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Abstract

The transcription factor LHX2 plays a critical role in multiple aspects of neuronal and glial development. In this study, we investi-
gated the long-term electrophysiological consequences of Lhx2 loss in astrocytes in the CA1 region of mouse hippocampus using a
genetic strategy that ensured Lhx2 was not disrupted in neurons. These mutant astrocytes exhibited a hyperpolarizing shift in their
resting membrane potential, accompanied by a significant increase in input resistance and a significant decrease in input capaci-
tance, together indicating altered biophysical properties compared with astrocytes in control mice. However, we found no significant
alterations in the intrinsic electrophysiological characteristics of hippocampal CA1 neurons in mice with Lhx2 mutant astrocytes com-
pared with controls. Collectively, we identify LHX2 as a regulator of intrinsic membrane properties of hippocampal astrocytes.

NEW & NOTEWORTHY Astrocytes play a vital role in regulating neural circuit homeostasis, yet the transcriptional mechanisms
governing their electrophysiological properties remain underexplored. Here, we identify the LIM-homeodomain transcription fac-
tor LHX2 as a key regulator of intrinsic electrical properties of astrocytes in the hippocampus. We demonstrate that deletion of
Lhx2 from postnatal astrocytes and their progenitors alters astrocytic membrane biophysics in adulthood, but this did not have

noncell-autonomous effects on the intrinsic properties of CA1 pyramidal neurons.

astrocytes, electrophysiology; intrinsic excitability; Lhx2; pyramidal neurons

INTRODUCTION

LHX2 is a pleiotropic transcription factor that has been
implicated in multiple facets of cortical development
(reviewed in Ref. 1). LHX2 expression is detected in both glio-
genic progenitors and differentiated astrocytes throughout
development and into adulthood (2). Loss of LHX2 in glio-
genic progenitors at birth results in astrocytes that display
upregulation of GFAP and transcriptomic signatures associ-
ated with reactive astrocytes, even in the absence of injury.
These observations demonstrated that LHX2 plays an
ongoing role in maintaining cortical astrocyte homeostasis
beyond initial development (2). Here, we examined the long-
term electrophysiological consequences of astrocyte-specific
Lhx2 loss on hippocampal astrocytes and neurons.

We administered tamoxifen to floxed Lhx2 mice carrying
the hGFAPCreERT2 driver at postnatal day 1 (P1). By this
time point, as neurogenesis is complete, Cre-mediated
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recombination and Lhx2 deletion are limited to astrocytic
progenitors and differentiated astrocytes, while neurons are
spared. We examined the electrophysiological properties of
adult CAl astrocytes that originated from P1 progenitors
lacking Lhx2. Our analysis revealed that Lhx2-mutant astro-
cytes exhibited a significant hyperpolarizing shift in their
resting membrane potential compared with controls, indi-
cating altered ionic homeostasis. Importantly, these mutant
astrocytes showed a marked increase in input resistance
accompanied by a significant reduction in input capaci-
tance, suggesting changes in their excitability and other
functional characteristics that could impact their physiologi-
cal roles within neural circuits. These observations are in
contrast to the absence of changes in the biophysical proper-
ties of cortical astrocytes (2).

To assess whether deletion of Lhx2 in astrocytes also influ-
enced neurons, we recorded intrinsic properties of CAl
pyramidal neurons from the same mice group. Our data
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showed no significant differences in the subthreshold and
suprathreshold electrophysiological properties of these
neurons, including resting membrane potential, input
resistance, or action potential firing characteristics, when
compared with neurons in control animals. These obser-
vations showed that the intrinsic electrical properties of
hippocampal pyramidal neurons remained unaffected
despite altered biophysical properties of astrocytes where
Lhx2 was deleted.

In summary, our results demonstrate that early astrocytic-
specific loss of Lhx2 alters the biophysical properties of adult
hippocampal astrocytes, without significantly altering those
of CAl pyramidal neurons.

MATERIALS AND METHODS

The mouse line, experimental procedures, and reagents
used in this study are identical to descriptions in Iyer et al.
(2) and are detailed here.

Ethical Approval

All experiments reported in this study were reviewed
and approved by the Institute Animal Ethics Committee of
the Indian Institute of Science, Bangalore, and Institutional
Animal Ethics Committee of the Tata Institute of Fundamental
Research (TIFR-IAEC). Animals were provided ad libitum
food and water and were housed with an automated 12:12-h
light-dark cycle, with the facility temperature maintained
at 23°C. Both committees ensured that all animal studies
were conducted in accordance with ethical guidelines.

Mice

The Lhx2'"* mouse line used in this study has been pre-
viously described in Mangale et al. (3). hGFAPCreERT2
(Strain No. 012849), and Ai9 reporter mouse line (Strain No.
007909) are purchased from the Jackson laboratory. The
Lhx2 floxed allele (3) was generated using a targeting con-
struct designed to recapitulate the Lhx2 null animal (4). This
mutant was created by targeted disruption of exons 2 and 3
of Lhx2 that encode the LIM domains and the domain link-
ing the LIM domains and homeodomain of Lhx2. Splicing
between exons one and four results in a frameshift such
that no homeodomain-containing peptide can be pro-
duced (4). Only exon 1 is in-frame, which encodes neither
the LIM domains nor the HD. In previous work, we showed
that immunostaining for LHX2 in hGFAPCreERT2:: Ai9::
Lhx2"°¥/'°% prains shows no detectable LHX2 protein in the
Ai9/+ astrocytes [Supplemental Fig. S1, A-C, of Iyer et al.
(2)]. Mice homozygous for floxed alleles of Lhx2'"°¥1°% and
Ai9 reporter (Lhx2'°¥1°%; Ai9/Ai9) were crossed with mice
carrying Cre recombinase driven by the human GFAP
promoter hGFAPCreERT2/+ ; Lhx2'°¥/1°%) to generate Lhx2
conditional knockout (cKO) (W\GFAPCreERT2/+ ; Lhx2'°¥/1°%,
Ai9/+). This line was previously validated to demonstrate
that administration of tamoxifen at PI results in efficient
recombination of the floxed Lhx2 allele such that at P3 and
P5, no LHX2 protein is detectable in Ai9+ astrocytes in the
cortex and in the hippocampus, and no transcript corre-
sponding to Exons 2 and 3 are seen in FACS-sorted astrocytes
by P3 [see Supplemental Fig. 1, A-E, of Iyer et al. (2)].
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Controls were hGFAPCreERT2 animals crossed to Ai9/Ai9
animals. Animals of either sex were used in the study. All
animals were kept at an ambient temperature and humidity,
with a 12-h light-dark cycle and food available ad libitum.
Noon of the day of the vaginal plug was designated as embry-
onic day 0.5 (E0.5). The age of mice used for these experi-
ments was 6-7 mo.

