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Developmental cortical malformations (DCMs) are linked with severe epilepsy and are caused by both genetic
and environmental insults. DCMs include several neurological diseases, such as focal cortical dysplasia,
polymicrogyria, schizencephaly, and others. Human studies have implicated astrocyte reactivity and dysfunction
in the pathophysiology of DCMs, but their specific role is unknown. As astrocytes powerfully regulate glutamate
neurotransmission, and glutamate levels are known to be increased in human epileptic foci, understanding the
role of astrocytes in the pathological sequelae of DCMs is extremely important. Additionally, recent studies exam-
ining astrocyte glutamate uptake in DCMs have reported conflicting results, adding confusion to the field. In this
study we utilized the freeze lesion (FL) model of DCM, which is known to induce reactive astrocytosis and cause
significant changes in astrocyte morphology, proliferation, and distribution. Using whole-cell patch clamp re-
cording from astrocytes, we recorded both UV-uncaging and synaptically evoked glutamate transporter currents
(TCs), widely accepted assays of functional glutamate transport by astrocytes. With this approach, we set out to
test the hypothesis that astrocytemembrane properties and glutamate transport were disrupted in this model of
DCM. Though we found that the developmental maturation of astrocyte membrane resistance was disrupted by
FL, glutamate uptake by individual astrocytes was robust throughout FL development. Interestingly, using an
immunolabeling approach, we observed spatial and developmental differences in excitatory amino acid trans-
porter (EAAT) expression in FL cortex. Spatially specific differences in EAAT2 (GLT-1) and EAAT1 (GLAST) expres-
sion suggest that the relative contribution of each EAAT to astrocytic glutamate uptake may be altered in FL
cortex. Lastly, we carefully analyzed the amplitudes and onset times of both synaptically- and UV uncaging-
evoked TCs. We found that in the FL cortex, synaptically-evoked, but not UV uncaging-evoked TCs, were larger
in amplitude. Additionally, we found that the amount of electrical stimulation required to evoke a synaptic TC
was significantly reduced in the FL cortex. Both of these findings are consistent with increased excitatory input
to the FL cortex, but notwith changes in how individual astrocytes remove glutamate. Taken together, our results
demonstrate that the maturation of astrocyte membrane resistance, local distribution of glutamate transporters,
and glutamatergic input to the cortex are altered in the FLmodel, but that single-cell astrocytic glutamate uptake
is robust.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Developmental cortical malformations (DCMs) are a common cause
of intractable epilepsy and are linked to environmental and genetic in-
sults occurring in utero or during early post-natal development
(Guerrini and Dobyns, 2014; Jacobs et al., 1999b; Palmini et al., 1995).
DCMs include focal cortical dysplasia, polymicrogyria, and
schizencephaly, all of which are characterized by disorganized cortical
edical Sciences, South Cove 203,

om).
architecture and severe, often intractable, epilepsy (Barkovich et al.,
2005; Raymond et al., 1995; Sisodiya, 2000; Tassi et al., 2002). The mo-
lecular, cellular, and network level changes that make the malformed
brain prone to ictogenesis are largely unknown. Changes in neuronal
morphology and location, synapse number and function, and neuro-
transmitter receptor expression and localization have all been reported
in different DCMs and may be mechanistically linked to cortical hyper-
excitability (reviewed by Marin-Valencia et al. (2014) and Aronica
et al. (2012)). Changes in astrocyte properties are also of great interest
in understanding the pathogenesis of DCMs.

Astrocytes remove the bulk of extracellular glutamate (Holmseth
et al., 2012a; Petr et al., 2015) and buffer extracellular potassium in
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tiled, non-overlapping domains (Halassa et al., 2007). Glutamate up-
take by astrocytes is mediated by the excitatory amino acid trans-
porters (EAATs), GLT-1 and GLAST. EAATs are sodium-dependent and
can rapidly bind and transport glutamate into astrocytes (Danbolt,
2001). EAATs are developmentally regulated, greatly increasing their
expression during development (Ullensvang et al., 1997). The proper
function of EAATs ensures rapid clearing of extracellular glutamate,
limits post-synaptic glutamate receptor activation, and enables
recycling of glutamate (Fonnum, 1984; Oliet et al., 2001; Petroff
et al., 2002). In the injured or epileptic brain, astrocytes become reac-
tive and many of their properties are disrupted. Reactive astrocytes ex-
press high levels of glial fibrillary acidic protein (GFAP), have
hypertrophied morphology, and exhibit an altered protein expression
profile (reviewed by Sofroniew (2009)). Functional glutamate trans-
port may also be disrupted, though changes in glutamate transporter
expression in reactive astrocytes remain debatable. In human DCMs,
astrocytes are often reactive (Kakita et al., 2004) and GLT-1 expression
has been reported to be decreased (Ulu et al., 2010). Importantly, ele-
vated extracellular glutamate levels have been reported in human ep-
ileptic foci (Cavus et al., 2005), suggesting that glutamate is
dysregulated and that lowering glutamate levels may be a therapeutic
target for DCM-associated hyperexcitability.

To better understand the role of glutamate uptake in the pathogen-
esis of DCMs, we have utilized the freeze lesion (FL) model of DCM. In
the FL model, a freezing probe is placed on the skull of a rat pup on
the day of birth (P0) resulting in the formation of a cortical microgyrus
(Dvorák and Feit, 1977). The microgyrus is bordered both medially and
laterally by normally-laminated cortex. This normally-laminated cortex
surrounding themicrogyrus forms the paramicrogyral zone (PMZ). The
PMZ is known to be hyperexcitable beginning approximately two
weeks following FL (Jacobs et al., 1996). Electrical stimulation of ascend-
ing cortical axons generates epileptiform, polyphasic cortical field po-
tentials in the PMZ (Hablitz and DeFazio, 1998). Interestingly, cortical
field potentials recorded in themicrogyrus are not epileptiform, indicat-
ing heterogeneity in themalformed and surrounding tissue (Dulla et al.,
2012; Jacobs et al., 1999a). In vivo, FL animals have an enhanced re-
sponse to kainic acid treatment (Andresen et al., 2014) and, when
given multiple FL, animals have spontaneous seizures (Kamada et al.,
2013). Although the FL does not etiologically replicate human DCMs, it
does provide an excellent opportunity to probe themolecular and cellu-
lar consequences of neonatal injury prior to the onset of network dys-
function in a model of DCM.

