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Intracellular chloride ([Cl−]i) and pH (pHi) are fundamental regulators of
neuronal excitability. They exert wide-ranging effects on synaptic sig-
naling and plasticity and on development and disorders of the brain.
The ideal technique to elucidate the underlying ionic mechanisms is
quantitative and combined two-photon imaging of [Cl−]i and pHi, but
this has never been performed at the cellular level in vivo. Here, by
using a genetically encoded fluorescent sensor that includes a spectro-
scopic reference (an element insensitive to Cl− and pH), we show that
ratiometric imaging is strongly affected by the optical properties of the
brain. We have designed a method that fully corrects for this source
of error. Parallel measurements of [Cl−]i and pHi at the single-cell
level in the mouse cortex showed the in vivo presence of the widely
discussed developmental fall in [Cl−]i and the role of the K-Cl cotrans-
porter KCC2 in this process. Then, we introduce a dynamic two-
photon excitation protocol to simultaneously determine the changes
of pHi and [Cl−]i in response to hypercapnia and seizure activity.
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Intracellular ion concentrations are controlled by plasma-
lemmal transporters and channels, which generate and dissi-

pate ionic electrochemical gradients, respectively (1). In recent
years, regulation of the intracellular Cl− concentration ([Cl−]i) in
neurons has attracted lots of attention, because it is the main ion
that carries current across GABAA (and also, glycine) receptors.
Changes in [Cl−]i exert an immediate effect on the reversal po-
tential of GABAergic currents (EGABA) and, thereby, on the
properties of GABAA receptor-mediated transmission (2–4). The
“ionic plasticity” of GABAergic signaling involves not only the
passive flux of Cl− ions through membrane channels but also, a
number of ion transporters that regulate [Cl−]i. Furthermore, this
mechanism is under the control of intracellular signaling cascades
that regulate the expression patterns as well as functional properties
of ion transporters and channels (5, 6). With regard to long-term
ionic modulation of GABAergic transmission, a case in point is the
decrease in [Cl−]i that is generally thought to take place during
maturation of most central neurons. According to this widely ac-
cepted scenario, the Na-K-2Cl cotransporter NKCC1 accumulates
Cl− in immature neurons, thereby promoting depolarizing GABA
responses (3, 7–9), which is followed by developmental up-
regulation of the neuron-specific K-Cl cotransporter KCC2 that
is required for the generation of classical hyperpolarizing in-
hibitory postsynaptic potentials (IPSPs) (10).
A wealth of electrophysiological evidence dating back to the

work in vivo by Eccles and coworkers (11) has provided evidence
for active regulation of [Cl−]i in mammalian central neurons and
its crucial effect on the driving force of Cl− in inhibitory synapses
(1). However, thus far, there are no direct data on neuronal [Cl−]i
measured in vivo at the single-cell level in the living brain, and for

instance, the very existence of the developmental shift in [Cl−]i
described above has been intensely debated (12) because of the
lack of such measurements. Moreover, it has been postulated
that, in some diseases, such as autism and Down syndrome, the
ion-regulatory mechanisms underlying GABAA signaling do not
properly mature (12–16), and EGABA can revert from hyper-
polarizing to depolarizing in mature neurons as has been
reported for epilepsy and stroke (3, 17–19). Thus, a technique for
monitoring [Cl−]i in vivo would substantially add to our un-
derstanding of Cl−-regulatory mechanisms and their roles in
brain development, plasticity, and disease. The need for an
imaging-based method has long been recognized, and several
fluorescent sensors have been designed for this purpose (20);
however, no reliable data have been obtained so far.
In this study, we exploit a probe, LSSmClopHensor, formed by

the fusion of a Cl−- and pH-sensitive GFP mutant (E2GFP) with
an ion-insensitive red fluorescent protein, LSSmKate2 (21). The
fact that this construct reports changes in both [Cl−]i and in-
tracellular pH (pHi) is highly advantageous, because regulation
of Cl− and H+/HCO3

− is tightly linked via common transport (22,
23) and channel (3) mechanisms. Furthermore, pHi is also a
powerful ionic modulator of neuronal excitability (22, 24–26).
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We determined the two-photon spectroscopic properties of
LSSmClopHensor as a function of pH and [Cl−]. Then, we show
that the propagation of both excitation light and emitted fluo-
rescence in the brain is strongly dependent on wavelength, which
can cause large errors, even in ratiometric measurements of [Cl−]i
and pHi. By using the red fluorescent protein, LSSmKate, as an
invariant reference, we are able to fully correct for this source of
error. The validity of this correction was independently verified
by fluorescence lifetime imaging microscopy (FLIM) measure-
ments of pHi, which notably, are not affected by scattering ef-
fects in brain tissue. Thus, our imaging technique allowed for
direct and simultaneous measurements of neuronal [Cl−]i and
pHi at the single-cell level in vivo. We present here direct evi-
dence for the developmental decrease in [Cl−]i and of the in-
volvement of NKCC1 in the maintenance of high [Cl−]i in
immature neurons. Finally, we combined a methodology for
dynamic in vivo imaging with local field potential (LFP) re-
cordings to show the interplay between changes of network ac-
tivity and the modulation of neuronal [Cl−]i and pHi in response
to hypercapnia and seizure.

Results
Two-Photon Spectral Properties of LSSmClopHensor: Dependency on
pH and Chloride.We used the Cl− and pH sensor LSSmClopHensor
(21) formed by the fusion of E2GFP (27) and of the red fluorescent
protein, LSSmKate2 (28) (Fig. 1A). Since the excitation spectrum
of E2GFP depends on pH and because its fluorescence is quenched
on Cl− binding, E2GFP provides a pH- and Cl-dependent signal
(29). In contrast, LSSmKate2 is insensitive to pH and Cl−, thus
providing a ratiometric reference.
We characterized the two-photon excitation spectra of