Primers used for genotyping were:

Detection of Cre for hGFAPCreERT2

Cre F: 5 ATTTGCCTGCATTACCGGTC-3/,

Cre R: 5’ ATCAACGTTTTCTTTTCGG-3'.

Cre-positive DNA shows a band at 350 bp.

Lhx2 lox/lox F: 5’ ACCGGTGGAGGAAGACTTTTY3',

Lhx2 lox/lox R: CAGCGGTTAAGTATTGGGACA3'.

The band sizes for this PCR are as follows: Wild-type: 144
bp, Lhx2 floxed allele: 188 bp.

Tamoxifen Administration

Tamoxifen (Sigma, T5648) was prepared in corn oil
(Sigma, C82687) with a concentration of 20 mg/mL and dis-
solved overnight at 37°C on a shaker. Cre-positive pups and
the dam were administered Tamoxifen at 40 mg/kg at P1.

Tissue preparation.

P14 wildtype animals were administered Thiosol (0.5 mg/
mL) at 0.04 mg/kg as an intraperitoneal injection to be anes-
thetized and transcardially perfused with 4% (wt/vol) para-
formaldehyde in phosphate buffer, followed by overnight
fixation. Before sectioning, they were transferred to 30%
(wt/vol) sucrose-PBS for cryoprotection during the section-
ing process. The brains were sectioned at 40 pm using a
freezing microtome (Leica SM2000R).

Immunofluorescence.

Brains were sectioned and processed in a four-well plate for
immunofluorescence. Antigen retrieval was performed at
90-95°C in 10 mM sodium citrate buffer (pH 6.0) for 10 min.
Following this step, sections were subjected to a blocking
solution comprising 5% (vol/vol) horse serum in phosphate
buffer with 0.3% (vol/vol) Triton X-100 (0.1% for P5) (Sigma;
X100) for 1 h at room temperature. Incubation with primary
antibody was performed in a phosphate buffer containing
0.3% or 0.1% (vol/vol) Triton X-100 and 2.5% (vol/vol) horse
serum at 4°C overnight. The following day, sections were
washed in phosphate buffer thrice for 5 min each, followed
by the appropriate secondary antibody (prepared in phos-
phate buffer containing 0.3% or 0.1% (vol/vol) Triton X-100)
for 2 h at room temperature. This was followed by three
washes for 5 min each in phosphate buffer and DAPI
(Molecular Probes, Cat. No. D1306) staining for 10 min, after
which the sections were washed with phosphate buffer
thrice (5 min each). The slides were then mounted with
Fluoroshield (Sigma, Cat. No. F6057 or F6182). The following
antibodies were used (dilution 1:200):

Rabbit Lhx2 Merck Abe1402 lot number 3030529
Rabbit GFAP Sigma G9269 lot number 025M4843V

Image Acquisition and Analysis

Images were acquired with a FV1200 Olympus inverted
confocal microscope equipped with an oil immersion objective
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lens (x40). Confocal images were processed with the Fiji pack-
age of ImageJ (NIH).

Slice Preparation for In Vitro Patch-Clamp Recording

Electrophysiological experimental procedures were simi-
lar to previously established protocols (2, 5-7) and are
detailed below. Five (3 males and 2 females) mice belonging
to the control group between 4 and 7 mo old and four (2
males and 2 females) Lhx2'°¥/°% mice between 3 and 7 mo
old were used for in vitro patch-clamp electrophysiology
experiments.

Mice were anesthetized by intraperitoneal injection of a
ketamine-xylazine mixture. After the onset of deep anesthe-
sia, assessed by cessation of toe-pinch reflex, transcardial
perfusion of ice-cold cutting solution was performed. The
cutting solution contained (in mM) 2.5 KCl, 1.25 NaH,PO,, 25
NaHCO3;, 0.5 CaCl,, 7 MgCl,, 7 dextrose, 3 sodium pyruvate,
and 200 sucrose (pH 7.3, ~300 mosmol/kgH,0) saturated
with carbogen (95% 0O,, 5% CO,). Thereafter, the brain was
removed quickly and 350-um thick near-horizontal slices
were prepared with a vibrating blade microtome (Leica
Vibratome) while submerged in ice-cold cutting solution sat-
urated with carbogen. The slices were then incubated for 10—
15 min at 34°C in a holding chamber containing a holding
solution (pH 7.3, ~300 mosmol/kgH,0) with the composi-
tion of (in mM) 125 Nacl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCO3,
2 CaCl,, 2 MgCl,, 10 dextrose, and 3 sodium pyruvate satu-
rated with carbogen. Thereafter, the slices were kept in the
holding chamber at room temperature for at least 30 min
before recordings started.

Whole Cell Current-Clamp Recordings

For electrophysiological recordings, slices were trans-
ferred to the recording chamber and were continuously
perfused with carbogenated artificial cerebrospinal fluid
(ACSF-extracellular recording solution) at a flow rate of 2—
3 mL/min. All astrocytic and neuronal recordings were
performed under current-clamp configuration at physio-
logical temperatures (32-35°C) achieved through an inline
heater that was part of a closed-loop temperature control
system (Harvard Apparatus). The ACSF contained (in mM)
125 NacCl, 3 KCI, 1.25 NaH,PO,, 25 NaHCO;, 2 CaCl,,
1 MgCl,, and 10 dextrose (pH 7.3; ~300 mosmol/kgH,0).
Slices were first visualized under a x10 objective lens to
visually locate to the stratum pyramidale of hippocampal
CA1l region. A x63 water-immersion objective lens was
used to perform patch-clamp recordings from CAl pyrami-
dal neurons and tdTomato-labelled astrocytes in CAl
region, through a Dodt contrast microscope (Carl Zeiss
Axioexaminer). Whole cell current-clamp recordings were
performed from neurons and astrocytes with a Dagan
BVC-700A amplifier.

