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CMOS-based bio-image sensor spatially resolves
neural activity-dependent proton dynamics in the
living brain
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Recent studies have shown that protons can function as neurotransmitters in cultured
neurons. To further investigate regional and neural activity-dependent proton dynamics in the
brain, the development of a device with both wide-area detectability and high spatial-
[temporal resolution is necessary. Therefore, we develop an image sensor with a high spatial-
temporal resolution specifically designed for measuring protons in vivo. Here, we demon-
strate that spatially deferent neural stimulation by visual stimulation induced distinct patterns
of proton changes in the visual cortex. This result indicates that our biosensor can detect
micrometer and millisecond scale changes of protons across a wide area. Our study
demonstrates that a CMOS-based proton image sensor with high spatial and temporal
precision can be used to detect pH changes associated with biological events. We believe
that our sensor may have broad applicability in future biological studies.
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ARTICLE

he regulation of proton concentration (pH) in the brain is

important for maintaining normal brain function. In the

brains of healthy subjects, intracellular pH is maintained at
6.8-7.0, whereas extracellular pH is maintained at 7.2-7.4 (ref. 1).
The brain consists of neurons and glial cells, ie. astrocytes,
microglia, and oligodendrocytes, which all have various trans-
porter proteins, such as the Nat/H* exchanger, Nat-driven Cl~/
HCO;~ exchanger, Nat/HCO;~ cotransporter, and the passive
CI7/HCO;~ exchanger, that collectively act to maintain intra-
cellular and extracellular pH levels!. While the homeostatic
importance of pH regulation has long been appreciated, more
recent studies have shown that protons can also directly partici-
pate in neurotransmission?. This suggests an added dimension in
terms of the relevance of pH changes to brain function under
both physiological and pathological conditions>.

However, further technical advances in pH measurement
methods are required to create better probes with high spatial
and temporal resolution to evaluate pH changes at neural cir-
cuit level. Double barreled and concentric microelectrodes can
only measure pH at a single point, thus their utility is limited to
correlating proton changes with globalized brain activity, for
example, during seizures and ischemia®°. In contrast, magnetic
resonance imaging (MRI) is able to simultaneously measure
the distribution of protons in the entire brain and is thus able
to detect regional variations in pH. For example, presentation
of a flashing checkerboard visual stimulus to human subjects
induces pH changes localized to the visual cortex®. However,
the spatial and temporal resolutions of MRI are limited to
~4 mm and ~6 s, respectively, which are too broad to study
pH changes relevant to neurotransmission as these changes
occur at spatial and temporal scales of micrometers and
milliseconds.

To overcome these limitations, we develop a special proton
image sensor device that is based on our previous 128 x 128 pixel
CMOS-based proton image sensor’, but specifically optimized for
in vivo brain analyses. We redesign the proton image sensor to
have a slimmer chip width and reduced thickness in such a way
that inserting it into the brains of live animals only causes very
minimal damage to the surrounding brain tissue. We demon-
strate that our proton image sensor can make sensitive and
accurate pH measurements at a high spatial-temporal resolution
and subsequently use it to measure localized pH changes in the
brains of live mice, specifically in the primary visual cortex (V1)
area, while they undergo a visual experience task. Because we are
able to measure pH changes at micrometer and millisecond scales
of resolution, we are able to correlate distinct spatial patterns of
pH changes in the V1 with different visual stimulus patterns,
suggesting that our device may be useful in gaining a deeper
insight into the relationship between pH changes and computa-
tion in neural circuits.

Results
Development of an insertion-type proton image sensor. In the
present study, we redesigned the 128 x 128 pixel CMOS-based
proton image sensor’ to be suitable for in vivo experiments
(Fig. 1). Thus, the sensor chip size was decreased to a final
dimension of 11.47 mm length x 1.76 mm width x 0.1 mm thick-
ness, with 128 x 32 pixels in its pH-sensing area (Fig. 1b). The
spatial and temporal resolutions of our proton image sensor were
23.55 um x 23.55 um per pixel and 50 framess~1, respectively,
similar to the previous proton image sensor’ (Fig. lc). The
characteristics of the proton image sensor are summarized in
Table 1.

As in the previous proton image sensor, this sensor detects
changes in proton concentration through the chemical

equilibrium involving protons at the Si;N, surface which alters
the surface potential at each pixel”. Thus, its proton sensitivity is
reflected in the size of the voltage increment per change in pH.
For the five central pixels, the pH sensitivity was determined to be
51.6mVpH~! (which includes readout circuit and charge
transfer amplification) and thus surpassed that of the previous
pH sensor (32.8 mV pH~!) (Supplementary Fig. 1a, b)’. Further-
more, the pH voltage™! values of all pixels throughout the entire
pH-sensing area were nearly identical, indicating low inter-pixel
variation (Supplementary Fig. 1c, d). In a sensor, groups of pixel-
by-pixel values at the three different pH conditions (pH 9.18,
6.81, and 4.01) did not overlap each other and were statistically
distinct (Supplementary Fig. 1c). We further calculated the
standard deviation (SD) over multiple devices (n = 12 sensors in
total; SD = 0.0061 +0.0013 (pH 9.18), 0.0037 + 0.0027 (pH 6.81),
0.0171 £0.0117 (pH 4.01) as illustrated in Supplementary Fig. 1d).
These inter-pixel variations were relatively small when compared
to the value (SD = 0.027) shown in the previous report3. These
results suggest that our sensor has low inter-pixel variation. These
results suggest that the modifications incorporated into our
present proton image sensor had no adverse impact on
functionality, compared to our previous pH sensor’.