LSSmClopHensor and its dependency on pH and Cl−. We cali-
brated the purified sensor protein in aqueous solutions, where we

could control temperature, pH, and Cl− concentration with great
precision. Furthermore, given the fast diffusion of the protein in
solution, these spectra are unaffected by photobleaching and have
an optimal signal to noise ratio. Fig. 1B shows that the excitation
of LSSmKate2 is independent of pH after correction for bleed
through and that the E2GFP spectra display a well-defined iso-
sbestic point at about 910 nm (details are in Materials and Meth-
ods, and Figs. S1 and S2 show raw data). The E2GFP spectrum at
an arbitrary pH is given by the linear combination of the pro-
tonated and deprotonated spectra, and the relative contributions
of these terms are used to compute pHi (Fig. 1 C and D).
LSSmClopHensor is a double-ratiometric indicator both in ex-

citation and emission that requires two steps to complete a mea-
surement. First, pHi is determined by the excitation spectra of E2

GFP. Although it is enough to collect the fluorescence at only two
different excitation wavelengths, it is possible to obtain a more
reliable estimate of pHi by sampling the excitation spectra at sev-
eral wavelengths. Second, since the sensor exploits the quenching
of E2GFP fluorescence on Cl− binding (29), increases of Cl− led to
a drop of E2GFP fluorescence relative to LSSmKate2 (Fig. 1E),
and the ratiometric analysis of the emitted fluorescence provides
the Cl− measurement (details are in Materials and Methods).

Properties of LSSmClopHensor Expressed in Vivo. In utero electro-
poration (30, 31) applied at embryonic day 15.5 led to the
transfection of layer 2/3 pyramidal neurons of the visual cortex as
shown in a postnatal day (P) 32 mouse (Fig. 2 A and B). A
spectral sequence is obtained by imaging the same cells at dif-
ferent excitation wavelengths. Each image in Fig. 2C has been
obtained at the indicated wavelength by in vivo imaging in a
P10 mouse. The quantification of the raw fluorescence of five
cells (Fig. 2D) is shown in Fig. 2E, while Fig. 2F shows the effects
of correction for bleed through (Eq. 6 and Fig. S1C).
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Fig. 1. Two-photon spectra of LSSmClopHensor in
aqueous solution. (A) Schematic structure of the
sensor. (B) Excitation spectra of the E2GFP and
LSSmKate2 components of LSSmClopHensor at dif-
ferent levels of pH at 24 °C. Data have been cor-
rected for bleed through and normalized using the
peak of the LSSmKate2 emission. The nonlabeled
spectra of E2GFP have been obtained at pH 6.4, 6.8,
6.9, 7.1, 7.2, 7.4, and 7.6. The excitation spectrum
of LSSmKate2 is pH-insensitive: Lower shows the
normalized difference (percentage) between the
spectra obtained at pH values of 6, 7, and 8, with
the mean spectrum averaged for all pH levels.
(C ) Linear decomposition of the spectrum obtained
at pH 7.0 (green symbols) on the spectra obtained
at pH 6.0 and 8.0 (thin red and blue lines, re-
spectively). The two components are represented
by the thick red and blue curves, respectively, and
their sum is the line running through the experi-
mental points. (D) The color-coded circles represent
the corresponding coefficients in the linear de-
composition of the spectra of the set of calibration
solutions shown in B. The ratio between the com-
ponents provides the angle θ, which is specific for
each value of pH. The error bars, computed from
the fit residues (Supporting Information), are con-
tained within the symbol size. (E ) Chloride deter-
mines the quenching of the E2GFP signal as shown
by the loss of fluorescence measured at the iso-
sbestic point. Green circles and line of best fit show
the ratio of the fluorescence excited at 910 nm in
the green and red channels (normalized to 1 at the
maximum) as a function of chloride concentration.
The apparent chloride Kd depends on pH, because
chloride binds only to protonated E2GFP. Dashed lines are calculated for pH 6.0 and 8.0. Spectra have been obtained from three different samples, and
each has been analyzed at three different temperatures (Fig. S2).
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We verified that the product of expression of the plasmid was
an intact E2GFP-LSSmKate2 fusion protein by performing two
independent controls based on in vivo fluorescence recovery
after photobleaching and on the study of fluorescence fluctua-
tions (32) (Fig. S3).

Effects of Brain Tissue on Sensor Spectroscopy. Steady-state [Cl−]i was
studied in vivo by acquiring images at several wavelengths under a
constant power at the brain surface (33) as shown in Fig. 2 C–E.
Spectra were corrected for field illumination and bleed through and
were normalized to the photon flux density used at each wavelength
before data analysis (Materials and Methods). Despite the above
corrections, the spectra observed in vivo showed a clear mismatch
with regard to the calibrations that was not caused by bleaching
occurring during the scan (Fig. S4). Owing to this mismatch, the
calculated values of pHi and [Cl−]i turned out to be very dispersed.
We hypothesized that imaging was affected by wavelength-
dependent absorption and scattering of excitation and emission
light by brain tissue (34). To test this idea, we used mice expressing
YFP in a sparse population of cortical pyramidal cells (line H in ref.
35). Fig. 3A shows the ratio of the fluorescence emitted by YFP
when excited at 960 and 910 nm (F960 and F910, respectively)
normalized to the ratio observed in a monolayer culture of
HEK293T cells. The color-coded transverse section shows that, as
the imaging depth increased, F910 decreased compared with F960,
thus indicating a progressive loss of two-photon excitation at the
focal plane with decreasing wavelength (Fig. 3B). This observation

implies that also the emitted fluorescence must undergo some ex-
tinction while propagating from the imaging plane to the brain
surface, with the green fluorescence experiencing more loss than
the red one. We obtained a quantitative assessment of this effect in
the YFP mice. When measuring the fluorescence of YFP expressed
in cultures, the emission spectrum was not altered by extinction,
and the fluorescence of YFP was distributed in the green and red
channels with a ratio R/G = 0.116 (SD = 0.006, n = 10 cells). Next,
we recorded the fluorescence in YFP mice in the red and green
channels and computed the R/G ratio at various focal depths (see
Fig. S5 for the YFP emission spectrum). As expected, the ratio R/G
changed with depth, as shown in Fig. 3C, which reports qualitatively
the R/G ratio normalized to the R/G value observed in culture. Fig.
3D shows a quantification of the red shift of detected fluorescence
with increasing depth.
Next, we examined whether, for a given focal plane, we could

establish a relationship between excitation scattering/absorption
and emission extinction. Fig. 3E shows the correlation between
these two effects as quantified by the measured Δ–γ pairs at
different depths. Δ(z) yields the relative loss of fluorescence
excited at 960 and 910 nm as defined by