Because DCMs arise in the developing brain (both in humans and in
animal models), astrocytes are exposed to injury before they are fully
matured (Morel et al., 2014). Thus, astrocyte development is disrupted
by FL, likely resulting in altered functional maturation of glutamate up-
take. However, characterizing the function of individual astrocytes in
DCM is complicated by astrocyte reactivity, proliferation, and heteroge-
neity following injury (Bordey et al., 2001; Shimizu-Okabe et al., 2007).
Perhaps because of this, studies of astrocytic glutamate uptake in FL cor-
tex have reached conflicting conclusions. Specifically, studies have
shown that the effects of the EAAT inhibitor DL-threo-β-
benzyloxyaspartate (TBOA) on network activity are potentiated follow-
ing FL. Additionally, blockade of EAATs evokes spontaneous network
discharges in FL but not in sham-injured cortex (S. L. Campbell and
Hablitz, 2008). Furthermore, a recent study has shown that the ampli-
tude of glutamate transporter currents is decreased in individual PMZ
astrocytes (Campbell et al., 2014). These studies concluded that gluta-
mate uptake is decreased, thus increasing glutamate accumulation in
the extracellular space and contributing acutely to hyperexcitability.
However, recent work from our group has demonstrated intact astro-
cytic glutamate uptake in the PMZ and suggested that FL specifically af-
fects the developmental switch from GLAST-mediated to GLT-1-
mediated uptake (Armbruster et al., 2014). We also showed that the
local density of astrocytes is decreased in the PMZ and that the func-
tional domain of astrocytes is increased. This suggests that there may
be disruptions in astrocyte territories which may lead to subsequent
disruptions in their homeostatic functions (Armbruster et al., 2014;
Dulla et al., 2012). Finally, it remains unclear how alterations in astro-
cyte coverage or function during the FL latent period influence network
development. Thus, questions remain about whether an alteration in
glutamate uptake contributes to the development of hyperexcitable
neuronal networks in a model of developmental cortical malformation,
and whether a reduction in glutamate uptake contributes acutely to
hyperexcitability.

In this study, we seek to determine whether the maturation and
function of individual astrocytes is disrupted by FL, potentially contrib-
uting to pathological network development and hyperexcitability in the
mature malformed cortex. We use whole-cell astrocyte electrophysiol-
ogy to measure astrocytic membrane resistance in lesioned cortex be-
fore and after the onset of hyperexcitability, simultaneously measure
uncaging-evoked glutamate transporter currents in the same astro-
cytes, compare synaptically-released to uncaging-evoked glutamate
transients in the mature FL cortex, and examine glutamate transporter
immunoreactivity throughout lesion development. We demonstrate
that the rate of glutamate clearance is unchanged by FL both before
and after the onset of hyperexcitability, though astrocytemembrane re-
sistance is altered during the latent period, at postnatal day (P) 7. Inter-
estingly, we find that synaptically-activated transporter current (STC)
are larger in amplitude and more easily evoked in the FL cortex. Our
findings suggest that decreased astrocytic uptake may not contribute
significantly to acute PMZ hyperexcitability and they support the idea
that hyperexcitability in themature PMZ is caused by increases in excit-
atory input.
2. Materials and methods

2.1. Animals and freeze lesion surgery

Experimental microgyri in primary somatosensory cortex (left
hemisphere) were induced in P0 Sprague–Dawley rat pups (Jackson
Laboratories) by freeze lesioning as described previously (Jacobs and
Prince, 2005). All protocolswere approved by the Tufts Institutional An-
imal Care andUse Committee. Briefly, animals were anesthetized by hy-
pothermia, an incision into the scalp was made, and a 5 × 2mm copper
probe cooled to −50 to −60 °C was placed onto the exposed skull for
5 s (approx. 1 mm right of midline, between bregma and lambda).
Sham operated littermates were generated in a similar manner with a
room temperature probe. After freeze-lesioning, the incisionwas closed
using surgical glue, and pups were warmed and returned to the dam. At
approximately two weeks of age, a fully formed microgyrus was
present.
2.2. Slice preparation

Cortical brain slices, 400 μm thickness, containing the sensorimo-
tor cortex were prepared from P6–8 and P27–33 Sprague–Dawley
rats of either sex. Rats were anesthetized with isoflurane, decapitated,
and the brains were rapidly removed and placed in cold slicing solu-
tion (in mM): 2.5 KCl, 1.25 NaH2PO4, 10 MgSO4, 0.5 CaCl2, 11 glucose,
234 sucrose, and 26 NaHCO3, equilibrated with 95% O2:5% CO2. The
brain was glued to a Vibratome VT1200S (Leica) and slices were cut
in a coronal orientation. Slices were then placed into a recovery
chamber containing artificial cerebrospinal fluid (aCSF, in mM: 126
NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 10 glucose, and 26
NaHCO3 equilibrated with 95% O2:5% CO2) and 0.5 mM
sulforhodamine 101 (SR-101) for 5 min at 32 °C. Following SR-101 in-
cubation, slices were equilibrated in ACSF at 32 °C for 1 h. Slices were
allowed to return to room temperature and used for
electrophysiology.
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2.3. Whole cell recording from astrocytes

Whole-cell patch clamp recordings were made as described previ-
ously (Hanson et al., 2015). Astrocytes were identified 1) in deep corti-
cal layers (layers IV-VI) of the paramicrogyral zone (PMZ), 2) in the
microgyral zone, and 3) in isotopic cortical areas of sham-lesioned ani-
mals. Themicrogyral zonewas visually identified as the cortical area be-
tween the lesion midline and the microgyral border and the PMZ was
defined as the normally laminated cortex within 1 mm of the
microgyrus border (Fig. 1A). Brain slices were placed into a submersion
chamber (Siskiyou, OR), held in place with small gold wires, and per-
fused with aCSF at physiological temperature (32 °C) at a flow rate of
2 ml/min. Astrocytes were identified by morphology (small, round cell
bodies) and SR-101 labeling (Nimmerjahn et al., 2004) as imaged with
a Cy3 filter cube (excitation 560/40 nm, emission 630/75 nm, Chroma,
VT) on an Olympus BX51 microscope equipped with differential inter-
ference contrast optics. Astrocyte internal solution contained (in mM)
120 potassium gluconate, 20 HEPES, 10 EGTA, 2 MgATP, and 0.2
NaGTP. 4–12 MΩ borosilicate pipettes were utilized to establish whole
cell patch-clamp recordings using a Multiclamp 700B patch clamp am-
plifier (Molecular Devices, CA), sampled at 10 kHz using pClamp soft-
ware. Once a whole-cell recording was established, cells were
confirmed as astrocytes based on their passive membrane properties,
Fig. 1. Glutamate uncaging-evoked transporter currents are not altered by FL. A, 4× magnificat
border of microgyrus. Themicrogyral zone (MG), paramicrogyral zone (PMZ), and typical electr
(left) and P28 (right) sham-injured (black) and P7 FL PMZ astrocytes (red). C, Amplitudes o
astrocytes (black). D, Average and individual time constants of TC decays at P7 and P8 in
***p b 0.001, two-sample t test.
low membrane resistance, and hyperpolarized resting membrane po-
tential. Membrane and access resistance were established by running
a membrane test protocol in voltage-clamp configuration. While hold-
ing the astrocyte at−80 mV, a 50 ms, +1 mVmembrane step was ap-
plied and the resultant currentwas averaged over 100 sweeps. This data
was used to calculate membrane resistance (Rm) and access resistance
(Ra). A 5 mV, 50 ms depolarizing pulse was applied 500 ms before
uncaging or electrical stimulation in order to normalize evoked trans-
porter currents for changes in Ra commonly associated with recording
from astrocytes (Diamond et al., 1998). For analysis involving trans-
porter current amplitude, Rm was corrected for on a cell-by-cell basis
(Armbruster et al., 2014). A voltage/current (V/I) curve was also gener-
ated for each cell in current clamp configuration using a current injec-
tion protocol (−300 to 650 pA for 250 ms in 50 pA increments). V/I
curves were generated for each cell within 120 s of breaking in to min-
imize the effects of internal solution dialysis on themeasurement of the
resting potential.

