turn associated with hemodynamic activity (Koch et al., 2009;
Muthukumaraswamy et al.,, 2009). However, our analysis of
locomotion effects focused exclusively on visually evoked re-
sponses in primary visual cortex. Moreover, we did not mea-
sure functional hyperemia directly, but rather an intrinsic
signal only partially caused by vascular component. Locomo-
tion may well affect other aspects of the signals or it may affect
signals in different areas, which we did not investigate.

Our results about the effects of anesthesia extend to the mouse
previous findings of numerous studies. Anesthesia has been
shown to decrease the strength of neurovascular coupling, both
in rats (Peeters et al., 2001; Martin et al., 2006) and in monkeys
(Shtoyerman et al., 2000; Chen et al., 2005; Goense and Logothe-
tis, 2008). Furthermore, studies in rats indicate that anesthesia
lengthens the time course of neurovascular coupling and in-
creases its overall latency (Martin et al., 2006; Masamoto et al.,
2009). The agreement with rat data is particularly reassuring
given that doubts are voiced regarding the similarity of neurovas-
cular coupling in rats and mice (Prakash et al., 2007).

Our findings also agree, at least in part, with a study that
performed fMRI measurements during optogenetic stimulation
(Desai et al., 2011). In that study, anesthesia was shown to de-
crease the amplitude of the hemodynamic response and to have a
variety of effects on its latency. In primary somatosensory cortex,
the latency was essentially unaffected, whereas in downstream
areas, it was significantly increased. Our results with optical im-
aging during optogenetic stimulation point to larger and more
consistent effects of anesthesia on response latency.

Our results, however, appear to disagree with a study per-
formed in primates, which stated that anesthesia does not affect
the time course of neurovascular coupling (Shtoyerman et al.,
2000). This difference in results may be ascribed to the difference
in species or to other factors.

Nonetheless, our results do seem consistent with some mea-
surements in primates, those obtained by Logothetis et al. (Fig.
8). We examined the BOLD responses and neural responses they



18350 - J. Neurosci., November 13, 2013 - 33(46):18343-18351

measured under anesthesia (Logothetis et al., 2001) and in wake-
fulness (Goense and Logothetis, 2008). The two datasets involved
similar stimulation protocols, which elicited neural responses
with similar time courses (Fig. 8A). However, as we have ob-
served in mouse, the hemodynamic response was profoundly
affected by anesthesia, with a much shorter delay (1-2 s vs ~5s)
in wakefulness than under anesthesia (Fig. 8B). The different
duration of the responses might reflect the different duration of
the stimuli (4 s for anesthetized monkeys, 6 s for awake mon-
keys), although this difference did not seem to affect the duration
of the spike responses (Fig. 8A).

It has long been known that an increase in neural activity is
followed by a localized increase in blood supply (Roy and Sher-
rington, 1890), but the relationship between neural and blood
signals is the subject of debate (Fox et al., 1988; Devor et al.,
2011). A key factor in neurovascular coupling seems to be a feed-
forward mechanism initiated by excitatory synaptic activity, spe-
cifically by the release of glutamate from excitatory neurons
(Attwell et al., 2010; Lecrux et al., 2011). Our results are consis-
tent with this view, because optogenetic activation of pyramidal
cells was sufficient to elicit a hemodynamic response and must
have led to glutamate release.

Although neural activity is often thought to be the principal
cause of the hemodynamic response, other factors play a role.
One intriguing study (Sirotin and Das, 2009) showed that hemo-
dynamic signals in visual cortex of alert monkeys may occur even
without readily observable changes in local neural activity. This
finding seems to suggest a preparatory mechanism bringing ad-
ditional arterial blood to match the expected energy demand and
supports the idea that multiple behavioral or physiological fac-
tors may influence hemodynamic activity.

Future work will be needed to reveal the mechanism through
which anesthesia alters the physiology of cortical hemodynamics,
producing weaker and slower responses. One possibility is that,
during anesthesia, blood vessels are already quite dilated even
before the presentation of a stimulus, so the effect of further
dilation in increasing blood flow is attenuated. Indeed, isoflurane
causes vasodilation in humans (Sessler et al., 1991) and urethane
has similar properties in hamsters (Colantuoni et al., 1984). Mea-
suring baseline vessel diameters in the same animal while awake
or anesthetized could provide a key test of this hypothesis. As we
have seen, such a measure will likely require two-photon imaging
rather than the wide-field imaging technique that we used here.
Another possibility for the effects of anesthesia on hemodynamic
activity may lie in the balance of cortical excitation and inhibi-
tion. Indeed, visual stimulation evokes stronger cortical inhibi-
tion during wakefulness than under anesthesia (Haider et al.,
2013) and GABAergic interneurons are known to modulate func-
tional hyperemia (Lecrux et al., 2011). These all seem to be prom-
ising areas for further research.
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