ΔðzÞ=YFP960ðzÞ
YFP910ðzÞ

YFP910ð0Þ
YFP960ð0Þ, [1]

where the subscripts indicate the excitation wavelength, and z
indicates the imaging depth. Depth 0 corresponds to tissue surface
where no scattering occurs, and Δ = 1 implies that there is no
wavelength-dependent loss of excitation power. γ(z) is defined by

γðzÞ=RYFPðzÞ
GYFPðzÞ

GYFPð0Þ
RYFPð0Þ, [2]

where z is the imaging depth. The value of γ(z) is equal to 1 in
the absence of differential extinction of the fluorescence de-
tected in the R and G channels. Fig. 3E shows that there is a
linear relationship between the extinction of emission and the
loss of excitation and that this relationship is similar in cortical
neurons of different mice. Based on this finding, if Δ(z) is known,
the parameter for differential emission extinction, γ, can be read-
ily estimated using the empirical relationship:

γ= 1+ μðΔðzÞ− 1Þ, [3]

with μ = 0.40 ± 0.016 (n = 66 cells from six mice) (Fig. 3E).

In Vivo Measurements of pHi and [Cl−]i. Fig. 4A illustrates the
computation of steady-state pHi and [Cl−]i. After calibration of
the images (Supporting Information), the fluorescence within the
cell body outline was measured and corrected for bleed through
to obtain the excitation spectra of E2GFP and LSSmKate2. As
explained above, the spectra obtained at a given depth in the
tissue must be corrected for loss of absorption/scattering before
computing the pH values. We performed this correction knowing
that R*zðλÞ (the LSSmKate2 spectrum obtained in vivo at depth
z) is not affected by pH and Cl−. Therefore, any divergence
between R*zðλÞ and the LSSmKate2 spectra must be caused by
wavelength-dependent loss of excitation. Thus, we computed the
correction factors φz(λ) defined as

φzðλÞ=
R*0ðλÞ
R*zðλÞ

, [4]

where R*0(λ) indicates the LSSmKate2 excitation spectrum cor-
rected for bleed through at depth 0. We used this set of factors to
correct the E2GFP spectrum:
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Fig. 2. Expression and spectra of LSSmClopHensor in vivo after transfection
by in utero electroporation. (A) Two-photon wide-field imaging of the visual
cortex in a P32 mouse. The image is a mosaic showing the entire extension of a
2-mm-wide craniotomy (stack depth: 250 μm; objective 10×, 0.3 N.A.; excita-
tion at 910 nm). (Scale bar: 200 μm.) (B) Magnified image of the boxed area
from A showing the E2GFP (green) and LSSmKate2 (red) fluorescence after
correction for bleed through. Field width is 200 μm; objective is 60× and 1.00 N.A.
A γ transform (γ = 0.5) was applied to A and B to improve visualization of
dendrites. (C) Image sequence obtained at the indicated wavelengths in a
P10 mouse. (Scale bar: 20 μm.) (D and E) Quantification of the raw fluores-
cence of the five cell bodies indicated by the arrows in D. Data have only
been corrected for flat-field illumination and background. (Scale bar: D,
20 μm.) (F) Spectra of one cell after correction for bleed through (symbols
connected by lines) compared with the raw data without bleed-through
correction (lines). Fluorescence intensity shown in arbitrary units.
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G’ðλÞ=G*zðλÞφzðλÞ, [5]

where G*zðλÞ indicates the E2GFP spectrum corrected for bleed
through at depth z. Fig. 4A shows that the effect of excitation loss
on the sensor spectra was very strong. After computation of pHi,
the fit residue R provided a readout of the quality of the pH
estimate. [Cl−]i was then computed using the correction for the
extinction of emission (Eq. 3) and Eqs. 7–12. Fig. 4B compares the
residues R, pHi, and [Cl−]i for each neuron acquired in an imaging
run at various depth in the tissue. We computed these parameters
on the raw data, after correction for bleed through, and after
correction for excitation scattering and extinction of emission.
The dispersion of the pH and [Cl−]i estimates and the magnitude
of R decreased radically after these corrections. Fig. 4 C and D
shows the pHi and [Cl−]i maps and the uncertainties of the ion
measurements (details are in Supporting Information) at each pixel
within the outlines of the cell bodies. Although we had verified
that the effect of photobleaching on the spectroscopic data was
negligible (Fig. S4), during acquisition of the spectroscopic series,
the wavelength presentation was randomized to exclude any bias
caused by bleaching. Importantly, this procedure was validated by
measuring the fluorescence lifetime of LSSmClopHensor as an
alternative method to estimate pHi, since this approach is inde-
pendent of excitation distortion (Fig. S6).

Developmental Decrease of the Intraneuronal Chloride Concentration.
Next, we exploited our technical approach to address the question
whether a developmental decrease in [Cl−]i, akin to that shown in
numerous studies in vitro, also takes place during the maturation
of cortical neurons in vivo. We studied mice at three stages of
development [P4–P5 (n = 9 mice, 182 neurons), P8–P10 (n =
8 mice, 512 neurons), and P18–P51 (n = 5 mice, 226 neurons)]
under light urethane anesthesia. From the excitation spectra for
E2GFP and LSSmKate2, we obtained the Cl− and pH maps, as
shown in Fig. 5 A and B. This analysis was limited to the cell
bodies, because most of the corresponding in vitro data are based
on somatic measurements and also because the cell body provides

a better signal-to-noise ratio for ion imaging than the dendrites.
While no large age-dependent change in neuronal pHi was de-
tected as shown by the median and interquartile range (IQR; pHi
IQR 7.11–0.27, 7.17–0.23, and 7.16–0.25 at P4–P5, P8–P10, and
P18–P51, respectively) (Fig. 5C), a robust developmental shift in
[Cl−]i was clearly evident among the three age groups. The median
level of [Cl−]i decreased from 54 (IQR 34) mM at P4–P5 to 40 (IQR
45) mM at P8–P10 and further down to 17 (IQR 22) mM in the
P18–P51 group (Fig. 5D). These data are in agreement with
measurements of the ion transport efficacy of KCC2 in cortical
neurons in vitro, which show strong up-regulation commencing
at around P6, with near-maximum extrusion rates achieved at
∼P14–P16 (3, 36).
The high [Cl−]i in immature neurons is generally thought to be