2.4. Flash-evoked transporter current (FTC) recording

In astrocytes identified by SR-101 and a linear voltage/current rela-
tionship, TCs were recorded similar to previous studies (Diamond,
2005). Slices were perfused with aCSF containing 2 mM 4-Methoxy-7-
ion DIC images of FL sections used for electrophysiology at P7 and P28. Dashed lines show
ode placement are shown. B, Representative glutamate transporter currents (TCs) from P7
f flash-evoked transporter currents at P7 and P28 from FL PMZ (red) and sham-injured
FL PMZ (red) and sham-injured cortical astrocytes (black). Error bars represent SEM,
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nitroindolinyl-caged-L-glutamate (MNI glutamate, photo-activated glu-
tamate), 10 μM SR-95531(gabazine, antagonist of GABAA receptors),
20 μM6,7-dinitroquinoxaline-2,3-dione (DNQX, antagonist of AMPA re-
ceptors), and 10 μM 3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic
acid (CPP, antagonist of NMDA receptors), which was oxygenated and
circulated at 2ml/min at 34 °C. FTCswere activated by photostimulation
using a 100mW355nmultra violet (UV) uncaging laserwith 10 μm full
width at half maximum (FWHM) spot size (Prairie Technologies,
Photoactivation System, WI). Laser exposure times were controlled
using a fast shutter (Sutter Instruments, CA). In voltage-clamp mode,
whole-cell patch clamped astrocytes were maintained at −80 mV. To
record FTCs, each sweep contained a + 5 mV, 20 ms voltage step,
followed 40ms later by a 1ms UV uncaging pulse. Laser lightwas deliv-
ered via an Olympus 60×/N.A. 0.9 water immersion objective
(LUMPLANFLN 60XW). After at least 5 sweeps, TBOA (100 μM) was
washed on to isolate the transporter current. Currents for individual
cells and (representative example in Fig. 6A) are averages of at least 5
consecutive sweeps with the average of 5 sweeps in TBOA subtracted.

2.5. Synaptically-evoked transporter current (STC) recording

In astrocytes identified by SR-101 and a linear voltage/current rela-
tionship, STCs were recorded similarly to previous studies (Campbell
et al., 2014). Because STC recordings were performed in the presence
of Ba2+ which precipitates with SO4, for STC recording aCSF containing
MgPO4 in place ofMgSO4was used. Slices were perfusedwith aCSF con-
taining (in mM) 0.1 BaCl2, 2 mM 4-Methoxy-7-nitroindolinyl-caged-L-
glutamate (MNI glutamate, photo-activated glutamate), 10 μM SR-
95531 (gabazine, antagonist of GABAA receptors), 20 μM 6,7-
dinitroquinoxaline-2,3-dione (DNQX, antagonist of AMPA receptors),
and 10 μM 3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic acid
(CPP, antagonist of NMDA receptors), whichwas oxygenated and circu-
lated at 2 ml/min at 34 °C. STCs were evoked with a bipolar stimulating
electrode placed in the white matter below the recoding pipette (Fig.
5A). 50 μs current pulses were used at a stimulation frequency of
0.1 Hz. Stimulation intensity was controlled manually with a stimulus
isolation unit (A. M. P. I.). Threshold stimulation intensity was deter-
mined for individual astrocytes as the minimum current pulse required
to evoke a resolvable TC (5–15 pA, Fig. 5D) and varied from 5 to 500 μA
(Fig. 5C). In voltage-clamp mode, whole-cell patch clamped astrocytes
were held at −80 mV. To record STCs, each sweep contained
a + 5mV, 20 ms voltage step, followed 250 ms later by a 2× threshold,
50 μs electrical stimulation. After at least 5 sweeps, TBOA (100 μM)was
washed on to further isolate the transporter current. Currents for indi-
vidual cells and representative current shown in Fig. 6A are averages
of at least 5 consecutive baseline sweeps with the average of 5 sweeps
in TBOA subtracted. Currents shown in Fig. 4B and 5A are TBOA-
subtracted averages across cells and the shaded area shows ±SEM.

2.6. Drugs

All salts and glucose for buffers were obtained from Sigma-Aldrich
(St. Louis,MO) unless otherwise noted. TBOA, CPP, DNQX, and Gabazine
(SR-95531) were obtained from Tocris (St. Louis, MO), maintained as
1000× stock in dimethyl sulfoxide (DNQX, TBOA) or in water (CPP,
Gabazine). Dimethyl sulfoxide final concentration was 0.1% in DNQX
and increased to 0.2% upon application of TBOA.

2.7. Immunofluorescence

FL and sham-injured rats at ages P7, P14, and P28were anesthetized,
perfused with saline followed by 4% freshly depolymerized paraformal-
dehyde, decapitated, and brains were dissected and placed in 4% form-
aldehyde for 12–18 h. Fixed brains were then cryo-protected in a high
sucrose solution (inmM: 818 sucrose, 77 sodium phosphate, 23 sodium
phosphate), and later sectioned into 40 μm slices using a Thermo Fisher
Microm HM 525 cryostat. Brain sections were placed in blocking buffer
(5% normal goat serum, 1% bovine serum albumin, in phosphate buff-
ered saline (PBS)) for 1 h at room temperature. GFAP (1:1000, Abcam)
and either GLT-1 (0.2 μg/ml Ab#360, (Holmseth et al., 2012b)) or
GLAST (1.2 μg/ml Batch Ab#314 (Holmseth et al., 2009)) antibodies
were diluted in PBS with 2% Triton-X 100 and 5% blocking buffer.
Brain sections were incubated with diluted primary antibodies for
12 h at 4 °C. Brain sectionswere then rinsed three times in PBS, and sec-
ondary antibodies (goat anti-rabbit Alexa 488, Jackson Labs, and goat
anti-mouse Cy3.5, Jackson Labs; diluted 1:500 in PBS with 5% blocking
buffer) were added to the sections for 2 h at room temperature. FL
and sham cortex samples were stained in parallel and carried out in
three batches. Slices were mounted using Vectashield (Vector Labs)
and imaged with a 20× objective on a Keyence epifluorescence micro-
scope. Raw images were analyzed with ImageJ. 500–800 μm line scans
were taken laterally through layers IV-VI to quantify GLT-1 and GLAST
expression. In FL cortex, line scans started at the midline of the
microgyrus; in sham-injured cortex, line scans started in isotopic cortex.
In FL and shams, line scans traveled from the starting point away from
the midline of the cortex. GLT-1 and GLAST expression in FL and
sham-injured cortexwere normalized to the batch average fluorescence
of sham-injured cortex, allowing for comparisons of relative fluores-
cence between FL and shams at each age.

2.8. Statistical analysis

Statistical significance for all experiments was determined using
Student's unpaired and paired t-tests as well as ANOVA, as appropriate.
All data is presented as the mean ± SEM.