Visualized pH changes in live animals by visual stimulus.
Magnotta et al.° have previously demonstrated using MRI that
visual stimuli trigger pH changes associated with brain activity in
the visual cortex®. Thus, we used our proton image sensor to
measure pH changes in the V1 in live mice while they underwent
a visual experience task. Compared with MRI, our proton image
sensor is able to detect such pH changes at a much higher
spatial-temporal resolution”.

After inserting the proton image sensor into the brain, we
measured the depth of insertion to be approximately 2.0 mm
from the brain surface using the photoelectric effect (see Section
Insertion of the pH sensor into the visual cortex) (Supplementary
Fig. 2). This indicated that the proton image sensor was correctly
situated within the V1 which was subsequently confirmed by
histology performed after the pH measurement experiments
(Supplementary Fig. 3).

We evoked brain activity, and thus pH changes, in the V1 of
mice by visual stimulation. We presented visual stimuli consisting
of drifting gratings at various directions, for example, black and
white bars sweeping across a screen at various defined angles
(described in detail in section Visual stimulation) (Fig. 2a, b).
Previous electrophysiological experiments showed that neurons
in the V1 exhibited direction-selective responses, for example, the
activity of individual neurons strongly increases in response to
particular directions of stimulus movement®~!1. Importantly, the
direction selectivity of neurons is highly heterogeneous and
intertwined in the mouse VI areal?. Thus, we measured
responses in the V1 during drifting gratings of multiple angles
as an appropriate challenge for testing the spatial-temporal
resolution capabilities of our proton image sensor. As expected,
our proton image sensor with its resolution of micrometers and
milliseconds captured distinct spatial patterns of pH changes in
the V1 induced by each of the eight differently oriented drifting
gratings (Fig. 2c). Similar experiments were performed in a
HEPES-buffered saline solution (pH 7.4) instead of in live mice to
confirm that these pH changes were not just artifacts but reflected
actual changes in brain pH. As expected, there were no significant
changes in pH observed in the HEPES-buffered saline experi-
ments (Fig. 2d). These results indicate that our proton image
sensor can successfully detect pH changes relevant to neuro-
transmission, as induced by visual stimuli, in a localized brain
area with a high spatial resolution.
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Fig. 1 Structure of the pH sensor. a Photograph of the complete proton image sensor which consists of the sensor chip packaged with its printed circuit
board (PCB). The sensor chip detects changes in pH and is connected to the PCB by wire bonds covered in black epoxy. b Sensor chip layout which defines
two areas, the proton-sensing area and the base area. The proton-sensing area is responsible for detecting changes in pH and is inserted into the mouse
brain while the base area contains the connections between the proton-sensing area and the PCB. ¢ Micrograph of the pH sensor pixels. Each pixel is able
to independently detect changes in pH. Thus, the proton-sensing area, which contains 128 x 32 pixels, is able to map fine-scale regional pH variations in the

local environment.

Table 1 Characterization of the proton image sensor.

Number of Size of pixel Size of sensor Frame rate
pixels [pm?] chip [mm3] [frames s~ 1]
32x128 23.55x2355 176x11.46x0.1 50

Distribution of angle-specific pH changes by visual stimulus.
To more rigorously confirm whether the observed localized pH
changes in the V1 reflected actual pH changes in the brain, we
examined the distributions in the size of the pH changes detected
at each pixel for the various drifting gratings directions (Fig. 3,
representative examples). In live mice (Fig. 3a), a greater number
of pixels showed large pH changes, which were dependent on the
direction of the drifting gratings as compared with HEPES-
buffered saline experiments (Fig. 3b). To quantify this, we
counted the number of pixels with pH changes which exceeded
threshold values (inside of red lines in Fig. 3) based on the 95%
confidence interval for the mean change in pH in the HEPES-
buffered saline experiments (summarized data of n =3 experi-
ments). This suggested that the direction in which pH was shifted
depended on the particular direction of the drifting gratings
pattern. In live mice, the distributions in the sizes of pH changes
at individual pixels were shifted towards alkalinity in response to
drifting gratings directions of 0°, 90°, and 270°, whereas these
distributions were shifted towards acidity in response to drifting
gratings directions of 45°, 135° and 180° (Fig. 3a). In contrast,
these direction-dependent pH changes were not observed in
HEPES-buffered saline pH measurements, which was expected
(Fig. 3b). Next, we pooled this data across all experiments (n =9
experiments in brains, n =3 in HEPES control), for each of the