maintained by Cl− uptake via NKCC1 (in the Introduction).
Consistent with data obtained in vitro, superfusion of the cortex of
P4–P5 mice with saline containing the NKCC1 inhibitor bumeta-
nide (55 μM) resulted in a pronounced decrease of median [Cl−]i
to 21 mM (IQR 22 mM; five mice, n = 381 neurons) (Fig. 6 A and
B). Application of the vehicle only had no discernible effect on
[Cl−]i (53 mM; IQR 38 mM; four mice, n = 126 neurons).
Fig. 5D shows that the P8–P10 group has a large variability,

which might be because of the presence of both immature and
more mature neurons, leading to a mosaicism with regard to
neurons with low and high [Cl−]i. The pups in this age group are
large enough to enable implanting them with a perforated op-
tical window that could be microperfused with bumetanide. In
four mice at P8–P10 (n = 166 neurons), we imaged the same
neurons before and after bumetanide to establish whether a high
initial value of [Cl−]i (reflecting cellular immaturity) would be
predictive of a larger effect of the NKCC1 blocker. Fig. 6 C–E
shows that the treatment caused a shift of [Cl−]i toward lower
values in each individual neuron and that, indeed, the amplitude
of the shift correlated with the initial chloride level.

Dynamic Imaging of H+ and Cl− Ions in Vivo.During network activity,
[Cl−]i and pHi are modulated by channel-mediated fluxes driven
by ionic driving forces for Cl− and for channel-permeant acid–base
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intracellular fluorescence are altered by the depth of
imaging. (A) Imaging of cortical neurons in a YFP-
expressing mouse shows the wavelength-dependent
loss of excitation in vivo. The reconstructed transverse
section depicts the ratio of the fluorescence emitted in
response to excitation at 960 and 910 nm. The ratio has
been normalized to the value measured at zero ab-
sorption/scattering (brain surface), and as the imaging
depth increases, excitation at 960 nm is less attenuated.
(Scale bar: 50 μm.) (B) Excitation spectra of YFP imaged at
different depths in the cortex of one adult YFP-
expressing mouse. As a zero distortion reference, the
spectrum of YFP recorded in HEK cells is also shown.
Spectra have been normalized to the fluorescence
measured at 1,000 nm to allow for an easier comparison.
This normalization shows that, at increasing imaging
depth, shorter wavelengths are transmitted more poorly
with a consequent decrement of fluorescence. Similar
results on neurons in vivo were obtained in five addi-
tional mice. (C) Effects of imaging depth on the color of
recorded fluorescence. The image is a reconstructed
transverse section of neurons from a YFP-expressing
mouse showing the ratio of the fluorescence recorded
in the G and R channels. In HEK cells, the emitted fluo-
rescence is distributed between the R and G channels
with a ratio of 0.116 (SD = 0.116, n = 10). With increasing
depth, the green fluorescence undergoes more extinc-
tion than the red, and the ratio decreases to 1/0.38.
(Scale bar: 50 μm.) (D) Quantification of the progressive red shift of detected fluorescence γ with imaging depth. Data collected from neurons (n = 290) of six YFP-
expressing adult mice. (E) Correlation between differential excitation scattering (parameterized by Δ) and fluorescence red shift γ (R2 = 0.73).
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species (mainly HCO3
−), respectively. However, active transport

of Cl− and H+/HCO3
− will oppose the effects of the passive fluxes,

and thus, the instantaneous ion concentrations are set by the
properties of the ion channel/transporter relationships (3).
So far, there are no data on intracellular Cl− and pH dynamics in

cortical neurons in vivo. Measurements of the steady-state values of
pHi and [Cl−]i based on sampling the excitation spectra at several
wavelengths are inherently slow and cannot provide time-resolved
data. However, Eq. 7 (Materials and Methods) shows that it is
possible to measure simultaneously pHi and [Cl−]i by alternating
only two different excitation wavelengths. In these experiments,
excitation was provided by two tunable lasers, which were steered
and combined before the scanning head, and alternatively selected
by electromechanical shutters during acquisition (Fig. 7 A and B).
We constructed time-lapse sequences by alternating excitation at
860 nm and at the isosbestic point at 910 nm: each pair of E2GFP
images provides an estimate of pHi, while the LSSmKate2 images
provide the signal for the correction of excitation power at the focal
plane and the reference for computation of [Cl−]i.
We performed dynamic measurements of pHi and [Cl−]i in

vivo after induction of hypercapnia by inhalation of a gas mixture
containing 30% CO2 in air. Breathing this gas mixture induces

fast acidification of the brain extracellular space and brain tissue
(37), leading to suppression of neuronal activity involving mul-
tiple mechanisms, such as enhancing GABAergic transmission
(1), as well as inhibition of NMDA receptors and voltage-gated
Na+ and Ca2+ channels (38, 39). Time-lapse imaging was per-
formed while recording the LFP with an intracortical electrode
inserted in the optic window. Fig. 7C shows that, at the beginning
of the recording (t < 60 s), the LFP is dominated by slow os-
cillations in the δ-band (0.5–4 Hz) characteristics of slow-wave
sleep and present under urethane anesthesia. Acidification be-
gun within 20 s from the onset of CO2 inhalation and network
activity rapidly subsided (Fig. 7 C and D). The excitation spectra
of LSSmClopHensor rapidly shifted toward the acidic form,
reaching a plateau level within a few minutes from hypercapnia
onset (Fig. 7 E and F). In four mice (>P35), we observed a
similar behavior and kinetics, with an average fall in pHi of 0.6 ±
0.3. The intraneuronal acidosis was paralleled by a fast drop in
[Cl−]i, which is probably caused by the cessation of neuronal
activity and/or by the actions of plasmalemmal chloride/bi-
carbonate transporters in response to the fall in pHi (1). An al-
kaline shift was observed immediately at the end of the CO2
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tion of the excitation spectrum causes an artifactual
shift to higher pH values. (B, Top) Each symbol rep-
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puted from raw data (red), with correction for bleed
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inhalation together with the gradual reappearance of network
activity (Fig. 7 C–E).
To trigger a robust, seizure-like network event, we applied the