Borosilicate glass electrodes with electrode tip resistance
between 4 and 8 MQ were pulled (P-97 Flaming/Brown
micropipette puller; Sutter) from thick glass capillaries (1.5-
mm outer diameter and 0.86-mm inner diameter; Sutter)
and used for patch-clamp recordings. The pipette solution
contained (in mM) 120 K-gluconate, 20 KCI, 10 HEPES, 4
NacCl, 4 Mg-ATP, 0.3 Na-GTP, and 7 K,-phosphocreatine (pH
7.3 adjusted with KOH; osmolarity ~300 mosmol/kgH,0).
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Series resistance was monitored and compensated online
with the bridge-balance circuit of the amplifier. Experiments
were discarded if the initial resting membrane potential was
more depolarized than —50 mV or if series resistance rose
above 50 MQ, or if there were fluctuations in temperature
and ACSF flow rate during the experiment. Voltages have
not been corrected for the liquid junction potential, which
was experimentally measured to be ~8 mV. Voltage response
of cells to a 250-pA hyperpolarizing current pulse was con-
tinuously monitored to observe and correct series resistance
changes using the bridge balance circuit throughout the
course of the experiment.

Pharmacological Blockers

All recordings were performed in presence of synaptic
receptor blockers in the ACSF. Drugs and their concentra-
tions used in the experiments were 10 uM 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX), an AMPA receptor blocker,
10 pM (+) bicuculline and 10 uM picrotoxin, both GABAA
receptor blockers, and 2 uM CGP55845, a GABAg receptor
blocker (all synaptic blockers from Abcam) in the ACSF.

Electrophysiological Measurements

We characterized CAl pyramidal neurons and astrocytes
with several electrophysiological measurements using stand-
ard protocols (5-9), detailed below. Resting membrane
potential, Vrxpyp Was measured as the voltage at which the
cell rested when no current was injected (Figs. 2, A and B,
and 4, A and B). Input resistance (R;,) was measured as the
slope of a linear fit to the steady-state voltage-current (V-I)
plot obtained by injecting current pulses of amplitudes span-
ning —250 to 250 pA for astrocytes in steps of 50 pA (Fig. 2A)
and —50 to O pA for neurons (Fig. 44). We estimated mem-
brane time constant 1, of the mutant and control astro-
cytes by fitting double exponentials of the form v =
Asexp(—t/1) + A,exp(—t/t,) to the astrocytic responses to
the hyperpolarizing or depolarizing pulse current injection
of 250 pA amplitude (10). The slowest of the two time con-
stants obtained from the double exponential fit was
assigned as the estimate of the membrane time constant,
m (10). We used the input resistance estimate (obtained
from the same trace that was used to fit the double expo-
nential) to compute estimates of input capacitance as C;,, =
Tm/Rin (9) (Fig. 2, C and D).

Sag ratio was measured from the voltage response of the
cell to a hyperpolarizing current pulse of 250 pA (Figs. 2E
and 4C). Sag ratio was defined as 100 x (1 — Vgs/Vinitial)s
where Vss and Vinisiar depict the steady-state and peak (dur-
ing the initial 50-ms period after current injection) voltage
deflections (from Vymp), respectively. To assess temporal
summation, five alpha excitatory postsynaptic potentials
(a-EPSPs) with 50-ms interval were injected as currents of
the form I, = Ijmax t exp(—at), with o = 0.1 ms—. Temporal
summation ratio (S,) in this train of five EPSPs (Figs. 2F and
4D) was computed as Ejag/Efrst, Where Ejag and Egpe Were
the amplitudes of the last and first EPSPs in the train,
respectively.

The chirp stimulus, a sinusoidal current with its frequency
linearly spanning 0-15 Hz in 15 s and of constant amplitude,
was used for characterizing the impedance profiles (Figs. 3A
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and 4E). The voltage response of the cells to the chirp current
stimulus injection was recorded at Vyyp. The ratio of the
Fourier transform of the voltage response to the Fourier
transform of the chirp stimulus formed the impedance pro-
file. The frequency at which the impedance amplitude
(Figs. 3B and 4F) reached its maximum was the resonance
frequency (fr). Resonance strength (Q) was measured as the
ratio of the maximum impedance amplitude to the imped-
ance amplitude at 0.5 Hz. Total inductive phase (®;) was
defined as the area under the inductive part of the impedance
phase profile as a function of frequency (Figs. 3C and 4G).

No action potential firing was observed when higher cur-
rents, in the range of 250-1,250 pA in steps of 250 pA, were
injected into the CALl astrocytes. Pyramidal neurons of CA1l
did elicit action potentials in response to rheobase current
and above. Action potential (AP) firing frequency was com-
puted by extrapolating the number of spikes obtained during
a 700-ms current injection to 1 s. The amplitude of these
pulse current injections was varied from O pA to 250 pA in
steps of 50 pA to construct the firing frequency versus
injected current (f-I) plot (Fig. 5B). In addition, to assess fir-
ing at higher current injections, we constructed f-I plots
with high current injections ranging from 500 to 1,250 pA in
steps of 250 pA (Fig. 5B).

Various AP-related measurements (5, 9, 11) were derived
from the first action potential in the voltage response of the
cell, resting at Vymp, to @ 250-pA pulse current injection
(Fig. 5C). AP amplitude (Vp) was computed as the difference
between the peak voltage of the spike (Vpea) and Vrmp
(Fig. 5C). The temporal distance between the timing of the
first spike and the time of the current injection was defined
as latency to the first spike Tjap. The duration between the
first and the second spikes was defined as the first interspike
interval Tygr. AP half-width (Tappw) Was the temporal width
measured at the half-maximal points of the AP peak con-
cerning Vymp. The maximum and minimum rate of change
of voltage (dV/dt) of the AP temporal derivatives was calcu-
lated from the temporal first derivative of the voltage trace.
The voltage in the AP trace corresponding to the time point
at which the dV/dt crossed 20 V/s was defined as the AP
threshold Vi, (Fig. 5, D and E).

Analyses of Electrophysiological Data and Statistics

All electrophysiological data acquisition and analyses
were performed with custom-written software in IGOR Pro
(WaveMetrics), and statistical analyses were performed using
Wilcoxon rank-sum test in R computing package (http://
WWW.r-project.org/).