drifting gratings directions (Fig. 4). This confirmed that our
sensor was able to detect brain state-specific patterns of pH
change that were induced by different drifting gratings directions.
We also used a different statistical method to determine
whether the pH change recorded at a given pixel was a signal
artifact or reflected an actual change in brain pH. Here, we
quantified the number of pixels that showed statistically
significant differences in their pH values during stimulus (drifting
gratings) and during stimulus interval (gray screen). Pixels with
such changes are indicated in Fig. 5a which is a representative
example of the pH measurements in live mice. We then pooled
these pixels across all animals for each of the different drifting
gratings directions and categorized them based on whether they
were inserted inside the brain or located outside the brain surface
during the visual experience task (Fig. 5b). Two-way ANOVA
analyses revealed a significant difference between the number of
pixels within the brain and those located outside the brain surface
(interaction: F (1, 95) =8.32, p=0.005). Furthermore, pooling
across all drifting gratings angles also showed a statistically
significant difference between the number of pixels within the
brain and the number of pixels located outside the brain surface
(Fig. 5c). Altogether these results suggest that the pH changes
detected by our proton image sensor are indeed induced by the
visual experience task and not the result of the signal artifact.

Temporal change in pH by visual stimulation. To investigate
temporal change in pH triggered by visual stimulation more
accurately, we summarized the data in peri-stimulus time histo-
grams to visualize the dynamics before and after the onset of the
visual stimulation (Supplementary Fig. 4). This is also a good
measure to evaluate the temporal resolution of our sensor. We
calculated the mean pH dynamics of each pixel before, during,
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Fig. 2 Detection of pH changes in the brain during visual stimulation. a Visual stimuli consisted of drifting gratings with eight different directions, which
were composed of white and black bars sweeping across a screen at eight different direction angles. The screen was positioned 13 cm away from the right
eye of mice. Changes in pH were recorded from the primary visual cortex (V1) for each angle. b After a 120 s pre-stimulation phase (gray screen), the
stimulation phase comprised a 2 s visual stimulus (one of eight drifting gratings directions was randomly selected each time) and an 8 s interval (gray
screen) presented to the mice. This was repeated 30 times (trials) for each of the eight drifting gratings direction. ¢, d Observation of changes in pH caused
by visual stimuli. Imaging at the pixel-by-pixel resolution revealed that different types of responses were induced by different directions of drifting gratings.
The value at each pixel was calculated as the difference between the pH measured for each drifting gratings direction and the mean pH measured across all
eight directions, in a representative mouse brain (c) or in representative HEPES-buffered saline (d). White dotted lines indicate borderlines between the
brain and HEPES buffer, which were detected by photoelectric effect (see Supplementary Fig. 2). The source data underlying Fig. 2c, d are provided as a
Source Data file.

and after the visual stimulation, over multiple trials (in Supple- categorized as an alkaline response, acidic response, or neutral
mentary Fig. 4a, pre-stim (2's interval before each stimulation), response based on whether the pH was statistically increased,
stim (2's stimulation), and post-stim (4 s interval after each sti- decreased, or unchanged by visual stimulation. This clearly
mulation) respectively). The response pattern at each pixel was indicated the temporally dynamic change in pH at each pixel. To
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Fig. 3 Stimulus type-dependent modification of pH states in the brain. a, b Representative distribution histograms of the sizes of pH changes at individual
pixels (referred to in the text as delta pH), induced by the eight different drifting gratings directions, recorded in a mouse brain (a, or in HEPES-buffered
saline (b)). The green histograms represent the average delta pH values measured in all HEPES-buffered saline experiments (3 experiments, 8 x 30 visual
stimulation trials per experiment). The blue histograms are representative examples of delta pH values taken from one mouse (8 x 30 visual stimulation
trials), or one HEPES-buffered saline sample (8 x 30 visual stimulation trials). Note that the mouse brain delta pH distributions show either acidic or
alkaline shifts (@) whereas the HEPES-buffered saline delta pH distributions do not (b). The red lines on each of the histogram plots represent the 95%
confidence interval values calculated from the average delta pH values measured in all HEPES-buffered saline experiments. Using these as threshold values
was one method of defining which pixels measured pH changes that reflected actual changes in brain pH.

quantify these responses in the brain, we summarized all response  (Tapsi, fast = 250.2 MS, Talcali, slow = 14198, Tacid, fast = 231.0ms,
patterns from all angles and animals for each response category 7,4, siow = 6.99 s). These results demonstrate that our sensor suc-
(Supplementary Fig. 4b, n =9), and calculated the time constant of  cessfully detected the sub-second order temporal change in brain
acidic and alkaline change in brain pH during visual stimulation pH during visual stimulation.
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Fig. 4 Significant pH changes were detected in the brain. a, b The proportions of pixels with pH changes defined as actual changes in brain pH were
pooled across all nine experiments performed in mouse brains (a) or all three experiments performed in HEPES-buffered saline (b). As described in Fig. 3, a
pixel with a pH change that exceeded the 95% confidence interval values based on the mean delta pH value of all HEPES-buffered saline experiments
(n = 3) was defined as showing an actual change in brain pH. Thus, the proportions of such pixels in the HEPES-buffered saline experiments (b) suggest the
false-positive rate of this definition. In the box and whisker plots, the center line indicates the median; the box defines the 25-75th percentiles; the whiskers
represent minimum and maximum values while the red crosshairs represent outliers. Filled circles are individual data points. Green plots correspond to
HEPES-buffered saline while blue plots correspond to mouse brains. Source data are provided as a Source Data file.