potassium channel blocker 4-aminopyridine (4-AP) on the occip-
ital cortex of adult mice (40) under light urethane anesthesia. In
these experiments, the cranial window was sealed with a perfo-
rated coverslip to apply a droplet of 100 mM solution of 4-AP in
saline. As observed previously in superfused slices and after in vivo
i.p. injection (40, 41), epileptiform activity started within 30 min
from drug application. Fig. 8A shows the LFP recorded during a
cortical seizure, which was characterized by a large increase of
oscillatory activity in a wide bandwidth (Fig. 8B). Dynamic imag-
ing of [Cl−]i showed a rapid net accumulation of Cl− (Fig. 8C) in
parallel with the temporal evolution of fast oscillations in the γ
band (Fig. 8D). These data indicate that active Cl− extrusion was
overwhelmed by the channel-mediated load that is most likely
attributable to GABAAR-mediated Cl− influx triggered by the
intense interneuronal activity present in this model (42). Similar
results were obtained in five mice (>P35), where [Cl−]i was ele-
vated by 22 ± 7 mM. In all cases, the recovery of [Cl−]i com-
menced immediately after the abrupt end of seizure activity.
Interestingly, there was also a fall in pHi that had a slower time
course than the increase in [Cl−]i. These data do not permit
identification of the underlying mechanism, but both a GABAAR-
mediated efflux of HCO3

− and a production of metabolic acid are
likely to contribute to the cellular acidosis, which in fact, is char-
acteristic of seizures and seizure-like activity (26, 43).

Discussion
Properties and Advantages of LSSmClopHensor in Neuronal Ion
Imaging. In this study, we have developed a method for simul-
taneous two-photon in vivo imaging of [Cl−]i and pHi in indi-
vidual cortical pyramidal neurons based on LSSmClopHensor, a
genetic ion indicator consisting of an ion-sensitive GFP (E2GFP)
and an ion-insensitive red fluorescent protein (LSSmKate2) that
provides a ratiometric reference. One of our main findings is that
in vivo ion imaging in general, even if done in a ratiometric
manner, is strongly affected by the wavelength-dependent ex-
tinction of light as it propagates through brain tissue. This effect,
whereby shorter wavelengths are absorbed more efficiently as a
function of imaging depth, leads to a significant distortion of
excitation spectra and to a red shift of fluorescence. Since the
optical properties of LSSmKate2 are independent of Cl− and
pH, we have been able to use its signal to correct for the above
source of error. Notably, the approach used in this correction
was verified in FLIM measurements of pHi, which are insensitive
to light absorption within brain tissue. To show the utility of our
methodology, we provide here direct in vivo evidence for the
developmental shift to lower intraneuronal [Cl−] levels that takes
place during neuronal maturation and for the specific role of
bumetanide-sensitive Cl− accumulation in neonatal neurons,
which is required for their widely studied depolarizing GABAAR
responses. We also introduce a method for dynamic monitoring
of changes in pHi and [Cl−] in vivo, exemplified here as re-
sponses to hypercapnia and seizure activity.
Several ion sensors based on GFP have been developed (20),

starting from Clomeleon (44). Clomeleon consists of the fusion of
CFP and Topaz, a YFP mutant, with fluorescence that is reduced
on binding with Cl− ions. When exciting CFP and recording
emission from CFP and FRET emission from Topaz, an increase
in Cl− causes a reduction of the Topaz fluorescence. Clomeleon
signal has a complex pH dependence, and its apparent Kd spans
two orders of magnitude in the pH range from 6 to 8. At physi-
ological pH, the reported Kd for Cl− (about 160 mM) is far from
physiologically meaningful [Cl−]i levels (44–46). The above prop-
erties as well as the distortion present in deep tissue imaging imply
that Clomeleon offers little sensitivity and reliability at the low
concentrations expected in adult neurons.
Wimmer et al. (47) provided fluorometric data on [Cl−]i changes

in vivo by using SuperClomeleon (48), which has a somewhat
higher affinity (20–40 mM) to Cl− than Clomeleon. This study has
important differences from our approach, since they could only
measure bulk changes of [Cl−]i concentration in a relatively large
brain volume. This is also true for a more recent study by Berglund
et al. (49) on tonic GABAergic inhibition in the cerebellum, where
the authors performed [Cl−]i imaging at cellular level in slices and
used bulk measurements in vivo. Finally, it is obvious that, in ex-
periments with SuperClomeleon, it is not possible to make a
correction for pHi differences and dynamic changes at the level of
individual neurons even in vitro, which would be required for a
valid estimate of [Cl−]i based on the highly pH-sensitive Cl− signal
of this indicator. Here, it is noteworthy that neuronal pHi shows
relatively large cell-to-cell variations (Fig. 5), even under steady-
state conditions (50).

The Developmental Shift in Neuronal [Cl−]i. Despite the extensive
electrophysiological data obtained in vitro, which are supported by
a wide range of molecular biological studies on the expression
patterns and properties of NKCC1 and KCC2 (3, 4), the presence
of the ontogenetic decrease in [Cl−]I, and the consequent shift in
EGABA, have been and are still being debated (12). A key element
in this debate is the absence so far of direct in vivo demonstration
of the Cl− shift. In this study we provide direct evidence for this
developmental phenomenon. Our imaging data, based on a total
of ∼900 individual pyramidal neurons in three age groups, show a
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robust fall in somatic [Cl−]i from P4–P5 to P8–P10, with a further
decrease to mature levels at P18–P51. The validity of our data is
further corroborated by the large decrease in [Cl−]i caused by
bumetanide, a potent blocker of the Cl− uptake transporter
NKCC1. The effect of bumetanide was clearly seen both at the
population level and in individual neurons. Regarding the latter,
bumetanide had a more pronounced effect on [Cl−]i in individual
neonatal neurons with a high steady-state chloride level, which
indicates a higher basal activity of NKCC1. These data are in
agreement with a recent in vivo study on intraneuronal Ca2+ im-
aging, which reports the presence of bumetanide-sensitive depo-
larizing actions of GABA in occipital cortical neurons in P3–
P4 mice (9).
The median estimate of the mature somatic [Cl−]i corresponds

to an ECl of −55 mV in the P18–P51 age group, which is somewhat
more positive than one would expect on the basis of currently
available electrophysiological data on EGABA (3). Here, we would
like to note that the electrophysiological measurements have been
typically done in quiescent tissue in vitro (i.e., in the absence of a
significant activity-dependent Cl− load that must be present even
under physiologically normal in vivo conditions). Another factor
worth recalling is that, because of neuronal pHi regulation, the
intracellular concentration of bicarbonate leads to an inwardly
directed driving force for the HCO3