RESULTS
Lhx2 is Expressed in Hippocampal Astrocytes

In mice, astrocyte production is initiated toward the end
of neurogenesis, from embryonic day (E) 15.5 and peaks post-
natally (12). LHX2 is detected in SOX2 + progenitors in the
ventricular zone (VZ) and ALDHI1L1+ hippocampal astro-
cytes (2). In the hippocampus, GFAP + astrocytes were cola-
beled for LHX2 (Fig. 1). To examine the role of LHX2 in
astrocytes, we used a floxed Lhx2 mouse line (3) together
with an hGFAPCreERT?2 driver (13) and an Ai9 reporter (14).

J Neurophysiol «+ doi:10.1152/jn.00455.2025

Figure 1. LHX2 is expressed in astrocytes in postnatal mouse hippocam-
pus. At P14, hippocampal astrocytes are GFAP + LHX2 + (white arrow-
heads). N = 3 independent biological replicates. SO, Stratum Oriens; SP,
Stratum Pyramidale; SR, Stratum Radiatum. Scale bar: 20 pm.

Control animals carried hGFAPCreERT2 with the Ai9
reporter. The hGFAP promoter drives expression in GFAP +
cells, which include progenitors and differentiated astrocytes.
Tamoxifen was administered on postnatal day 1 (P1). At
this stage, neurogenesis is complete, therefore, neurons do
not experience loss of Lhx2, but Cre-mediated recombina-
tion of Lhx2 is driven in both astrogliogenic progenitors
and differentiated astrocytes. The Ai9 reporter permits
identification and scoring of Lhx2-mutant astrocytes. In
earlier work using this model, we validated that the Lhx2
transcript is lost in FACS-sorted astrocytes and LHX2 pro-
tein is absent in sections by P5 [see Supplemental Fig. S1 of
Iyeretal. (2)].

Hyperpolarized Membrane Potential and Enhanced
Gain in Adult CA1 Astrocytes upon Loss of Lhx2

We investigated the electrophysiological properties of
astrocytes identified by Ai9 fluorescence in the control and
Lhx2"°¥'°% mice using whole cell current-clamp recordings
(Figs. 2 and 3). The labeled astrocytes did not elicit action
potentials even for large depolarizing current injections up
to 1,250 pA, thereby electrophysiologically confirming that
these cells are not neurons. We observed significantly hyper-
polarized resting membrane potentials for the mutant astro-
cytes as compared with the controls (Fig. 2, A and B). Input
resistance of mutant astrocytes was found to be significantly
higher than the controls, indicating enhanced electrical gain
in hippocampal astrocytes with Lhx2 deletion (Fig. 2, A and
B, and Table 1). Although membrane time constants of con-
trol and mutant astrocytes were comparable (Fig. 2, C and
D), input capacitance of mutant astrocytes was significantly
lower than their control astrocytes (Fig. 2, C and D).

As there are lines of evidence for expression of resonat-
ing channels, such as HCN or M-type K* channels, in
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Figure 2. Adult hippocampal Lhx2-mutant astrocytes exhibited hyperpolarized resting potential and showed higher steady-state gain and reduced input
capacitance compared to control mice. A: example voltage responses of control and mutant astrocytes to pulse current injections ranging from —250
pAto + 250 pA in steps of 50 pA (top), used for computing input resistance (R;,) (bottom). B: beeswarm plots of resting membrane potential (Vrmp, top)
and input resistance (R;,, bottom) obtained from control and mutant astrocytes. C: plot illustrating a double exponential fit (blue) applied to voltage
responses to a 250-pA hyperpolarizing current pulse from the example control (black) and mutant (red) astrocytes. The fit parameters for the example
control astrocyte were input resistance R;, = 9.6 MQ, membrane time constant t,,, = 1.8 ms, and local input capacitance C;, = 189 pF (top). The fit param-
eters for the example mutant astrocyte were input resistance R;,= 30.8 MQ, membrane time constant t,, = 1.7 ms, and local input capacitance C;, = 57
pF (bottom). D: beeswarm plot of membrane time constant (ms) (P = 0.71) and input capacitance (pF) (P = 0.01) calculated from all control and mutant
astrocytes. E, left: traces showing voltage responses to a 250-pA hyperpolarizing pulse current of the example control and mutant astrocytes. Sag ratio
was computed as the ratio between the initial peak and the steady-state voltage deflection. Right: beeswarm plot of sag ratio (P = 0.2) computed from
all control and mutant astrocytes. F, left: train of five excitatory postsynaptic potentials (a-EPSPs) recorded from example control and mutant astrocytes.
Temporal summation (S,) was calculated as the ratio between the last and the first EPSP amplitudes. Right: beeswarm plot of S, (P = 0.058) recorded
from all control and mutant astrocytes. All illustrative example traces in this figure were taken from a single control and a single mutant astrocyte. The
thick blue lines in all beeswarm plots represent the respective median values. n (9 for controls and 11/12 for mutants) represents the number of total astro-
cytes recorded from the CA1 region. All P values correspond to the outcomes of the Wilcoxon rank-sum test. Table 1 summarizes the means + SE, and

P values for measurements reported in this figure.

astrocytes (15, 16), we asked if this change in input resist-
ance could be because of changes in such ion channels. To
do this, we first asked if sag and temporal summation, two
measures reflective of changes in resonating conductances
(17-22), were different in control versus mutant astrocytes.
We found that these measurements were not significantly
different between control and mutant astrocytes (Fig. 2, E
and F, and Table 1).

Although pulse current inputs are widely used to character-
ize steady-state cellular gain, they do not provide insights
about how cells respond to time-varying inputs that are
observed under in vivo conditions. In addition, hippocampal
astrocytes could receive oscillatory current inputs in different
frequency bands that are prevalent in the hippocampus (23—
25) through ionotropic receptors that they express (26, 27).
Although frequency-dependent excitability measures are
widely used in analyzing neuronal properties (8, 9, 19, 28, 29),
astrocytes have surprisingly not been characterized with
time-varying current signals. We characterized frequency-
dependent response properties of astrocytes with the chirp
current stimulus with linearly increasing frequency from O to
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15 Hz (5-9). In striking contrast with hippocampal pyramidal
neurons that show strong frequency-dependent gain in this
range of frequencies (8, 9, 19, 28), we found the gain of astro-
cytes to vary only by a few MQ through the 0-15-Hz range
(Fig. 3B). In addition, the impedance profile did not show
strong resonance in astrocytes. Importantly, impedance
phase was close to zero for the measured set of frequencies,
implying a lack of strong capacitive filtering of the current
inputs (Fig. 3C). We note this to be consistent with the small
values of charging time constant in astrocytic responses to
pulse current injections (Fig. 2, C and D).