Discussion

In this study, we developed a pH sensor optimized for the
observation of pH changes in the brains of live mice. To minimize
tissue damage, we miniaturized the device down to 0.1 mm
thickness, while, to detect the change in pH in a wide brain area,
we kept a 128 x 32 pixel sensing area. This resulted in a 1.76 mm
width of our device, which is still smaller than the previous 128 x
128 pixel sensor. Although it is larger in comparison to some of
the electrodes used for neural activity or pH recording, the
application of these devices is limited to the single point
recording. Instruments for wide-field observation or recording
with high spatial resolution tends to be larger!3-18. For example,

the GRIN lens, which has been broadly used to investigate neural
function in the deep and wide area of the brain (such as the
amygdala, hippocampus, etc.), is usually of 0.6-1.0 mm diameter
and inserted into the 2.0-5.0 mm or deeper areas!3!4. Our device
(0.176 mm? in cross-section) is theoretically less invasive than the
regular GRIN lens (0.283-0.785 mm?).

We confirmed the reliability of this approach by observing the
dynamic pH changes in the V1 that were induced by a visual
experience task and which have been similarly reported in a
previous MRI study®. Furthermore, given that our sensor has a
much higher spatial and temporal resolution than MRI, we were
able to successfully resolve the stimulus-dependent differences of
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Fig. 5 Pixel-by-pixel analysis proved significant pH change in the brain during visual stimulation. a A representative example of the spatial distribution
of pixels with statistically significant changes in pH during visual stimuli. The data in Fig. 2c were analyzed here. A one-sample t-test was used at each pixel
to statistically compare the difference between mean pH change for each direction of drifting gratings (a total of 30 trials for each direction) and mean pH
change for all eight directions (i.e. the mean over 8 directions x 30 trials). Pixels with a significant decrease (acidic change, p < 0.05) are shown in blue,
while pixels with a significant increase (alkaline change, p < 0.05) are marked in yellow. The spatial distribution differed depending on the direction of the
stimulation. White dotted bars demarcate the region of the pH-sensing area inserted into the brain and the region of the pH-sensing area left outside of
the brain (see Supplementary Fig. 2). b The number of pixels with statistically significant changes in brain pH was summarized for all observations in mice
(n=9) or in HEPES-buffered saline (n = 3) for each direction of visual stimulation. A two-way ANOVA test indicated a statistically significant difference
between mouse brain and HEPES-buffered saline measurements (**p < 0.01). In the box and whisker plots, the center line indicates the median; the box
defines the 25-75th percentiles; the whiskers represent minimum and maximum values while the red crosshairs represent outliers. Filled circles are
individual data points. Green plots correspond to HEPES-buffered saline while blue plots correspond to mouse brains. € The number of pixels of significant
changes in pH was pooled across all eight drifting gratings directions. An unpaired t-test indicated a significant difference between brain and HEPES-
buffered samples (***p < 0.001). Definitions of box and whisker plots and n numbers are same as in that stated in b. The source data underlying b and c are
provided as a Source Data file.

pH changes in the brain (Figs. 2-5, Supplementary Fig. 4). Although we found some defective pixels in our sensor, as shown
Although the spatial coverage of our sensor is smaller than that of in the dark pixels in Supplementary Fig. 1b, the probability was
MRI (MRI: whole brain (220 x 220 mm = 4.84 x 10* mm?), our  2.89%, which is smaller than that of our previous sensor (5.0%).
sensor: 0.72 mm x 3.0 mm = 2.16 mm?2)%, our sensor is advanta- Thus, we also succeeded in the reduction of defective pixels.
geous for the spatial and temporal resolution (MRI: ~4.0 mm, We found such changes in pH at a micrometer-scale resolu-
~0.17 frames s~1, our sensor: 23.55 um, 50 frames s~1)®. Also, the tion, suggesting that pH changes may be involved in fine-tuning
spatial coverage of our sensor is larger than regular two-photon  brain activity. This may be clinically important given that the pH
microscopy (2PMS), an imaging technique for deep brain in the brains of patients with psychological disorders, such as
recording, or single-photon imaging through a GRIN lens (our schizophrenia and bipolar disorder, is abnormal®!. However,
sensor: 2.16 mm?, 2PMS: ~0.25 mm?, GRIN lens: ~0.785 mm? with  investigating the importance of pH regulation in such situations
more invasion)!>141%. Our sensor is also superior to the other would require further modification of our sensor to enable
imaging techniques in terms of temporal resolution (our sensor: 50  chronic implantation and long-term observation. We should also
framess—!, 2PMS: 30 framess~!, MRI: ~0.17 framess~!, 3P  highlight that pH dysfunction is not limited to neurological dis-
spectrometry: several minutes per frame)®!%20. Based on the eases, since for example, the pH of the environment induced by
advanced temporal resolution, we successfully demonstrated the cancer cells differs greatly to normal healthy cells2.