−-mediated current across
GABAARs. However, under these conditions, assuming a relative
HCO3

−/Cl− permeability of 0.2–0.3, there is a very modest
bicarbonate-dependent effect of about +3–5 mV on the reversal
potential (1), yielding a median EGABA value around ∼−51–
53 mV. Given the substantial scatter in the primary data on [Cl−]i
and the steep dependence of EGABA on [Cl−]i, we do not maintain
that our estimates of EGABA are in ideal agreement with quanti-
tative electrophysiological considerations; a perfect match at this
pioneering stage of in vivo Cl− imaging would be unexpected.

Intraneuronal Steady-State pH and the Effect of Hypercapnia.Our two-
photon imaging data show that pHi in pyramidal neurons is around
7.16 in P18–P51 neurons, with no changes during postnatal de-
velopment. As stated above, using FLIM in P18–P51 neurons gave
values that were practically identical with those obtained by spec-
troscopic imaging. As a whole, the pHi data obtained under

physiological conditions are in good agreement with those pub-
lished before in in vitro work (22, 23). Exposure to hypercarbic
conditions (CO2 elevated to 30%) brought about a block in neu-
ronal activity associated with an acidosis with an amplitude that is
consistent with analogous experiments in vitro (24).

Seizure-Induced Changes in Neuronal [Cl−]i and pHi. Unlike in the
quasisteady-state conditions, which often prevail in experiments
in vitro, neurons in vivo are never silent, and therefore, local
intraneuronal ion concentrations are modulated in an activity-
dependent manner, primarily imposed by changes in driving
force. While both synaptic and extrasynaptic GABAARs as well
as nonsynaptic GlyRs provide the major conductive pathways,
there are additional Cl− channels, such as ClC-2, that may also
contribute to the activity-induced changes in [Cl−]i (4). Indeed,
activity-dependent elevations of [Cl−]i, can be of sufficient
magnitude to transiently reverse the polarity of IPSPs in mature
neurons from hyperpolarizing to depolarizing and even to be-
come functionally excitatory (3, 24). This kind of manifestation
of ionic plasticity at synapses must have a profound effect on the
properties of neuronal networks, and therefore, dynamic moni-
toring of Cl− at the cellular level in vivo is of much interest.
Moreover, intense neuronal activity is known to lead to a fall in
pHi that is attributable to the generation of metabolic acid, such
as lactate, as well as GABAAR-mediated net efflux of HCO3.
The activity-dependent neuronal acidosis is considered to pre-
sent one of those intrinsic mechanisms, which suppress an overt
increase in network excitability, such as seizures (24). In light of
the above considerations, we used a double-ratiometric method
to simultaneously image [Cl−]i and pHi at the level of single
pyramidal neurons during seizure-like activity induced by the K+

channel blocker 4-AP (40), and our data show that it is possible
to monitor both ion concentrations at a frame rate which is
sufficiently high to yield physiologically relevant data, qualita-
tively similar to what has been shown in work on brain slices (21,
51, 52). Our data show that cortical seizures are accompanied by
an increase in [Cl−]i, tightly limited to the window of intense
network activity. Moreover, we observed a delayed and slow fall
in pHi, which is in agreement with analogous data obtained in
dynamic measurements of brain tissue pH in vitro (26, 43).
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lular chloride, indicating that the high [Cl−]i in
newborn mice is maintained by the operation of
NKCC1. White in the horizontal pseudocolor cali-
bration bar corresponds to [Cl−]i = 25 mM. The
numbers in Right indicate [Cl−]i of the adjacent
neuron and the computed error. (Vertical scale
bar: 25 μm.) (B) Superimposed distributions of
[Cl−]i at P4–P5 under control conditions (area
under red curve; vehicle, four mice) and after
treatment with bumetanide (area under green
curve; seven mice, Kolmogorov–Smirnov test, P <
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It is worth noting that the time constant of Cl− interaction with
LSSmClopHensor is identical to that of ClopHensor (29) and
similar to that of Clomeleon and SuperClomeleon (53). This
implies that the sensor signal is not likely to fully reflect the fast
changes in [Cl−]i that are bound to take place during seizures,
but as is the case with genetically encoded sensors for calcium-
and ion-sensitive K+ microelectrodes, ionic dynamics measured
at rates corresponding to the present do provide useful in-
formation on the direction, magnitude, and time course of the
net activity-induced Cl− flux.

Conclusions
This study introduces a technique for simultaneous two-photon
in vivo imaging of intraneuronal [Cl−] and pH based on
LSSmClopHensor. This genetic sensor is constructed by fusion of
an ion-sensitive GFP (E2GFP) with a red fluorescent protein
(LSSmKate2), which provides a ratiometric reference. Since the
optical properties of LSSmKate2 are insensitive to Cl− and pH,
we have been able to use its signal to correct for effects attrib-
utable to the optical properties of brain tissue. This methodology
opens up several avenues for exploring the development and
functional properties of neuronal ion regulation, as well as
identifying mechanisms involved in the etiology and endophe-
notypes of a wide variety of brain disorders. The regulatory
mechanisms of [Cl−]i are involved in a wide range of acute
neuronal insults, such as ischemia or traumatic injury, as well as
in chronic disorders, including epilepsy, autism, and Down syn-
drome. Regulation of [Cl−]i is also a major player in the control
of neuroendocrine responses (54–56), and a very recent study

puts KCC2 in key position in synaptic plasticity mechanisms that
are likely to underlie cognitive impairment during senescence
(57). These wide-ranging observations extend the scope and
impact of technical advances in in vivo Cl− imaging.