To compare frequency-dependent response properties of
control and mutant astrocytes, we computed several meas-
urements from the impedance amplitude and phase profiles
of these astrocytes. We found that maximal impedance ampli-
tude |Z|max, resonance frequency fi, resonance strength Q
from the impedance amplitude profile were not significantly
different between control and mutant astrocytes (Fig. 3D and
Table 1). We found a significant reduction in total inductive
phase @; computed from the impedance phase profile of
mutant astrocytes (Fig. 3D and Table 1).

J Neurophysiol «+ doi:10.1152/jn.00455.2025

Downloaded from journals.physiology.org/journal/jn at Indian Inst of Sci (014.139.128.030) on February 18, 2026.


https://doi.org/10.1152/jn.00455.2025

()) LHX2 REGULATES BIOPHYSICAL PROPERTIES OF HIPPOCAMPAL ASTROCYTES

A B Control
Chirp stimulus g §§M
§ 70+ ; : : . Figure 3. Impedance measurements from adult hippo-
< £ f,=1.3Hz campal astrocytes from control and Lhx2'0/10x mice.
Sl £ Mutant A, top: chirp current stimulus used for characterizing
2s 3 frequency-dependent characteristics of CA1 astro-
Voltage responses g 58 2] 0 = 49:5 MQ cytes. Bottom: voltage responses of the example control
§ 57}3 f =0.7 Hz and mutant astrocytes to the chirp current stimulus.
1] = 11.8 MO coml E 5648 T ] B: plots showing impedance amplitude profiles of con-
L 0 5 10 15 trol and mutant astrocytes with resonance frequency (fg)
c Frequency (Hz) and maximum impedance amplitude (|Z|max) depicted.
— Control C: plots showing impedapce phas:e profiles of control
g 0 o, =0.003 an'nt'nu;arg astrocytes W||tht tot?I mdgctwe .phasc? (D)
B % epicted. D: beeswarm plots of maximum impedance
|2, = 49.5 MQ Mutat ﬁ""so:l, % amplitude |Z|max resonance frequency fi, resonance
i % Mutant strength Q, and total inductive phase @ calculated for
I % 0 & = all control and mutant astrocytes. P = 0.37 for |Z|max
E il 3 /SO:I == P =1for fg, P = 0.17 for Q, and P = 0.02 for ®_. All illus-
gl g"" | T T ] trative example traces in this figure were taken from a
2s = 0 E 5 10 15 single control and a single mutant astrocyte. The thick
requency (Hz) . . .
blue lines in all beeswarm plots represent the respective
@ Control (1 =9) ® Mutant (n = 12)| =002 median values. n (9 for controls and 12 for mutants) rep-

=
o
®

N
o
)

Resonance strength
o o
N B

Total inductive phase
(rad.Hz)

Impedance amplitude (MQ) T
N A O ® 8
o O QO O O
5
o

Together, these observations demonstrate significant
changes in resting membrane potential and steady-state gain
of Lhx2 mutant CAl astrocytes as compared with the controls.

Intrinsic Properties of Adult CA1 Pyramidal Neurons
Were Invariant to P1 Lhx2 Deletion

Furthermore, we sought to investigate if deletion of Lhx2
in astrocytes had any effect on the electrophysiological prop-
erties of CAl pyramidal neurons. We recorded basic electro-
physiological properties of CAl pyramidal neurons from the
control and Lhx2'°'% mice. We found resting membrane
potential (Fig. 4, A and B), input resistance (Fig. 4, A and
B), sag (Fig. 4C), and temporal summation ratio (Fig. 4D)
comparable and not significantly different between the
control and Lhx2'°%/1°% groups (Table 2). We characterized
the resonance properties of pyramidal neurons using chirp
stimulus whose frequency linearly increases from 0 to 15

resents the number of total astrocytes recorded from
the CA1region. All P values correspond to the outcomes
of the Wilcoxon rank-sum test. Table 1 summarizes the
means + SE, and P values for measurements reported in
this figure.

Hz (Fig. 4, E and F). We found CA1 pyramidal neurons
from both control and Lhx2'°¥/!°% mice to manifest mem-
brane potential resonance around 2-8 Hz, a range that is
well established in rodent CAl pyramidal neurons (8, 9, 28,
30, 31). Maximal impedance amplitude |Z|yax, resonance
frequency fr, and resonance strength Q, and total imped-
ance phase @ (Fig. 4G) of neurons from control and
Lhx2'°1°X mice were comparable (Fig. 4H and Table 2).

We next looked at the suprathreshold properties of the
CA1 pyramidal neurons in control and Lhx2'°¥/!°% mice. We
did not see a significant change in the firing rates of these
cells between the two groups for both lower and higher cur-
rent injection protocols (Fig. 5, A and B and Table 2).
However, the action potential amplitude was significantly
reduced in the neurons from Lhx2'°1°% mice as compared
with the controls (Fig. 5, C and D and Table 2). All other
action potential measurements (peak, threshold, half-width,
latency to first spike, interspike interval, maximum and

Table 1. Statistical analyses of biophysical measurements of CA1 astrocytes from control and Lhx2'°"°* mice
Measurements Control Mutant P Value
1 Resting membrane potential, Vrmp (MV) —68.6+23 —74.2+14 0.04
2 Input resistance, Ry, (MQ) 17.0£5.2 31.4+5.8 0.03
3 Membrane time constant, 1, (Ms) 2.23+0.3 2.0+0.2 0.71
4 Input capacitance, Ci, (pF) 213.7+54.8 108+ 27 0.01
5 Summation ratio of aEPSPs, S, 1.00+£0.01 1.02+0.01 0.05
6 Sag, % 24+05 1.8+0.4 0.22
7 Maximal impedance amplitude, |Z|max (MQ) 20.2+49 289+7.2 0.37
8 Resonance frequency, fx (Hz) 0.72+0.06 0.78+0.07 1
9 Resonance strength, Q 1.03+£0.01 1.02+0.01 0.17
10 Total inductive phase (®,) 0.04+0.01 0.01+0 0.02