detection of the sub-second order dynamics of the change in In conclusion, we successfully applied a CMOS-based proton
brain pH triggered by visual stimulation (Supplementary Fig. 4). image sensor for the observation of biological dynamics of pH,
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suggesting the potential application of this sensor in a wide range of
biological investigations. Therefore, our proton image sensor may
have broad utility in studies that seek to uncover the relationship
between cellular pH dysfunction and various pathologies.

Methods

Sensor and software development. The sensor chip was based on our previously
described 128 x 128 pixel CMOS-based proton image sensor’, but redesigned to
have a slimmer chip width and thickness to minimize tissue damage when inserted
into the brains of mice (Fig. 1). The slimmer chip width was achieved by reducing
the number of pixels from a 128 x 128 matrix to a 128 x 32 matrix (Table 1). The
reduction in sensor chip thickness was achieved through back-grinding. As in the
previous sensor chip, the proton-sensing area of the sensor chip was composed of a
100-nm-thick Si3Ny film, while its back and lateral sides were waterproofed with a
1-pum-thick SiNx layer. The sensor chip was packaged with a printed circuit board
by wire bonds encapsulated in epoxy as shown in Fig. la.

The HT ion sensitivity of our proton image sensor was evaluated using three
different solutions with defined and stable pH levels (pH 4.01, pH 6.86, and pH
9.18) held at a constant voltage via a glass electrode’. The Si3N4 film of the sensor
chip adsorbs protons and thus proton changes are detected as changes in the
surface potential (voltage) at each pixel. The voltage readouts from five central
pixels of the proton image sensor in these three solutions were used to calculate
voltage-pH standard curves (Supplementary Fig. 1a).

Insertion of the proton image sensor into the visual cortex. All animal
experiments were approved by the National Institute for Physiological Sciences
Animal Care and Use Committee (approval number 18A102), and were in
accordance with National Institutes of Health guidelines. Male, 8-10 weeks old,
C57BL/6 mice housed under a 12-h light/dark cycle with free access to food and
water were used for all experiments. Mice were anesthetized using ketamine

(74 mgkg ™!, administered intraperitoneally (i.p.); Daiichi Sankyo, Inc., Tokyo,
Japan) and xylazine (10 mgkg™!, i.p; Bayer AG, Leverkusen, Germany) with
topically applied 2% xylocaine jelly (AstraZeneca plc Co., Ltd, Cambridge, UK) for
further pain management. The scalp was shaved and sterilized with 70% ethanol
before the skin and underlying connective tissue were removed to expose the skull.
A custom-made stainless steel head plate was attached to the skull with two types
of ceramic glass ionomer dental cement (GC Fuji LUTE BC; GC Corp., Tokyo,
Japan; Bistite II; Tokuyama Dental, Tokyo, Japan). Once set, the skull was
waterproofed with acryl-based dental adhesive resin cement (Super bond; Sun
Medical Co. Ltd, Shiga, Japan).

The following day, mice were secured via the custom-made head plate in a
stereotaxic frame (SR-6M-HT, Narishige, Co., Ltd, Tokyo, Japan) and anesthetized
using urethane (1.5 gkg~!, i.p; Sigma-Aldrich Inc., Missouri, USA). A 2.0 mm x
3.0 mm rectangular piece of skull, and its underlying dura mater membrane, over
the left V1 were removed using a dental drill and surgical needle hook. The
stereotaxic coordinates for the center of the rectangle were 3.0 mm posterior and
2.5 mm lateral to the Bregma skull landmark.

In order to minimize tissue damage during the pH sensor insertion process, a
1.0 mm deep incision was first made within the left V1 using a sterile microknife
(10055-12, Fine Science Tools, Inc. BC, Canada). The proton image sensor was
then slowly and carefully inserted into this incision using a micromanipulator (SM-
15R, Narishige Co., Ltd). Each stage of the insertion procedure was started only
after bleeding had been controlled. This was achieved by continuously washing the
area with HEPES-buffered saline (pH 7.4, 150 mM NaCl, 3 mM KCl, 2 mM CaCl,,
1 mM MgCl,, 10 mM glucose, and 5 mM HEPES), with care taken to avoid the
formation of large blood clots.