3. Results

3.1. Astrocyte glutamate transporter currents are unaltered by freeze lesion
both before and after the onset of hyperexcitability

To directly test whether freeze lesion (FL) alters the functional up-
take of glutamate by astrocytes, we recorded glutamate transporter cur-
rents (TCs) from astrocytes in FL and sham-injured cortex both at P7
(before the onset of epileptiform activity) and at P28 (after the onset
of epileptiform activity). Astrocytes were identified by SR-101 loading
(note: using SR-101 to identify astrocytes may lead to selection of
only certain sub-types of cells, please see discussion). Whole-cell
patch clamp recordings were established in astrocytes in layer V of the
paramicrogyral zone (PMZ) in FL animals and in isotopic cortex from
sham-injured control rats. TCs were evoked by localized UV-photolysis
ofMNI-glutamate (glutamate uncaging, 1msUVpulse). TC decay kinet-
ics reflect the rate of glutamate clearance from the extracellular space;
when glutamate clearance is rapid, TCs have very rapid decay times.
As previously reported, glutamate uncaging-evoked TCs are largely un-
contaminated by potassium conductances associated with TCs evoked
by electrical stimulation. Using this approach, we found no significant
changes in TC kinetics or amplitude between FL and shams at either
P7 or P28 (P7: n = 7–9, p = 0.68; P28: n = 6–10, p = 0.38; Fig. 1B,
C). This suggests that the rate of glutamate clearance is unaffected by
FL during the latent period and in the mature FL cortex. Consistent
with past work, TC amplitude increased and decay times decreased sig-
nificantly in both groups between P7 and P28 due to developmental in-
creases in EAAT expression.

3.2. Membrane resistance of immature astrocytes is decreased following FL

We next examined whether astrocytic membrane resistance (Rm)
was altered by FL either before or after the onset of hyperexcitability.
Astrocytes were patch-clamped in FL and sham-injured littermates at
either P6-P8 or P27-P30 as in TC experiments. In current clamp config-
uration, current steps (−350 to 600 pA, 50 pA increments) were



Fig. 2.Astrocytemembrane resistance is decreased in the paramicrogyral zone at P7. A, DIC image of a P7 coronal slice showing themicrogyrus (MG), the paramicrogyral zone (PMZ), and
the recording electrode in PMZ. B, Overlaid voltage responses in astrocytes current-clamped and injected with 20 current steps from −300 to +160 pA. C, Average voltage/current
relationship for astrocytes in freeze lesion (FL) PMZ cortex (red) and sham-injured cortex (black) at P7. D, Same as (C) at P28. E, Resting membrane potentials at P7 and P28 for FL
PMZ (red) and sham-injured astrocytes (black). F, Average slopes of the voltage/current relationships in (C) and (D). G, Membrane resistances of astrocytes at P7 and P28 from FL PMZ
(red) and sham-injured cortex (black). Error bars represent SEM, *p b 0.05, two-sample t-test.
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injected and voltage responses were measured (Fig. 2B–D). After
switching to voltage-clamp configuration, astrocytes were next held at
−80mV, and subjected to brief positive voltage steps to directly assess
membrane and access resistance. All astrocytes recorded at P7 and P28
in PMZ and isotopic sham-injured cortex (n = 31) showed linear volt-
age responses to current injections (Fig. 2C, D) and had similar
hyperpolarized resting membrane potentials (P7 PMZ: −75.7 ± 3.22,
n = 9; P7 sham: −76.4 ± 2.32, n = 7; P28 PMZ: −70.1 ± 1.73, n =
8; P28 sham: −73.9 ± 4.24; Fig. 2E). At P7, FL significantly decreased
the voltage/current (V/I) slope (PMZ: 41 ± 7 mV/nA, sham: 70 ±
10 mV/nA, p b 0.05, Fig. 2F) and Rm (PMZ: 28.1 ± 5.78 MΩ, sham:
58.1 ± 10.3 MΩ, p b 0.05, Fig. 2C, F, G) in PMZ astrocytes as compared
to sham. We previously reported that the Rm of cortical astrocytes
decreases substantially over postnatal development. In agreement
with this, both the slope of the V/I relationship, reflecting the sum of ac-
cess and membrane resistance (P28 PMZ: 13 ± 2; P28 Sham: 15 ± 2)
and a direct calculation of Rm (P28 PMZ: 2.06 ± 0.38; P28 Sham:
2.57 ± 0.41) for PMZ and sham-injured astrocytes decreased from P7
to P28 (PMZ and sham, p b 0.05). Interestingly, by P28, the differences
in V/I slope and Rm between PMZ and sham-injured astrocytes were
no longer present (p = 0.30, Fig. 2D, F, G). Of note, the combination of
stable TC decays (Fig. 1) and decreased Rm (Fig. 2) in P7 FL astrocytes
suggests the possibility of upregulation in surface levels of glutamate
transporters.

Importantly, TC kinetics may be distorted by a number of factors in-
cluding astrocyte Rm. Therefore, it is important to isolate the glutamate



Fig. 3.Membrane resistance filtering does not mask slowing of TCs in P7 FL cortex. A, TCs
from a P7 sham-injured (black) and a P7 FL PMZ astrocyte (red) before the wash on of
10 μM (low dose) TBOA (dark) and after low dose TBOA wash on (light). Dashed box
(left) outlines the rising phase of the current expanded (right) to show the initial slope
of the current (transparent red and black boxes). B, Centroids of TCs before and after the
wash on of low dose TBOA (btN) plotted against the inverse of the initial slopes
normalized to the pre-TBOA initial slope (1/slope ratio). Solid circles show individual
data points for FL PMZ (red) and sham-injured astrocytes (black). Open circles show
averages and slope of the relationship between pre- and post-TBOA kinetics. Error bars
represent SEM.
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TC kinetics from cellular filtering artifacts induced by differences in Rm

across conditions. To adjust for differences in cell filtering, we per-
formed centroid analysis as described in detail by Diamond (2005)
(Fig. 3A, B). The centroid (btN) is used as a measure of the kinetics of
the TC,with larger centroids reflecting slower currents. Briefly, to isolate
the glutamate clearance kinetics, we compared TC kinetics (btNPMZ, bt
NSham) to the inverse of the rising slope of the TC before and after par-
tially blocking transporters with 10 μMTBOA (Fig. 3B). Inverse TC rising
slopes in TBOA were normalized to the slopes before TBOA wash-on,
yielding the normalized inverse slope ratio and the resulting relation-
ship between btNPMZ and btNSham. The slopes of the relationships pre-
and post-10 μM TBOA reflect the isolated glutamate clearance kinetics,
with steeper slopes indicating slower clearance. Despite the signifi-
cantly lower Rm of P7 PMZ astrocytes, the average slopes of P7 PMZ
and sham-injured astrocytes were not significantly different
(SlopePMZ = 49.8 ± 8.02, n = 8; SlopeSham = 47.03 ± 15.8, n = 6,
p = 0.47, Fig. 3C). These data suggest that glutamate clearance by indi-
vidual astrocytes is unaltered in FL cortex during the latent period.
Changes in Rm associatedwith FL do notmask large differences in gluta-
mate clearance.