Provided are the means * SE values for the control and mutant group measurements. The P values correspond to the Wilcoxon rank-

sum test. All P values less than 0.05 are highlighted in boldface font.
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Figure 4. Subthreshold electrophysiological properties of adult CA1 pyramidal neurons showed no significant differences between control and
Lhx2"°*'** mice. A: example voltage response of CA1 pyramidal neuron to pulse current injections of =50 pA and O pA used for computing input
resistance (R;,). B: beeswarm plots of resting membrane potential (Vgrwmp, left, P = 0.39) and input resistance (R;,, right, P = 0.58) recorded from con-
trol and mutant CA1 pyramidal neurons. C, left: traces showing voltage response to a 250-pA hyperpolarizing pulse current for the example control
(top) and mutant (bottom) neurons. Sag ratio was computed as the ratio between the initial peak and the steady-state voltage deflection. Right:
beeswarm plot of sag ratio (P = 0.35) recorded from all control and mutant neurons. D, left: train of five excitatory postsynaptic potentials
(0-EPSPs) recorded from example control (top) and mutant (bottom) neurons. Temporal summation (S,) was calculated as the ratio between the
last and the first EPSP amplitudes. Right: beeswarm plot of S, (P = 0.64) recorded from all control and mutant neurons. E: voltage responses of the
example control and mutant neurons to the chirp current stimulus. F: plots showing impedance amplitude profiles of control and mutant neuron
with resonance frequency (fz) and maximum impedance amplitude (|Z|ax) depicted. G: plots showing impedance phase profiles of control and
mutant astrocytes with total inductive phase (@) depicted. H: beeswarm plots of maximum impedance amplitude |Z|ax, resonance frequency fg,
resonance strength Q, and total inductive phase @, for all control and mutant CA1 pyramidal neurons. P = 0.9 for |Z|nax, P =1for fg, P =1for Q,
and P = 1for ®,. All illustrative example traces in this figure were taken from a single control and a single mutant neuron. n (13 for control and 7 for
mutants) represents the number of total CA1 pyramidal neurons recorded. The thick blue lines in all beeswarm plots represent the respective
median values. P values were computed with the Wilcoxon rank-sum test. Table 2 summarizes the means + SE, and P values for measurements
reported in this figure.

minimum of its temporal derivative dV/dt) were comparable
between the CA1l pyramidal neurons from control and
Lhx2°¥'°% mice (Fig. 5, D and E and Table 2).

Together, despite changes in the biophysical properties of
hippocampal astrocytes from the Lhx2'°¥/'° mice (Figs. 1, 2,
and 3 and Table 1), the sub- and suprathreshold intrinsic
properties of CAl pyramidal neurons were not significantly
different from controls (Figs. 4 and 5 and Table 2).

progenitors alters their membrane biophysics in adult-
hood (Figs. 2 and 3).

Using whole cell current-clamp recordings, we showed
that Lhx2-mutant astrocytes exhibit a hyperpolarized rest-
ing membrane potential and a pronounced increase in
input resistance compared with controls, indicating
enhanced steady-state electrical gain. In addition, we
found that the measured input capacitance was consis-
tently lower in mutant astrocytes compared with controls,
despite the membrane time constant remaining compara-
ble to controls. Increased input resistance and reduced
input capacitance in mutant astrocytes are consistent with

DISCUSSION

Astrocytes play a vital role in regulating neural circuit
homeostasis, yet the transcriptional mechanisms governing
their electrophysiological properties remain underex-
plored. In this study, we identify the LIM-homeodomain
transcription factor LHX2 as a key regulator of the intrin-
sic electrical properties of astrocytes in the hippocampus.
Our data demonstrate that deletion of Lhx2 from postnatal
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different possibilities such as reduced gap-junctional cou-
pling across the astrocytic syncytium or smaller mem-
brane surface area of the astrocytes. Furthermore, our
analysis revealed no significant differences in sag or tem-
poral summation—two indirect measures of resonant con-
ductances—between control and mutant astrocytes. These
findings suggest that the increased input resistance in
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Table 2. Statistical analyses of biophysical measurements of CA1 pyramidal neurons from control and Lhx2'>"°
mice

Measurements Control Mutant P Value
1 Resting membrane potential, Vrup (MV) —62.6+0.7 —61.3%15 0.38
2 Input resistance, R;, (MQ) 79.6+94 729+16.3 0.58
3 Summation ratio of aEPSPs, S, 0.98+0.07 0.84+0.14 0.63
4 Sag, % 373134 30.6t2.4 0.34
5 Maximal impedance amplitude, |Z|max (MQ) 134.2+£14.7 139.9+£291 0.94
6 Resonance frequency, fg (Hz) 39+0.7 3.9+0.6 1
7 Resonance strength, Q 1.4+£0.1 1.3+£0.08 1
8 Total inductive phase (D) 0.62+0.14 0.65+0.2 1
S Action potential threshold, V4, (mV) —41.5+25 —48.4+25 0.12
10 Action potential peak, Vpeak (MV) 46.6+2.5 42.4+2.6 0.22
1 Action potential amplitude, Vap (MmV) 109.5+2.41 101.9+£3.2 0.03
12 Action potential halfwidth, Tapnw (MS) 1.22+0.13 115+0.07 0.65
13 Peak dV/dt, dV/dt|max (V/s) 386.9+£33.4 408.6+33.0 0.85
14 Minimum dV/dt, dV/dt|min (V/s) —85.5+7.46 —82.51+56 0.58
15 Latency to first spike, Tiap (MS) 41.8+18.4 55+1.22 0.17
16 First interspike interval, Ty (ms) 57.3+32.3 17.8+41 1
17 Firing frequency at 50 pA, fso (Hz) 0.5+0.5 1.2£0.6 0.13
18 Firing frequency at 100 pA, fioo (HZ) 46+17 3.5+15 0.86
19 Firing frequency at 150 pA, fiso (Hz) 9.4+29 55+2.2 0.47
20 Firing frequency at 200 pA, 00 (Hz) 151+ 3.6 75+29 0.18
21 Firing frequency at 250 pA, fo50 (HZ) 19.4+£4.2 129+3.3 0.44
22 Firing frequency at 500 pA, f500 (Hz) 31.9+51 19.4+3.5 0.13
23 Firing frequency at 750 pA, f750 (Hz) 322156 23.4+55 0.39
24 Firing frequency at 1000 pA, fio00 (Hz) 37.1+£6.2 23.8+7.4 0.27
25 Firing frequency at 1250 pA, fi2s0 (Hz) 349+6.8 23.5+88 0.25

Provided are the means *+ SE values for the control and mutant group measurements. The P values correspond to the Wilcoxon rank-

sum test. All P values less than 0.05 are highlighted in boldface font.