In order to confirm the insertion depth of the proton-sensing area into the
brain, the implanted proton image sensor was perpendicularly illuminated with
white light (LG-PS2; OLYMPUS Co., Ltd, Tokyo, Japan). Due to the photoelectric
effect, the voltage readouts of all proton-sensing area pixels were not inserted into
the brain spike dramatically when illuminated by white light (Supplementary
Fig. 2a). To correctly detect the sensor area inserted into the brain, the averaged
voltage readout during the pre-exposure period (10 s) was subtracted from the
averaged voltage readout during white light illumination (10s) and the area above
the brain showed more drastic voltage change (Supplementary Fig. 2b).

Visual stimulation. Visual stimuli were presented to mice using an LCD monitor
(8 inch, LCD-8000VH, Century, Co., Ltd, Tokyo, Japan) positioned 13 cm away
from the right eye. The visual stimuli comprised drifting gratings at eight different
directions, essentially black and white bars sweeping across the screen at an angle
of 0°, 45° 90°, 135°, 180°, 225°, 270°, or 315° (ref. 23). One visual stimulus trial
consisted of a 2 s presentation of one of the drifting gratings followed by an 8 s
presentation of a gray screen (Fig. 2). In total, each of the eight drifting gratings was
presented as 30 trials in a randomized order. Before the first visual stimulus trial
only, mice were presented with a gray screen for 120 s. The timing of the visual
stimulus trials was controlled and recorded using an NI DAQ device (National
Instruments Co., Ltd) controlled by LabVIEW (version 2014; National Instruments
Co., Ltd, Texas, USA) and custom-written routines executed in MATLAB (R2017b;
MathWorks, Inc., Massachusetts, USA). The pH in the left V1 was continuously

measured using the implanted proton image sensor throughout the entire protocol
of thus visual experience task.

Histology. After the proton imaging experiments, mice were anesthetized using
ketamine (74 mgkg~L, i.p.) and xylazine (10 mgkg~!, i.p.) and terminally perfused
with 4% paraformaldehyde. Harvested brains were sagittally sliced at a thickness of
50-100 um using a Leica VT1000S vibratome (Leica microbiosystems, Wetzlar, Ger-
many). The correct placement of the proton image sensor in the V1 was confirmed by
viewing the brain slices using a Nikon A1R microscope (Nikon, Tokyo, Japan).

Data analysis for pH changes during visual stimulation. All proton imaging
data were analyzed using MATLAB (Mathworks). As the proton image sensor
measures pH through its effect on the surface potential at each pixel, their indi-
vidual voltage readouts were first converted to pH values using voltage-pH stan-
dard curves (see section Sensor and software development).

The following calculations were performed at each pixel. Using the mean pH
during stimulus interval (i.e. the time between two consecutive visual stimulation
trials) at each trial (pHinterval, trial)> the mean pH during the interval at each angle
(PHinterval, ) Was calculated using Eq. (1):

30
PHinterval, trial
PHinervale = Z %ﬂma (1)

trial=1

Using the obtained pHinterval, ¢ in Eq. (1) the mean pH during the interval over all
trials and angles (pHjpterval) Was calculated using Eq. (2):

PHiserva, 00 + PHinterval, 4524 =+ PHinterval,_’»lS'“‘ )

interval — 8

pH

Using the obtained pHjpyterval in Eq. (2), delta pH by visual stimulation at each trial
at each angle (ApHya) Was calculated by subtraction of the pHiperva from the
mean pH during stimulation at each trial at each angle (pHgtim, ¢riar) using Eq. (3):

ApHy, = pH — PHineervar- 3)

Using the obtained ApHyy in Eq. (3), the mean delta pH at each angle (ApHp)
were calculated using Eq. (4):

stim, trial

30
ApH, .
APHG _ § p30mal' (4)

trial=1
Using the obtained ApHy in Eq. (4), the mean delta pH over all trials and angles
(i.e. mean in Fig. 2) was calculated using Eq. (5):
_ ApHy + ApHysey  + ApHyyse (5)
s .
Using the obtained ApHg in Eq. (4) and ApH in Eq. (5), the mean delta—delta pH at

each angle (A(ApH), visual response at each angle in Fig. 2) was calculated using
Eq. (6):

ApH

A(ApH) = ApH, — ApH. (6)

To confirm that A(ApH) in Eq. (6) were not signal artifacts but truly reflected
actual changes in brain pH, the same visual experience task was also performed
with the proton image sensor placed in HEPES-buffered saline instead of in live
mice (Figs. 2d, 3b, 4b and 5). The pixel-by-pixel distributions of A(ApH) were
plotted as histograms in Fig. 3. The 95% confidence intervals for these HEPES-
buffered-saline delta pH values were used as thresholds for determining whether a
pH change at a given pixel was a signal artifact or reflected actual brain pH (Fig. 3).
In other words, A(ApH) recorded in a mouse’s brain was only considered to be an
actual change in brain pH if it exceeded these 95% confidence interval values. The
percentage of pixels which qualified as a true biological signal using this criterion in
both mice and HEPES-buffered saline samples are plotted as box and whisker plots
in Fig. 4.