3.3. Glutamate transporter expression and distribution are altered by FL

To understand how glutamate uptake systems are altered broadly
throughout the cortex by FL, immunofluorescence measurements of
glutamate transporters were carried out in the developing (P7) andma-
ture (P28) FL cortex. Brain sections were immunolabeled for GFAP and
either GLT-1 or GLAST and wide-field fluorescence images were col-
lected including the microgyrus and PMZ or sham-injured isotopic cor-
tex. 500–800 μm long regions of interest were analyzed laterally
through layers IV-VI to quantify GLT-1 and GLAST expression. Measure-
ments of fluorescence intensity were quantified as the average fluores-
cence through layers IV-VI at a given distance from the start of the
region of interest. In FL cortex, regions of interest started at the midline
of the microgyrus. In sham-injured cortex, regions started in isotopic
cortex. All regions of interest began medially and progressed away
from themidline of the cortex. Interestingly, we found that the distribu-
tion of both GLT-1 and GLAST is altered by FL during the latent period
and in the mature FL cortex (Fig. 4). Additionally, the alterations in the
expression of each transporter are spatially and temporally specific. At
P7, we found that GLT-1 expression is comparable to sham-injured cor-
tex within the microgyrus, but elevated at the edge of the lesion and in
the PMZ (p b 0.05 from 260 to 710 μm from themicrogyrusmidline; Fig.
4A, C, M). GLAST expression, on the other hand, is highest in the center
of the microgyrus and decreases outward through the PMZ (p b 0.05
from 0 to 510 μm from the microgyrus midline; Fig. 4B, F, N). At P28,
both GLT-1 and GLAST are higher in the microgyrus compared to the
PMZ. However, in FL compared to sham-injured cortex, GLAST expres-
sion is significantly higher throughout the microgyrus and PMZ
(p b 0.05 from 0 to 760 μm from the microgyrus midline; Fig. 4D, H,
Q) while GLT-1 expression is comparable in the microgyrus but lower
in the PMZ (p b 0.05 from 340 to 900+ μm from the microgyrus mid-
line; Fig. 4C, G, P). Taken together, these data imply that the balance of
GLT-1 and GLAST expression is shifted to favor GLT-1 in P7 PMZ and
GLAST in the mature PMZ (relative to sham-injured cortex). Impor-
tantly, this assessment agrees with recent functional data from our lab
demonstrating that TCs in PMZ are more reliant on GLT-1 at P7 and on
GLAST at P28 as compared to TCs in sham-injured cortex (Armbruster
et al., 2014). Furthermore, when GLT-1 and GLAST expression are com-
pared to GFAP expression in the developing FL cortex (Fig. 4I, J) regions
with high GFAP expression have significantly stronger GLAST expres-
sion (1.27 ± 0.08 fold change) compared to regions with low GFAP ex-
pression (0.96 ± 0.06 fold change, p b 0.001). GLT-1 expression,
however, is similar across high (1.01 ± 0.08 fold change) and low
GFAP regions (1.00±0.07 fold change, p=0.3, Fig. 4O). There is no cor-
relation between GFAP immunoreactivity and either GLT-1 or GLAST in
themature FL cortex (Fig. 4K, L, R), which is likely explained by an over-
all decrease in GFAP immunoreactivity in FL cortex from P7 to P28.

3.4. Clearance of synaptically-released glutamate by individual astrocytes is
unaltered in the mature PMZ

Recent studies of astrocytic glutamate regulation after FL have indi-
cated that, in themature FL cortex, reduced astrocytic glutamate uptake
may contribute acutely to hyperexcitability. Because uncaging-TCswere
not altered in the FL cortex, we next examined TCs evoked by synaptic
stimulation. We also investigated TCs in the microgyrus, an area
which does not generate epileptiform electrical activity (Jacobs et al.,
1996). Recording within the microgyrus provides an interesting win-
dow into FL hyperexcitability because the microgyrus itself is mal-
formed but not hyperexcitable. Comparing synaptically-released
glutamate transients (STCs) between themicrogyrus and PMZ could re-
veal differences in glutamate release and/or clearance mechanisms be-
tween the two regions that contribute to PMZ hyperexcitability. To
measure STCs, P28 astrocytes in the PMZ, microgyrus, and isotopic
sham-injured cortexwere patch-clamped and TCswere evoked by elec-
trical stimulation of the white matter below the recording electrode
(Fig. 5A). Threshold stimulation intensity was determined on a cell-
by-cell basis as theminimum50 μs current pulse required to evoke a re-
solvable (5–15 pA) current in astrocytes. STCs were then evoked with
2× threshold stimulation. Recordings were carried out in the presence
of Ba2+ (100 μM) to eliminate potassium contamination of TCs associ-
ated with electrical stimulation. To completely isolate TCs, we applied



Fig. 4. Glutamate transporter expression and distribution are altered by FL. A–D, Pseudo-colored epifluorescence images of GLT-1 (red) and GLAST (green) immunoreactivity in sham-
injured cortex at P7 (left) and P28 (right). E-H, Pseudo-colored epifluorescence images of GLT-1 (red) and GLAST (green) immunoreactivity in FL cortex at P7 (left) and P28 (right)
showing the microgyrus and PMZ. I-L, Pseudo-colored epifluorescence images of GFAP co-stain (cyan) in the same FL sections shown in E-H. M, Average fold change in GLT-1
immunoreactivity across the deep layers of the P7 cortex (compared to isotopic sham-injured cortex) at specified distances from the midline of the microgyrus (MG). N, Average fold-
change in GLAST immunoreactivity across the deep layers of the P7 cortex (compared to isotopic sham-injured cortex) at specified distances from the midline of the microgyrus (MG).
O, Relative GLT-1 and GLAST expression in regions of high GFAP expression (cyan bars) compared to regions with low GFAP expression (black bars) in P7 cortex. High and low GFAP
regions were defined by a GFAP expression threshold applied on a pixel-by-pixel basis. P, Average fold-change in GLT-1 immunoreactivity across the deep layers of the P28 cortex
(compared to isotopic sham-injured cortex) at specified distances from the midline of MG. Q, Average fold change in GLAST immunoreactivity across the deep layers of the P7 cortex
(compared to isotopic sham-injured cortex) at specified distances from the midline of MG. Q, Relative GLT-1 and GLAST expression in regions of high GFAP expression (cyan bars)
compared to regions with low GFAP expression (black bars) in P28 cortex. Error bars represent SEM, scale bars are 500 μm, *p b 0.05, ***p b 0.001, two-sample t-test.
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TBOA (100 μM) at the end of each experiment and subtracted the TBOA-
dependent component of each evoked response. Fig. 5B shows peak-
normalized average STCs from astrocytes in PMZ, microgyrus, and
sham-injured cortex. STCs from PMZ (n = 7), microgyrus (n = 6),
and sham-injured astrocytes (n = 6) showed similar decay kinetics
(PMZ: 18.7 ± 2.17 ms, microgyrus: 17.1 ± 1.12 ms, sham: 16.0 ±
1.52 ms), suggesting that glutamate is cleared from the extracellular
space at the same rate by astrocytes across regions (Fig. 5B, C). The la-
tency from stimulation to peak current, however, was longer in
microgyral astrocytes (14.5 ± 0.86) than in sham-injured astrocytes
(10.9 ± 1.19, p b 0.05, Fig. 5B inset and 3D). The Rm of sham-injured
and microgyral astrocytes is similar (Sham: 2.07 ± 0.37 MΩ, MG:
1.65 ± 0.22 MΩ, p = 0.36) suggesting that the increased latency is
not influenced by changes in Rm. Taken together these results demon-
strate that individual astrocytes clear endogenous glutamate from the
microgyrus, the PMZ, and isotopic sham-injured cortex at the same
rate, though the initiation of the transporter current after electrical
stimulation is delayed in the microgyrus.