Lhx2-mutant astrocytes is unlikely to be due to changes in
canonical resonant channels.

To further probe the dynamics of astrocyte responsive-
ness, we examined their frequency-dependent gain using
a chirp stimulus that spanned a physiologically relevant
range (0-15 Hz). Unlike CAl pyramidal neurons, which
show robust frequency-dependent resonance in this
band (8, 9, 28), astrocytes displayed minimal variation in
impedance amplitude and lacked strong resonance fea-
tures. Importantly, mutant astrocytes showed a reduc-
tion in total inductive phase (®;), which may reflect
altered subthreshold ionic kinetics or capacitive proper-
ties. Nevertheless, the resonance frequency (fz), maximal
impedance (|Z|max), and resonance strength (Q) were sim-
ilar between groups. These findings highlight that while
Lhx2 deletion alters the static biophysical properties of
astrocytes, their dynamic filtering capabilities remain
largely intact.

In contrast to the substantial electrophysiological remodel-
ing observed in astrocytes upon loss of Lhx2, the intrinsic
properties of CAl pyramidal neurons appeared largely unaf-
fected (Figs. 4 and 5). Neither subthreshold parameters (rest-
ing potential, input resistance, sag, and temporal summation)
nor frequency-dependent gain properties showed significant
changes in mutant neurons. Suprathreshold analysis also
revealed no difference in firing rates across a range of input
currents, with the exception of a modest reduction in the
action potential amplitude (Fig. 5). This isolated change did
not extend to other action potential waveform metrics,
including spike threshold, width, latency, or interspike inter-
vals, suggesting that overall neuronal excitability remains
preserved.

Lhx2 and Functional Characteristics of Adult
Hippocampal Astrocytes

Traditionally viewed as passive support cells, astrocytes
are now widely recognized as active and dynamic regulators
of synaptic transmission, gliotransmission, learning and cog-
nitive processes, metabolic homeostasis, ion buffering, and
blood-brain barrier integrity (7, 15, 32-37). Astrocytes are
integral components of the tripartite synapse, where they
regulate neuronal synapse formation, maturation, function,
and elimination through various secreted and contact-medi-
ated signals (38-41). Astrocytes also modulate blood vessel
growth and branching (42, 43), regulate blood flow in a neu-
ronal activity-dependent manner (44, 45), and modulate
nutrient uptake via their processes that wrap around blood
vessels (46). Together, astrocytes are known to play critical
roles in establishing and modulating neuron-glia functional
circuitry.

Despite the several important roles of astrocytes, the
molecular mechanisms that govern their intrinsic electrical
properties—and how these properties influence or are influ-
enced by developmental transcription factors—remain
poorly understood. Our findings position LHX2 as a modula-
tor of their biophysical identity, extending the roles of LHX2
beyond early gliogenesis into the regulation of mature astro-
cytic function. By integrating developmental genetics with
precise electrophysiological profiling, this study underscores
the importance of transcriptional programs in establishing
astrocyte identity at a functional level. The demonstration
that Lhx2 deletion alters astrocyte membrane properties
without significantly altering intrinsic neuronal excitability
highlights the robustness of hippocampal circuits. It also
raises important questions about how astrocytic changes
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Figure 5. Suprathreshold electrophysiological properties of adult CA1 pyramidal neurons remained largely invariant to Lhx2 mutation. A: voltage traces
recorded in response to 50 pA to 250 pA, in steps of 50 pA, from control (top) and mutant (bottom) CA1 pyramidal neurons. The firing rate values associ-
ated with each trace are provided at the bottom of respective traces. B, left. plot showing firing rates of neurons from control and mutant groups (means
+ SE), plotted against current injection amplitudes from 50 pA to 250 pA in steps of 50 pA. Right: firing rates of same set of neurons (means + SE) for
higher current injections ranging from 250 pA to 1,250 pA in steps of 250 pA. The firing rate values for none of the different current injection values
showed significant differences between the control and the mutant groups. C: the first two action potentials in a spike train, recorded in response to a
250-pA current injection into the example neuron from control and mutant groups. Arrow marks the amplitude of first action potential Vap, as measured
from resting potential. D: beeswarm plots for action potential amplitude Vap, peak (P = 0.03), half width (P = 0.6) calculated for the first action potential
in response to 250 pA current injection for all control and mutant neurons. E: beeswarm plots for latency to first spike (P = 0.17), action potential thresh-
old (P = 0.12), first interspike interval (P = 1), maximum value of temporal derivative dV/dt (P = 0.86), and the minimum value of temporal derivative dV/dt
(P = 0.58) calculated from the first action potential in response to a 250 pA current injection of all control and mutant neurons. All illustrative example
traces in this figure were taken from a single control and a single mutant neuron. n (11 for control and 7 for mutants) represents the number of total CA1
pyramidal neurons recorded. The thick blue lines in all beeswarm plots represent the respective median values. P values were computed with the
Wilcoxon rank-sum test. Table 2 summarizes the means + SE, and P values for measurements reported in this figure.

might affect other neuron-astrocyte interactions, such as
synaptic modulation, neurotransmitter uptake, or plas-
ticity. Furthermore, given the recognition of astrocyte
dysfunction in neurological disorders (47-52), including
epilepsy, Alzheimer’s disease, and gliomas, understand-
ing how transcription factors like Lhx2 shape astrocyte
behavior could inform new therapeutic strategies target-
ing glial cells rather than neurons.