Using the obtained ApHyy, in Eq. (3) and ApH in Eq. (5), delta-delta pH at
each trial at each angle were calculated (A(ApHyq1), visual response at each trial at
each angle) using Eq. (7):

A(ApH — ApH. (7)

trial trial

) = ApH,
To evaluate the change statistically, the 30 obtained values of A(ApHy;a) in Eq. (7)
were compared to ApH in Eq. (5) at each angle using a one-sample t-test in each
pixel (shown in Fig. 5a).

To investigate the temporal dynamics of the change in pH triggered by the
visual stimulation, we summarized the data in peri-stimulus time histograms to
visualize the dynamics before and after the onset of the visual stimulation
(Supplementary Fig. 4). Only data of the pixels recorded in the brain (for example,
below the surface, see Fig. 2) were analyzed. We calculated the mean pH dynamics
of each pixel before, during, and after the visual stimulation, over multiple trials (in
Supplementary Fig. 4a referred to as pre-stim (2 s interval before each stimulation),
stim (2 s stimulation), post-stim (4 s interval after each stimulation), respectively).
The response pattern at each pixel was categorized as an alkaline response, acidic
response, or neutral response based on whether the pH was statistically increased,
decreased, or unchanged by visual stimulation (p < 0.05, two-sample ¢-test for pre-
stim versus stim across 30 trials for each angle). This clearly indicated the
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temporally dynamic change in pH, at each pixel. Data for different pixels were
sorted according to the response categories and median values during visual
stimulation (Supplementary Fig. 4a). To further quantify these responses in the
brain, we summarized all response patterns over all angles and animals for

each response category (Supplementary Fig. 4b), and calculated the time
constant of acidic and alkaline changes in brain pH during visual stimulation
(Talkali, fast = 250.2 MS, Talkali, slow = 14.19'8, Tacid, fast = 231.0 mS, Tacid, slow = 6.99 s).
We used two component exponential curve fitting?* to calculate response patterns
over all mouse samples (n =9, Supplementary Fig. 4b).

Statistics. Statistical analysis was another method used to identify whether pH
changes in individual pixel positions truly reflected actual changes in brain pH.
Here, the mean population pH value for each pixel position was calculated by
averaging all of the pH values recorded over the 30 visual stimulation trials, for all
eight drifting gratings directions across nine mice or across three HEPES-buffered
saline samples. A one-sample ¢-test was then used to compare this population
mean with the mean pH value recorded for the 30 visual stimulation trials for each
of the eight drifting gratings directions. Pixel positions with statistically significant
pH changes were then counted for each of the eight drifting gratings directions
both in mice and HEPES-buffered saline samples, and the relative abundances of
these pixel positions with statistically significant pH changes were compared using
a two-way ANOVA test. Subsequently, these pixel positions were pooled across the
eight drifting gratings directions and an unpaired ¢-test was used to compare their
abundance between mice and HEPES-buffered saline samples. A one-way ANOVA
followed by turkey’s test was used to compare each distribution of output voltage of
the three pH conditions to each other.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this work are available within the paper and its
Supplementary Information files. The datasets generated during and/or analyzed during
the current study are available from the author upon request. The source data underlying
Figs. 2¢, d, 4, 5b, ¢, as well as Supplementary Figs. 1c, d, 3a and 4b are provided as a
Source Data file, which is also available at https://figshare.com/s/87f676569c5cc2f6cfe0.

Received: 21 June 2019; Accepted: 14 January 2020;
Published online: 05 February 2020

References

1. Chesler, M. Regulation and modulation of pH in the brain. Physiol. Rev. 83,
1183-1221 (2003).

2. Du,]J. et al. Protons are a neurotransmitter that regulates synaptic plasticity in
the lateral amygdala. Proc. Natl Acad. Sci. USA 111, 8961-8966 (2014).

3. Soto, E., Ortega-Ramirez, A. & Vega, R. Protons as messengers of intercellular
communication in the nervous system. Front. Cell. Neurosci. 12, 342 (2018).

4. Siesjo, B. K., von Hanwehr, R., Nergelius, G., Nevander, G. & Ingvar, M. Extra-
and intracellular pH in the brain during seizures and in the recovery period
following the arrest of seizure activity. J. Cereb. Blood Flow Metab. 5, 47-57
(1985).

5. Nemoto, E. M. & Frinak, S. Brain tissue pH after global brain ischemia and
barbiturate loading in rats. Stroke 12, 77-82 (1981).

6. Magnotta, V. A. et al. Detecting activity-evoked pH changes in human brain.
Proc. Natl Acad. Sci. USA 109, 8270-8273 (2012).

7. Futagawa, M. et al. Fabrication of a 128x128 pixels charge transfer type
hydrogen ion image sensor. IEEE Trans. Electron Dev. 60, 2634-2639
(2013).

8. Moser, N., Rodriguez-Manzano, J., Lande, T. & Georgiou, P. A scalable ISFET
sensing and memory array with sensor auto-calibration for on-chip real-time
DNA detection. IEEE Trans. Biomed. Circuits Syst. 12, 390-401 (2018).