3.5. FL alters synaptically-evoked TC amplitude and the stimulation inten-
sity required to evoke a TC

We next examined the amplitude of STCs (at 2× threshold stimula-
tion) in the PMZ, the microgyrus, and sham-injured cortex. Fig. 6A
shows the average STCs without peak normalization. Though the kinet-
ics of the STCs were similar in PMZ, microgyral, and sham-injured



Fig. 5. Synaptically-evoked glutamate transporter current decay kinetics are not affected by FL, but the latency to peak is increased in the microgyrus. A, DIC images of lesions showing
placement of stimulator and recording electrodes for PMZ (left) and microgyral (MG) recording (right). Edge of the lesion is denoted by dashed line. B, Peak normalized averages of all
PMZ (red), MG (blue), and sham-injured (black) STCs with shaded area showing ± SEM. Inset shows an expansion of the area show in the dashed box. C, Average (bar) and
individual (circle) fast decay time constants of STCs evoked in sham-injured, MG, and PMZ astrocytes. D, Average (bar) and individual (circle) latencies to STC peaks in sham-injured,
microgyral, and PMZ astrocytes. Error bars represent SEM, *p b 0.05, two-sample t-test.
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cortex, the amplitudes of STCs were consistently larger in the PMZ
(348.7 ± 86.7 pA) compared to sham-injured cortex (98.28 ± 23.3,
p b 0.05, Fig. 6A, B). The stimulation intensity required to evoke a
threshold STC varied widely from 0.01–1 mA in sham-injured cortex
(mean=Fig. 6C, D). In the FL cortex, however, the stimulus intensity re-
quired to evoke a threshold STCwas significantly smaller and varied ex-
tremely little in both PMZ (0.02–0.16mA, 0.09±0.03mA, p b 0.05) and
the microgyrus (0.03–0.13 mA, 0.07 ± 0.01 mA, p b 0.05; Fig. 6C). Im-
portantly, the amplitudes of the currents evoked at threshold stimula-
tion were similar between PMZ (10.9 ± 0.73 pA), microgyral (12.2 ±
3.15 pA), and sham-injured astrocytes (11.0 ± 1.44 pA; Fig. 6D). The
ratio between 2× and 1× threshold stimulation was then calculated
(Fig. 6E). This ratio was significantly greater in the PMZ (29.1 ± 5.59)
compared to sham-injured cortex (14.5 ± 5.23, p b 0.001). The larger
ratio and smaller threshold stimulation intensity in the PMZ is likely re-
lated to changes in glutamatergic inputs to the area. For example, an in-
crease in the number of subcortical inputs and excitatory synapses in
the PMZ is well-documented after FL. Increased glutamatergic inputs
may cause greater increases in glutamate release with increasing stim-
ulus intensity in the PMZ, thus contributing to greater scaling of PMZ
STCs with stimulus intensity.
3.6. Paired analysis of STCs and FTCs in individual astrocytes shows consis-
tently faster kinetics of FTCs

To examine whether FL induces systematic differences in the han-
dling of synaptically-released versus exogenous glutamate, we recorded
paired STCs and FTCs from individual astrocytes (Fig. 7A). Thresholds for
electrical stimulation were set as described previously and STCs were
evoked with 2× threshold stimulation. Electrical stimulation was alter-
nated with laser photolysis on the astrocyte cell body at a frequency of
0.1 Hz. Recordings were carried out in the presence of Ba2+ to isolate
TCs. The complete block of both the STC and the FTC in TBOA further
confirmed TC specificity. When STCs and FTCs were compared on a
cell-by-cell basis, FTCs regularly exhibited faster decay kinetics than
STCs (Fig. 7B). The effect was small but consistent across cells and was
similar in the PMZ (STC: 18.7 ± 2.17 ms, FTC: 12.9 ± 0.90 ms, n = 7,
p b 0.01), microgyrus (STC: 17.1 ± 1.12 ms, FTC: 13.2 ± 0.68 ms, n =
7, p b 0.05), and sham-injured cortex (STC: 16.0 ± 1.52 ms, FTC:
12.2 ± 0.69 ms, n = 7, p b 0.01). The latency-to-peak was also consis-
tently delayed in STCs relative to paired FTCs in the PMZ (STC: 11.3 ±
1.29 ms, FTC: 5.49 ± 0.36 ms, n = 6, p b 0.001), microgyrus (STC:
14.5 ± 0.86 ms, FTC: 6.00 ± 0.17 ms, n = 6, p b 0.001), and sham-
injured astrocytes (STC: 10.9 ± 1.19 ms, FTC: 5.24 ± 0.40 ms, n = 7,
p b 0.01, Fig. 7C). This is expected because action potential propagation
along axons followed by synaptic release and extracellular diffusion im-
poses a delay between electrical stimulation and glutamate release in
STCs, while uncaging releases glutamate directly, with no delay, in the
case of FTCs. Additionally, as we observed earlier, the latency-to-peak
of STCs was significantly longer in the microgyrus than in sham-
injured cortex (p b 0.05). However, for paired FTCs there was no signif-
icant difference in the latency to peak between microgyral and sham-
injured astrocytes (p= 0.13). This discrepancy implies that altered glu-
tamatergic inputs to the microgyrus are responsible for the slower la-
tencies in microgyral STCs.
4. Discussion

In this study, we examined in detail the effects of neonatal freeze
lesion (FL) on the maturation of glutamate uptake and astrocyte Rm

in the cortex. We report that functional glutamate uptake, as mea-
sured by transporter current (TC) decay time, is normal in both neo-
natal and mature astrocytes from the PMZ of freeze lesioned rats.
This refutes the idea that individual astrocytes have a uniformly



Fig. 6. Synaptically-evoked glutamate transporter current amplitudes are greater in paramicrogyral zone though threshold stimulation intensity is lower. A, Average STCs from PMZ (red),
microgyral (MG, blue), and sham-injured (black) astrocytes. Shaded area shows SE. B, Averages (bars) and individual amplitudes of STCs with stimulation intensity at 2× threshold. C,
Averages (bars) and individual threshold stimulation intensities. D, Averages (bars) and individual amplitudes of STCs with stimulation intensity at 1× threshold. E, Averages (bars)
and individual ratios of STC amplitudes at 2× threshold relative to 1× threshold. Error bars represent SEM, *p b 0.05, **p b 0.01, ***p b 0.001, two-sample t-test.
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impaired ability to transport glutamate. In light of other recent
works, it suggests a potential heterogeneity in glial function follow-
ing neonatal brain insult.