Our study also provides a methodological framework for
characterizing astrocyte excitability with dynamic, fre-
quency-dependent inputs, a paradigm long established in
neuronal research (8, 9, 22, 29, 53-64) but underutilized in
glial physiology. Incorporating these approaches into astro-
cyte research may reveal previously unappreciated roles for
astrocytes in neural computation and network oscilla-
tions. Specifically, impedance is a critical and effective
measure of cellular excitability beyond what can be
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gleaned through pulse-current-based measures of excit-
ability (8, 9, 22, 59-64). In the in vivo context that cells
normally perform their functions, they encounter time-
varying stimuli, with several brain structures, including
the hippocampal structure, receiving inputs in well-
defined oscillatory bands (25, 65). Therefore, there’s a
need to measure the excitability of cells with time-varying
stimuli of different frequencies. Impedance measures offer
not only quantification of frequency-dependent gain
(computed as impedance amplitude) but also provide tem-
poral relationship between response and stimulus through
impedance phase (9, 60, 66). This temporal relationship is
also frequency-dependent and provides crucial informa-
tion on temporal integration of inputs coming through dif-
ferent frequencies (9, 66). Thus, impedance analyses offer
critical physiological insights that go beyond what is
observable with pulse-current-based inputs.
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Our analyses did not provide evidence for membrane
potential resonance in these astrocytes, potentially pointing
to weak expression of resonating conductnces. However, the
analysis technique could be useful for assessing channel
expression profiles and their impact on cellular physiology
in other astrocytes as well as in astrocytes in different patho-
logical conditions. For instance, there could be glial channe-
lopathies (15, 16, 67-70) involving upregulation of resonating
or other conductances that are known to regulate resonance
(22, 28, 58, 71-74) in astrocytes, which might yield resonance
in the associated impedance profile. Thus, impedance offers
a powerful tool to quantitatively analyze astrocytic physiol-
ogy from the perspective of assessing frequency-dependent
gain and temporal relationship in astrocytes across different
brain regions, under different physiological and pathological
conditions. Together, our work not only identifies a novel
role for LHX2 in adult hippocampal astrocytes but also opens
new avenues for exploring astrocyte contribution to circuit
function and dysfunction from a systems neuroscience
perspective.

Lhx2 and Functional Characteristics of Adult
Hippocampal Pyramidal Neurons

In striking contrast to significant changes in astrocytic
functional properties in Lhx2!°*/'° mice, our analyses did
not provide evidence for significant changes in intrinsic
properties of hippocampal pyramidal neurons (Table 2) apart
from significant changes in action potential amplitudes
(Fig. 5 and Table 2). It is possible that signals from the
mutant astrocytes were insufficient to perturb intrinsic neu-
ronal excitability. However, alterations to the astrocytic tran-
scriptome as a result of loss of Lhx2 (2) could impact
neuronal excitability and synaptic interactions.

The dissociation between astrocytic and neuronal responses
raises intriguing possibilities. Future studies could examine
whether loss of Lhx2 in astrocytes modulates synaptic plastic-
ity, circuit dynamics, or behavior, including in the context of
aging, neurological disorders, or pathological conditions.

Limitations and future directions.
Although our study offers important insights into the role of
LHX2 in regulating astrocyte biophysics and population
dynamics, it has some caveats. First, our electrophysiological
analysis was performed on acutely isolated brain slices
under ex vivo conditions, which, while powerful for dissect-
ing intrinsic membrane properties, do not fully capture the
complexity of astrocyte behavior in the intact brain.
Astrocytes in vivo are influenced by dynamic neuromodula-
tory, metabolic, and vascular cues that are absent in slice
preparations, and these contextual factors could modulate
their physiological state in ways not reflected in our data.
Second, although we used well-established current-clamp
protocols, including chirp stimuli, to assess frequency-
dependent gain and impedance properties, these approaches
primarily characterize passive and subthreshold properties.
Additional analyses incorporating voltage-clamp techni-
ques, pharmacological manipulations, cell-attached record-
ings, or dynamic clamp simulations could provide more
detailed insight into the specific ionic mechanisms affected
by Lhx2 deletion.
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Third, while we identified clear changes in astrocyte mem-
brane potential and input resistance, we did not directly
measure downstream consequences on astrocyte-mediated
functions such as neurotransmitter uptake, calcium signal-
ing, or gliotransmitter release, metabolic and homeostatic
functions, all of which could significantly affect circuit
dynamics (15). Similarly, although the observed stability of
neuronal intrinsic properties suggests resilience to altered
astrocyte physiology, our study does not rule out more
subtle effects on synaptic function or network-level
behavior that could emerge under specific activity states
or in response to experience-dependent plasticity. In addi-
tion, our focus in this study has been on astrocytes and
pyramidal neurons. Future studies could explore potential
effects on hippocampal interneurons and also examine
interactions within the neuron-glia network (75-81),
including through paired neuron-glia recordings.

Finally, as our interests were limited to long-term impact
of Lhx2 deletion, we measured electrophysiological proper-
ties at a single time point in adulthood. Although an ongoing
role for LHX2 in mature astrocytes cannot be excluded, our
findings open the door to further exploration across different
time points. Similarly, the timeline of changes in neuronal
physiological properties need to be carefully studied to
assess if compensatory changes are at play in adulthood.

Future studies could focus on several important questions
that remain. One critical next step is to elucidate the molecu-
lar mechanisms underlying the observed changes in astro-
cyte resting membrane potential and input resistance
following Lhx2 deletion. Another promising direction is to
investigate how these changes in astrocyte physiology affect
neuron-glia interactions at the synaptic level. Although
intrinsic neuronal excitability appeared largely unaffected,
astrocytes are known to influence neuronal activity through
mechanisms such as potassium buffering, glutamate uptake,
and gliotransmission. It will therefore be important to deter-
mine whether LHX2-mediated changes in astrocytes alter
synaptic transmission, plasticity, or network oscillations.

As the hippocampus is central to learning and memory,
future work should explore whether these cellular changes
translate into measurable behavioral differences in hippo-
campus-dependent tasks. Finally, considering that astrocytes
operate as a syncytium, it would be valuable to assess whether
Lhx2 loss affects properties such as gap junction coupling,
calcium signaling, or metabolic support to neurons, which
could have broader implications for circuit-level function.

Conclusion.

In this study, we identify Lhx2 as a key regulator of biophysi-
cal properties of astrocytes in the hippocampus. Our finding
that astrocyte membrane biophysics are modulated by a
developmental transcription factor highlights the influence
of early genetic perturbation on mature glial function. These
results lay the groundwork for future investigations into how
transcriptional control of astrocyte physiology contributes to
circuit function, plasticity, and disease.
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