9. Niell, C. M. & Stryker, M. P. Highly selective receptive fields in mouse visual
cortex. J. Neurosci. 28, 7520-7536 (2008).

10. Li, Y. T. et al. Broadening of inhibitory tuning underlies contrast-dependent
sharpening of orientation selectivity in mouse visual cortex. J. Neurosci. 32,
16466-16477 (2012).

11. Long, M, Jiang, W, Liu, D. & Yao, H. Contrast-dependent orientation
discrimination in the mouse. Sci. Rep. 5, 15830 (2015).

12. Ohki, K., Chung, S., Ch’ng, Y. H., Kara, P. & Reid, R. C. Functional imaging
with cellular resolution reveals precise micro-architecture in visual cortex.
Nature 433, 597-603 (2005).

13. Jennings, J. H. et al. Interacting neural ensembles in orbitofrontal cortex for
social and feeding behaviour. Nature 565, 645-649 (2019).

14. Meng, G. et al. High-throughput synapse-resolving two-photon fluorescence
microendoscopy for deep-brain volumetric imaging in vivo. eLife 8, 40805
(2019).

15. Wang, J. et al. Integrated device for combined optical neuromodulation and
electrical recording for chronic in vivo applications. J. Neural Eng. 9, 016001
(2012).

16. Voigts, J., Siegle, J. H., Pritchett, D. L. & Moore, C. L. The flexDrive: an ultra-
light implant for optical control and highly parallel chronic recording of
neuronal ensembles in freely moving mice. Front. Syst. Neurosci. 7, 8 (2013).

17. Nicolelis, M. A. et al. Chronic, multisite, multielectrode recordings in macaque
monkeys. Proc. Natl Acad. Sci. USA 100, 11041-11046 (2003).

18. Brochier, T. et al. Massively parallel recordings in macaque motor cortex
during an instructed delayed reach-to-grasp task. Sci. Data 5, 180055 (2018).

19. Glas, A., Hubener, M., Bonhoeffer, T. & Goltstein, P. M. Benchmarking
miniaturized microscopy against two-photon calcium imaging using single-
cell orientation tuning in mouse visual cortex. PLoS ONE 14, 0214954 (2019).

20. Gillies, R. J., Raghunand, N., Garcia-Martin, M. L. & Gatenby, R. A. pH
imaging. A review of pH measurement methods and applications in cancers.
IEEE Eng. Med. Biol. Mag. 23, 57-64 (2004).

21. Hagihara, H. et al. Decreased brain pH as a shared endophenotype of
psychiatric disorders. Neuropsychopharmacology 43, 459-468 (2018).

22. Parks, S. K, Chiche, J. & Pouyssegur, J. Disrupting proton dynamics and
energy metabolism for cancer therapy. Nat. Rev. Cancer 13, 611-623 (2013).

23. Agetsuma, M., Hamm, J. P., Tao, K., Fujisawa, S. & Yuste, R. Parvalbumin-
positive interneurons regulate neuronal ensembles in visual cortex. Cereb.
Cortex 28, 1831-1845 (2018).

24. Inagaki, S. et al. Imaging local brain activity of multiple freely moving mice
sharing the same environment. Sci. Rep. 9, 7460 (2019).

Acknowledgements

This work was supported by JST CREST Grant Number JPMJCR14G2, Japan. We thank
Tkuko Takeda (Division of Homeostatic Development, National Institute for Physiolo-
gical Science) for providing us with the illustrations (Fig. 2a and Supplementary Fig. 2a)
and Shigenori Inagaki (Department of Developmental Neurophysiology, Kyushu Uni-
versity) for giving us useful suggestion for calculation of constant value (Supplementary
Fig. 4d).

Author contributions

HH., M.A, KS,, and J.N. designed research; H.H., J.I, Y.N,, and S.N. performed
research; H.H. and M.A. analyzed data; HH., M.A,, YN, D.L.C, YK, T.L, KT, KS,
and J.N. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-14571-y.

Correspondence and requests for materials should be addressed to K.S. or J.N.

Peer review information Nature Communications thanks Vincent Magnotta and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

| (2020)11:712 | https://doi.org/10.1038/s41467-020-14571-y | www.nature.com/naturecommunications 9


https://figshare.com/s/87f676569c5cc2f6cfe0
https://doi.org/10.1038/s41467-020-14571-y
https://doi.org/10.1038/s41467-020-14571-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	CMOS-based bio-image sensor spatially resolves neural activity-dependent proton dynamics in the living brain
	Results
	Development of an insertion-type proton image sensor
	Visualized pH changes in live animals by visual stimulus
	Distribution of angle-specific pH changes by visual stimulus
	Temporal change in pH by visual stimulation

	Discussion
	Methods
	Sensor and software development
	Insertion of the proton image sensor into the visual cortex
	Visual stimulation
	Histology
	Data analysis for pH changes during visual stimulation
	Statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