Glutamate transporter immunoreactivity varies regionally within
the malformed cortex, based on both age and location. This suggests
that even though functional glutamate uptake is generally unchanged,
transport may rely on different EAATs in FL cortex. Our previous work
is consistent with this finding (Armbruster et al., 2014) and suggests
an underlying disruption in astrocyte maturation following FL. Indeed,
the development of astrocyte Rm is also altered by FL. Astrocytes in
the neonatal brain normally have relatively high Rm compared to
adult astrocytes. Following FL, however, we found that neonatal astro-
cytes have a lower Rm, consistent with a more mature phenotype. Fi-
nally, our data are consistent with other studies implicating increased
glutamatergic input as a potential mechanism of hyperexcitability in
FL cortex (Jacobs et al., 1999b; Jacobs and Prince, 2005). Together,
our findings suggest that changes in excitation may be a component
of FL network pathology, independent of decreased glutamate trans-
port by individual astrocytes.
4.1. Glutamate uptake through FL development and in mature FL cortex

A number of studies suggest that disruptions in glutamatergic sig-
naling occur in humanDCMs and in animal models. Changes in the pro-
jections of excitatory inputs, increases in excitatory synaptic signaling,
and changes in astrocyte number and function have all been reported
(Armbruster et al., 2014; Dulla et al., 2012; Jacobs et al., 1999b; Jacobs
and Prince, 2005). Evidence from the FL model suggests that glutamate
uptake may be altered in the PMZ (S. L. Campbell and Hablitz, 2008;
Dulla et al., 2012) and more recent studies indicate that individual as-
trocytes are less capable of transporting glutamate in adult FL cortex
(Campbell et al., 2014). Importantly, questions remain about whether
these changes are specific to a subset of astrocytes andwhether changes
in individual astrocytes correspond to changes in the handling of extra-
cellular glutamate during FL development. Using UV-uncaging of gluta-
mate, we observed astrocyte TCs with normal kinetics and amplitudes
in the FL cortex. This approach gives information regarding the amount
of functional glutamate transport and changes in the extracellular space
within the astrocyte domain. It does not, however, provide information



Fig. 7. Paired analysis of STCs and FTCs in individual astrocytes shows consistently faster
kinetics of FTCs and confirms lack of lesion dependent change in glutamate uptake
kinetics. A, Representative trace from a single P28 PMZ astrocyte showing paired
electrically-evoked STCs and uncaging-evoked FTCs. Break = 7.5 s. B, Paired fast time
constants of STC and FTC decays from individual sham-injured (black), microgyral (MG,
blue) PMZ astrocytes (red). C, Paired peak latencies of STCs and FTCs from individual
sham-injured (black), microgyral (blue), and PMZ astrocytes (red). Error bars represent
SEM, **p b 0.01, ***p b 0.001, paired t test.
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about glutamate handling in the native synaptic environment, nor does
it account for developmental or injury-induced changes in glutamate
release, which likely contribute to hyperexcitability.

To account for FL effects on glutamate release and handling within
the synaptic environment, we examined the astrocytic uptake of
synaptically-released glutamate. Again, we found similar TC kinetics in
the FL and sham-injured cortex. Using synaptic stimulation, however,
we observed TCs that were significantly larger in the PMZ compared
to sham-injured cortex. Increased synaptically-evoked TC amplitude
and unchanged uncaging-evoked TC amplitude together suggest that
there are changes in endogenous glutamate release rather than astro-
cyte glutamate uptake. In line with this hypothesis, the threshold to
evoke a synaptic TC was significantly lower in the FL cortex, indicating
that neuronal glutamatergic inputs are increased in number or that as-
cending axons are more easily activated (Brill and Huguenard, 2010;
Dulla et al., 2012; Jacobs et al., 1999c). The delayed onset of
synaptically-evoked TCs in the microgyrus also supports a model of FL
pathology which includes large-scale reorganization of afferent excit-
atory fibers (Jacobs et al., 1999b; Jacobs et al., 1999c). However, it is
also possible that changes in astrocytemorphology in relation to synap-
ses or changes in the subcellular distribution of transporters may con-
tribute to the delay. Taken together, our studies show that there is a
large population of astrocytes that are robustly capable of removing ex-
tracellular glutamate in the PMZ. It remains to be determined, however,
whether decreased astrocytic density or altered EAAT reliance in the
PMZ affects glutamate handling. Earlier imaging studies do support a
decreased ability to take up glutamate in deep cortical layers within
the PMZ (Dulla et al., 2012), but the current study indicates that de-
creased glutamate clearance is not due to individual astrocytes losing
the ability to transport glutamate.
4.2. Glutamate transporter expression and distribution

Studies of glutamate transport in human malformed cortex have
been limited to biochemical and histopathological techniques. They
have shown that overall expression of GLT-1 is decreased in dysplastic
cortex and that the distribution of transporters appears more diffuse
(Ulu et al., 2010). Previous electrophysiological studies in the FL
model have investigated whether transport may rely on different
EAATs, but direct immunolabeling of GLT-1 has only recently been qual-
itatively examined (Campbell et al., 2014). Immunolabeling of GLAST
remains unreported in FL. Thus, to understand how glutamate uptake
systems are altered broadly by injury, we measured the immunoreac-
tivity of glutamate transporters in the developing andmature FL cortex.
We found that expression of GLT-1 and GLAST are significantly altered
during the latent period and in mature FL cortex relative to sham-
injured cortex. Furthermore, the distribution of GLT-1 and GLAST varies
greatly across the malformation and changes substantially over the
course of FL development. For example, at P7 GLT-1 expression is ele-
vated in the PMZ with the peak expression near the PMZ/MZ border.
This is in contrast to the expression pattern of GLAST in P7 FL cortex
which is highest at the center of themicrogyrus and decreases outward
through the PMZ. These changes suggest an increase in the ratio of GLT-
1 to GLAST in the PMZ and are supported by our recent study showing
an increased reliance of glutamate transport on GLT-1 in P7 PMZ astro-
cytes (Armbruster et al., 2014).

In the mature FL cortex, we have found that GLT-1 expression is de-
creased sharply starting at the border of the PMZ. Within the
microgyrus, GLT-1 expression is normal while GLAST expression is
strongly elevated. Moving outward through the PMZ, GLAST expression
decreases relative to the microgyrus but remains elevated relative to
sham-injured cortex. The increased expression of GLAST potentially
counteracts decreases in GLT-1 expression in the mature PMZ. Impor-
tantly, an increase in the expression of GLAST relative to GLT-1 is in
agreement with a recent study demonstrating that TCs in the mature
FL cortex are less dependent on GLT-1 (Armbruster et al., 2014). In the
mature PMZ, the parallel increase in GLAST and decrease in GLT-1 sug-
gests that changes in transporter expression are not entirely compensa-
tory in response to increased excitability (which would increase
expression of both transporters), nor are they the result of astrocyte hy-
pertrophy or a decrease in astrocyte number (which would also likely
affect the immunoreactivity of both transporters in a similar way).