Materials and Methods
Animals and Procedures for in Vivo Imaging. LSSmClopHensor was transduced
by in utero electroporation in CD-1 mice at embryonic day 15.5 to transfect
neuronal progenitors of layer 2/3 pyramidal neurons of the visual cortex (30).
Before imaging, mice were anesthetized with an i.p. injection of urethane (1–
1.5 g/kg). Craniotomy (2- to 3-mm diameter) was performed as described
elsewhere, and the dura mater was removed to reduce light scattering (58). A
custom-made steel head post with a central imaging chamber was glued to the
skull. Hypercarbia was induced by exposing the animals to a mixture containing
30% CO2 in ambient air. This study was performed in strict accordance with the
recommendations of the Italian Ministry of Health (Dlg. 26/14) and according to
protocol 277/2015-R approved by the Ministry of Health on April 23, 2015.

Solutions. The composition of the sterile saline solutionwas 126mMNaCl, 3mM
KCl, 1.2 mM KH2PO4, 1.3 mM MgSO4, 26 mM NaHCO3, 2.4 mM CaCl2, 15 mM
glucose, and 10mMHepes, pH 7.4. A 4-μL aliquot of bumetanide stock solution
(50 mg/mL in DMSO) was sonicated in 10 mL of saline, and a bolus of a few
microliters was applied on the cortex before sealing of the imaging chamber.

Bleed-Through Correction for LSSmClopHensor. Fig. S1A shows the two-photon
excitation spectra of purified LSSmClopHensor obtained by providing the same
number of photons at each wavelength. As expected, the spectra measured in
the green channel strongly depend on pH. The pH dependency was also ob-
served in the red channel as a result of bleed through of the E2GFP emission.
The magnitude of bleed through was determined by purifying separately the
proteins composing the sensor (E2GFP and LSSmKate2) (details are in Sup-
porting Information) and by measuring their fluorescence in both emission
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Fig. 7. Dynamic imaging of pHi and Cli in vivo during hypercapnia induced by CO2 inhalation. (A) Schematics of the acquisition processes: the sensor is excited
alternatively at 910 and 860 nm by using two tunable lasers controlled by fast electrometrical shutters. The two fluorescence images can be obtained within 500 ms,
and successive pairs can be acquired at the desired interval. The alternated images are used to compute pH. The chloride estimate is then obtained by the green to
red emission ratio. (B) Schematic of the excitation pathway. The beams emerge from the shutters (not depicted) with orthogonal polarization, and they are
combined with a polarizing beam splitter before entering in the scanning head. (C) LFP recorded in the occipital cortex of a P35 mouse anesthetized with urethane
(band pass 0–4 Hz). The initial phase of the recording shows the characteristic oscillations present during slow-wave sleep characterized by a strong enhancement of
the δ band of the EEG. The hypercarbic condition was induced by letting the mouse breath a mixture of 30% CO2 in air with a face mask (blue horizontal line).
(D) The rms power of the δ band EEG signal drops rapidly after the onset of hypercarbia. (E) Time course of E2GFP fluorescence after correction for bleed through
and excitation loss. Red and green traces indicate the time course of fluorescence excited at 860 and 910 nm (green and red, respectively). Hypercarbia causes a clear
increase of the fluorescence of the protonated peak, indicating intracellular acidification. The ratio of the two channels provides the pH measurement as shown in
the traces for five different cells in the field (thin black lines) and for the neuropile (thick red line) in Lower. At this time resolution, all cells and the neuropile show a
remarkably similar behavior. A representative trace from one cell in the field shows a decrement of [Cl−]i (thick blue line) as pHi falls and the network activity
becomes suppressed. (F) Sample images of the fluorescence excited at 860 nm at the time points indicated by the arrowheads. The leftmost panel represents a
maximum projection of the entire stack, and the five cells reported in the fluorescence recordings are identified by red stars. (Scale bar: 20 μm.)
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channels (Fig. S1B). These data provided the coefficients α(λ) and β(λ) that
describe the cross-talk between the emission channels (Fig. S1C). The fluorescence
of E2GFP and LSSmKate2 corrected for bleed through is given by the following
system of linear equations:

�
G*ðλÞ=GrawðλÞ− αðλÞR*ðλÞ
R*ðλÞ=−βðλÞG*ðλÞ+RrawðλÞ , [6]

where Graw and Rraw label the fluorescence measured in the green and red
channels (after background subtraction and flat correction), and G* and R*

indicate the fluorescence that originates from E2GFP and LSSmKate2, re-
spectively. LSSmClopHensor is characterized by the absence of intra-
molecular FRET, since LSSmKate2 has a very large Stokes shift: its peak of
absorption (460 nm) is much bluer than the emission peak of E2GFP (530 nm)
(additional details are in Supporting Information).

To compare the sensor spectra obtained at different pH values, we had to
consider that different samples had slightly differentprotein concentrations. Since
theoptical propertiesof LSSmKate2arenot influencedbypH,wenormalizedeach
spectrum at the peak of R*, and this normalization is used through the study.

Measurement of pH and Calibration of LSSmClopHensor. The excitation spec-
trum of LSSmClopHensor at a given pH, G*pHðλÞ, can be described as the
linear combination of the protonated ðG*6.0Þ and deprotonated ðG*8.0Þ
spectra according to the equation:

G*pHðλÞ= δG*6.0ðλÞ+ eG*8.0ðλÞ. [7]

This is a set of n equations, where n is the number of wavelengths at which
spectra are sampled. If n = 2, the system can be solved analytically according
to the standard ratiometric analysis. A larger set of excitation wavelengths
provides a result that is less sensitive to errors, and δ and e can be de-
termined by minimizing the sum of the residues R defined as

R=
Xn
i=1

�
G*pHðλiÞ−

�
δG*6.0ðλiÞ+ eG*8.0ðλiÞ

��2
. [8]

The size of the residue is an indicator of the quality of the fit.We applied this
procedure to the dataset of Fig. 1B: for each spectrum, we determined δ and e

(details are in Supporting Information). Fig. 1C shows the decomposition of
the E2GFP spectrum. A calibration curve can be obtained by the relationship
between the polar angle θ = atan(e/δ) (Fig. 1D) and the pH of the fitted
spectra. The calibration is fitted with the following sigmoidal function:

θ= θL +
θR − θL

1+ 10ðpKa−pHÞa, [9]

where pKa is the affinity for H+. Table S1 shows the values of the fit
parameters (θR, θL, pKa, and a) at three different temperatures (24 °C,
31 °C, and 36 °C). The corresponding functions are reported in Fig. S2B.
The calibrations were repeated periodically, and they showed only
minimal changes.