It should be noted that a recent study using the FLmodel found GLT-
1 protein and mRNA expression to be unchanged in the mature PMZ
(Campbell et al., 2014). However, Western blots and mRNA analyses,
which are necessarily regional averages, may not register spatially spe-
cific differences in glutamate transporters.Measuring immunoreactivity
providesmuch greater spatial resolution, which is critical for examining
protein expression across the heterogeneous microgyrus and PMZ.
However, the intensity of immunofluorescence is subject to external
factors besides protein expression, including tissue water content and
staining conditions. Those caveats must be considered in interpreting
our immunostaining results. Ultimately, the current findings may be
confirmed with mass-spectrometry proteomics, single cell transcript
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analysis, or microdissection and immunoblotting, though these experi-
ments are outside the scope of the current study.

4.3. Astrocyte membrane resistance

Astrocytes are characterized by their hyperpolarized resting mem-
brane potential, low Rm, and passive membrane properties created by
high expression of potassium channels. Immature astrocytes, however,
have a high Rmdue to their decreased expression of potassiumchannels.
Herewe have found that the Rm of astrocytes identified by SR-101 label-
ing is altered during FL development, but is ultimately unchanged in the
mature FL cortex. Specifically, during the latent period, astrocyte Rm is
lower in the PMZ than in isotopic sham-injured cortex. In both regions,
astrocyte Rm decreases significantly over the course of development. In
the mature PMZ and sham-injured cortices, Rm is similarly low. This
early maturation of Rm may indicate that astrocytes are better able to
buffer potassium at an earlier developmental time point following in-
jury. These findings stand in contrast to the recent study in which
N80% of astrocytes in the mature PMZ exhibited the immature charac-
teristics, high Rm and voltage-dependent currents (Campbell et al.,
2014).

4.4. Heterogeneity of astrocytes in FL

Injuries during development and in the mature cortex induce both
astrocyte reactivity and proliferation. First, heterogeneity across cells
based on reactivity is known to exist. In the FL model, astrocyte reactiv-
ity is highest immediately after the time of injury, but remains elevated
into adulthood (Shimizu-Okabe et al., 2007).Whilemany astrocytes ex-
press GFAP in the FL cortex, other cells which express astrocytemarkers
(ALDH1L1) do not (Dulla et al., 2012). This variability in reactivity state
may indicate significant functional heterogeneity. Next, throughout FL
development, proliferation occurs in a subset of astrocytes (asmeasured
by BrdU labeling), generating astrocytes which have different electro-
physiological properties based on maturation state (Bordey et al.,
2001). This suggests a second axis of heterogeneity in the FL cortex
based on the relative maturity of any given astrocyte. More recently
generated astrocytes likely have a more immature phenotype and can
be found within a mixed population of more mature astrocytes. Lastly,
heterogeneity in astrocyte distribution has been seen in the FL cortex;
deep cortical layers of the PMZ have a significantly decreased density
of astrocytes (Armbruster et al., 2014; Dulla et al., 2012), perhaps due
to injury occurring during normal developmental proliferation of corti-
cal astrocytes. Overall, the functional and morphological heterogeneity
of astrocytes has been well documented after injury, and in the FL
model in particular.

4.5. Complications in the functional characterization of glutamate uptake in
the FL model

We have observed intact astrocytic glutamate uptake throughout
PMZ development and in thematuremicrogyrus and PMZ. Additionally,
during PMZ development (at P7) astrocyte Rm is low, which is a charac-
teristic membrane property of more mature astrocytes. Furthermore,
we demonstrate that the relative expression of glutamate transporters
is altered during FL development to favor GLT-1 in the P7 PMZ and
GLAST in P28 PMZ. These findings are consistent with previous studies
from our group and with other studies of SR-101-identified astrocyte
properties in the epileptic brain showing robust glutamate transport
(Takahashi et al., 2010). Studies which do not utilize SR-101 labeling,
or other cell-labeling strategies to identify astrocytes, however, have
concluded that individual astrocytes in the FL cortex have immature
properties (increased Rm, non-passive membrane properties, de-
creased capacitance, decreased potassium buffering, decreased gap
junction coupling) and little to no glutamate uptake capacity (Bordey
et al., 2001; Campbell et al., 2014). We suspect that these studies arrive
at different conclusions because they use different strategies to identify
astrocytes. Identifying astrocytes is complex, especially in the neonatal
and injured brain, when astrocyte heterogeneity is increased. After FL
only a subset of astrocytes becomes proliferative. These astrocytes likely
have different electrophysiological properties and glutamate transport
capacities. Importantly, SR-101may selectively load astrocytes depend-
ing on their proliferation or reactivity state. It is possible that confusion
regarding the role of astrocytes in PMZ development and hyperexcit-
ability stems from different studies selectively assaying different popu-
lations of cells. The possibility of an astrocyte selection bias between our
study and others raises questions of how astrocytes are identified, par-
ticularly after injury. Thus, carefully defining astrocyte subtypes and
identifying reliable selection criteria are critical aspects of studies exam-
ining individual astrocytes after injury. Furthermore, changes in Rm

complicate the interpretation of TC data. Rm is decreased in P7 FL astro-
cytes (Fig. 2), but TC kinetics remains constant (Fig. 1). This suggests a
possible increase in glutamate transporter surface expression. On the
other hand, centroid analysis of TC kinetics, aimed at removing filtering
artifacts created by changes in Rm, did not reveal differences in gluta-
mate uptake by FL astrocytes (Fig. 3). Clearly, more investigation, in-
cluding direct biochemical measurements of surface GLT1 and GLAST
would be helpful. Lastly, it is important to note that single-cell analysis
of glutamate uptake may not directly correlate to population level con-
trol of extracellular glutamate, as other factors such as astrocyte density,
morphology, and extracellular tortuosity all contribute to glutamate
dynamics.

5. Conclusions

In summary, this study shows that although neonatal injury in the FL
model alters astrocyte development of Rm and EAAT expression, there
is, nevertheless, robust glutamate uptake by individual astrocytes
throughout FL development. The spatial differences in EAAT expression
that we observed in FL cortex suggest that (1) during FL development,
astrocytic glutamate uptake relies more on GLT-1 in the PMZ than in
sham-injured cortex and (2) in the mature PMZ, astrocytes rely more
on GLAST than in sham-injured cortex. Importantly, this assessment is
supported by recent electrophysiological evidence demonstrating that
the relative contribution of GLT-1 and GLAST to transporter currents is
altered by FL (Armbruster et al., 2014). Based on data from animal
models and from human DCMs, we support a model in which neonatal
insult results in enhanced excitatory input, as well as changes in astro-
cyte density, distribution, proliferation, morphology, and the relative
contribution of EAAT subtypes. While these changes may, in fact, lead
to dysregulation of bulk glutamate or ambient glutamate levels, our
findings indicate that a uniform loss of astrocytic glutamate uptake by
individual cells is not responsible for hyperexcitability in FL cortex.
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