Computation of the Intracellular Chloride Concentration. Because Cl− binds
solely to the protonated form of E2GFP, only a fraction of the sensor fluo-
rescence depends on [Cl−]I, and this fraction in turn depends on pH. This is
summarized by the following equation (59):

KCl
d ðpHÞ= 13.1

1+ 10ðpKa−pHÞ

10ðpKa−pHÞ , [10]

where 13.1 mM is the Cl− affinity for fully protonated E2GFP (29), and the
term on the right is the inverse of the fraction of nonprotonated sensor (i.e.,
the fraction that is Cl−-insensitive). Finally, [Cl−]i is given by

½Cl�=KCl
d ðpHÞ

�
rð0Þ
rðClÞ− 1

�
, [11]

where r(0) is the ratio between the fluorescence of E2GFP and LSSmKate2
measured at the isosbestic point when [Cl−]i = 0 (Table S1). The term r(Cl) is
the same ratio measured at a given [Cl−]i.

Calibration of LSSmClopHensor: Measurements in Solution and in HEK293T Cell
Cultures. The protein calibration set provides correct results only if the sensor
behaves identically in solution and in the cytoplasm or if one can correct for
the difference between solution and cellular environment. Since the optical
properties of the chromophore are affected by the surrounding cellular
environment (60), we repeated the pH calibration in HEK293T cells in the
presence of ionophores that dissipate the transmembrane pH gradient. Af-
ter scoring the pH of each dataset with the median of the distribution (Fig.
S7A), we observed that the spectroscopic estimate of pH was systematically
more acidic than the pH of the extracellular calibration media. From these
data (Fig. S7B), we obtained an empirical equation that allows us to correct
the pHi computed by the spectroscopy data for the effects caused by the
intracellular environment:

pHCor =−162.70+ 72.83  pHSp − 10.57  pH2
Sp + 0.52  pH3

Sp. [12]

HEK293T cells were incubated with the calibration buffer (20 mM Hepes,
0.6 mM MgSO4, 38 mM sodium gluconate, 100 mM potassium gluconate)
supplemented with ionophores mixture to equilibrate extra- and in-
tracellular ion concentrations (5 μM K+/H+ exchanger nigericin, 5 μM pro-
tonophore carbonyl cyanide p-chlorophenylhydrazone, 5 μM K+ ionophore
valinomycin, 10 μM Cl−/OH− exchanger tributyltin chloride). Cells were
treated with a succession of five washes to allow equilibration of pH.

In Vivo Two-Photon Imaging. In vivo two-photon imaging was performed on a
Prairie Ultima Multiphoton microscope equipped with two mode-locked Ti:
Sapphire lasers (Coherent ChameleonUltra II and Coherent Verdi-Mira). For each
field, a set of images was acquired at different excitation wavelengths (ranging
in number from 5 to 11). Acquisitions were performed with a water immersion
lens (60×, 1.00 N.A.; Olympus) at a resolution of 512 × 512 pixels and at zoom 2,
leading to a field of 102 × 102 μm and a linear resolution of 0.2 μm per pixel.
Before each imaging session, we measured the power of the excitation laser at
the optic bench and at the output of the objective lens for each wavelength
used. This conversion function is required to infer the power at the sample
(which is not accessible after the mouse is placed under the objective) from the
power measured on the optic bench.

Time-lapse imaging was performed by alternating the excitation from the
two lasers tuned at 860 and 910 nm. The two beams have been adjusted to
have orthogonal polarization, so that they can be combined by a polarizing
beam splitter. Two different sets of mirrors placed before the beam splitter
were used for coalignment. The wavelength was selected by fast electro-
mechanical shutters synchronized to the microscope scanning unit. The data
were analyzed by custom ImageJ macros.

A

B

C

D

Fig. 8. Dynamic imaging of pHi and Cli during epileptic seizure in vivo.
(A) Seizures were triggered in the occipital cortex in vivo in an adult mouse
(about 2 mo of age) by means of localized treatment with the convulsive
agent 4-AP. The trace shows the LFP recorded during a seizure characterized
by high-frequency firing and a large increase of the power spectra at both
low and high frequencies (B). (C) The simultaneous measurement of pHi and
Cli shows a sharp chloride increase at the onset of the seizure; note also the
long-lasting intracellular acidification during and after seizure. (D) The
temporal profile of the chloride influx correlates with the profile of the rms
power in the γ band (30–80 Hz). The recovery of chloride begins immediately
at the end of high-frequency firing.
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Criteria for Data Rejection and Statistical Procedures. For each cell, we com-
puted the error on the final chloride estimate by propagating the residue
of the fit (Eq. 8) following the computation described by Eqs. S1–S20.
Since a reliable pHi estimate is necessary for a proper final determination
of [Cl−]i, the average error for pH was determined, and cells that pre-
sented an error larger than twice the mean error were excluded from
following analysis. When [Cli] is in the few millimolar range, the ratio r(Cl)
of the E2GFP and LSSmKate2 fluorescence is close to r(0), and therefore,
because of experimental error on the fluorescence estimate, Eq. 11 can
occasionally yield negative values for the Cl− measurements. This is an
unavoidable consequence of the propagation of experimental errors, and

we decided not to exclude these data from the population. Statistics were
computed with Origin 8. Nonparametric distributions were compared with the
paired Wilcoxon rank test or with the Kolmogorov–Smirnov test as indicated in
the figures.
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